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Low total lifetime cost is essential for the adoption of zero-emission ship energy systems, which must meet
operational power demands while complying with onboard safety regulations. However, many studies rely on a
simplified, averaged or insufficiently representative load profile and treat system design, operation, and inte-
gration feasibility separately, which can distort lifetime cost assessments and result in practically infeasible
retrofit concepts. This study investigates how a hydrogen-based ship energy system can be optimally sized,
operated, and arranged onboard to minimize total lifetime cost while satisfying operational constraints and
stability requirements for a general cargo vessel retrofit. A representative power profile is synthesized from one
year of operational data using a probability-based downsampling method and then used in a mixed-integer
nonlinear lifetime cost optimization with discrete placement and ballast decisions, solved using the SCIP
solver. The optimal retrofit comprises 1.4 MW of fuel cells, 180 kWh of batteries, and a 146 m® liquefied
hydrogen (LH») tank, requires 171 t of ballast to satisfy trim and vertical stability constraints, and is primarily
driven by fuel costs, which account for 74% of the total lifetime cost. Overall, the results indicate that the
viability of hydrogen-based ship retrofits primarily depends on LH; storage integration constraints and hydrogen
price assumptions, and that the proposed framework provides a practical basis for lifetime cost assessment of
feasible retrofit designs.

1. Introduction existing vessels and optimizing system topology and operation from a
holistic perspective considering operational needs, lifetime cost and ship

1.1. Background stability.

The International Maritime Organization (IMO) has imposed strin-
gent regulations to reduce shipping emissions [1]. In the short term,
carbon emissions must be reduced by 40% by 2030 and by at least 70%
by 2040, relative to 2008 levels [2]. The adoption of green fuels and
novel energy systems for both newbuilds and retrofits is a key driver in
achieving the maritime emission targets. Hydrogen fuel cells and
lithium-ion batteries are promising zero-emission alternatives to drive
the maritime energy transition, especially for short-sea operations near
refuelling and recharging infrastructure [3,4].

The applicability of hydrogen-based ship systems remains limited
due to the low technical maturity, limited availability of cheap green
hydrogen, high investment costs, and insufficient infrastructure. This
study aims to accelerate the maritime energy transition by providing
insights into the optimal design and operation of ship energy systems
integrating hydrogen fuel cells and batteries. The focus is on retrofitting
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1.2. Literature review

A comprehensive review of methods for the design and control of
energy systems is provided in [5], emphasizing the importance of inte-
grating design and operational considerations in optimization problems.

Several studies reduce computational complexity by adopting linear
or mixed-integer linear formulations and using simplified or averaged
power profiles. Bassam et al. [6] conducted a system sizing optimization
for a passenger ferry, evaluating various fuel cell-battery combinations
to minimize the total energy system cost. Power distribution was
managed using a Proportional-Integral controller, without optimizing
the operational parameters. The analysis was based on a single profile
with an extended period of nearly constant power output, rather than a
representative sailing cycle derived from the operational data. Pivetta
etal. [7] applied a Mixed Integer Linear Programming (MILP) algorithm
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to optimize daily costs and fuel cell degradation for three passenger
vessels of different sizes, with battery degradation incorporated as a
constraint. Dall’armi et al. [8] used the same algorithm, for an optimal
design and operation study, aiming to minimize the fuel consumption
and degradation of both fuel cells and batteries in one of the three
passenger vessels, with a focus on the progressive aging of the power
supply systems. In [7] and [8], the system weight and volume were set as
optimization constraints, considering that the combined system weight
and volume of the retrofitted components (fuel cells, batteries, tank)
would be lower than those of the original diesel engine. The same au-
thors extended their work in [9], by incorporating uncertainties related
to fuel and component costs, without considering the impact of different
power profiles on the results. As noted in [6,8], the hydrogen con-
sumption had the most significant influence on the optimal solution. In
[7-9], a hierarchical objective approach was used, with linear objective
functions to simplify the optimization process. Similarly in [10], a non-
convex bi-objective optimal control problem was transformed into a
convex framework to facilitate computation using MOSEK optimization
software.

Many studies optimize control/energy management parameters for
fixed system designs. Zhang et al. [11] applied a real-time equivalent
consumption minimization strategy to enhance the system efficiency
and reduce the fuel cell and battery degradation. Supercapacitors were
integrated to handle high transient loads. The fuel cells were sized to
meet the average load demand, while the power distribution between
the supercapacitors and the batteries was managed using a high-pass
filter. Several other studies [12-14] have also optimized energy man-
agement strategies for fuel cell-battery hybrid powertrains with fixed
design parameters. In [15,16], supercapacitors were integrated into
hybrid energy storage systems to improve system efficiency and reduce
battery degradation using fuzzy logic controllers. Fan et al. [17] pro-
posed a control strategy for optimal power coordination, leveraging pre-
voyage and intra-voyage information to minimize the costs and emis-
sions. This optimization problem was solved in two stages using the
column and constraint generation algorithm.

A few studies have presented combined energy system design and
control optimization, but without considering the impact of system
placement onboard and the effects of different system arrangements on
ship stability. Vieira et al. [18] optimized the system configuration and
operation of a hybrid platform supply vessel to minimize carbon emis-
sions by varying the sizes of the components. Wang et al. [19] conducted
a nested design and control optimization for a fixed number of diesel
gensets, fuel cells and batteries, allowing for variable rated capacities. A
MILP algorithm was used in the inner layer for the operation optimi-
zation and a genetic algorithm in the outer layer for the design opti-
mization. Various system topologies were analyzed based on low,
medium, and high emission reduction targets. Similarly, Wu and Buck-
nall [20] implemented a two-layer optimization using deterministic
dynamic programming. Their study focused on lifetime emission
reduction after retrofitting a diesel-mechanical coastal ferry with
hydrogen fuel cells and batteries. The analysis was based on a simplified
averaged power profile. Si et al. [21] combined fuzzy logic rules with the
artificial bee colony algorithm to optimize the design and operation of a
bulk carrier integrating photovoltaic panels, fuel cells, batteries, wind
turbines, and diesel generators. This study did not provide a detailed
discussion of the practical challenges associated with weight, volume,
integration, safety, and reliability when including multiple energy sys-
tems into a single design. Chen et al. [22] proposed a sizing and energy
management optimization framework for a hydrogen-fuelled vessel with
a hybrid energy storage system using a support vector machine and
frequency control. The weighted sum method prioritized energy effi-
ciency, followed by battery degradation, with bus voltage fluctuations
assigned the lowest importance. This study did not explore different
pareto front solutions across a wide range of weighting coefficients.
Ganjian et al. [23] conducted an optimal design study for a fishing boat
powered by hydrogen fuel cells and batteries. As claimed, this was the
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first study to use volume as an objective function. The interactions be-
tween different objectives (electrical safety, cost, and volume) were not
considered, as each was solved independently using single-objective
formulations.

1.3. Literature gaps

The key findings and gaps identified in the literature review are
summarized below:

Few studies have explored the combined optimization of system to-
pology and operation for ship energy systems, particularly from a
holistic perspective. Most research focuses on optimizing energy
management strategies for a predetermined (fixed) design.

Ship stability and system placement constraints are often overlooked
and not integrated into energy system optimization models, which
may lead to infeasible design solutions. In ship retrofits, trim and
vertical stability constraints are particularly critical.

To reduce computational complexity, ship energy system optimiza-
tion problems are frequently simplified into linear, quadratic, or
mixed-integer linear formulations. However, these relaxations and
simplifications may lead to suboptimal solutions.

Many studies rely on simplified, smoothed, averaged, arbitrarily
selected or insufficiently representative power profiles for optimi-
zation, which may distort lifetime cost assessments.

e Few studies optimize energy system total lifetime cost, despite this
being a crucial factor for shipowners’ decision-making.

1.4. Research focus and key contributions

The focus of this research is on the optimal energy system topology
and operation of a general cargo vessel from a holistic perspective. The
original diesel mechanical propulsion system of the ship is conceptually
replaced by a hydrogen-hybrid powertrain to reduce emissions. A
probability-based downsampling approach is used to generate a repre-
sentative power profile in terms of fuel consumption and fuel cell
degradation, based on the annual propulsion data. The power and pro-
pulsion systems are optimized to minimize the total lifetime cost
including fuel, capital and system replacement costs, while ensuring
compliance with the safety and ship stability constraints. The optimi-
zation is a Mixed Integer, Nonlinear Programming (MINLP) problem
incorporating binary decision variables and combinatorial aspects, and
is solved using a specialized MIP solver. Overall, this study provides a
holistic framework for the optimal design and operation of ships with
novel energy systems, aligning operational needs, lifetime cost effi-
ciency, and regulatory requirements.

The key contributions of this study are summarized below:

e Development of a holistic framework for the optimal topology and

operation of ship energy systems, minimizing total lifetime costs

while considering operational requirements and vessel stability
regulations.

Formulation of a global optimization framework to solve complex

MINLP problems for ship energy systems, utilizing a specialized MIP

solver to efficiently handle computational complexity and ensure

high-quality solutions.

e Development and implementation of a probability-based down-
sampling method to generate a representative power profile from
annual measurements, enabling computationally-efficient lifetime
cost optimization while preserving fuel consumption and fuel cell
degradation estimates within an acceptable threshold.

The remainder of this paper is structured as follows: Section 2 in-
troduces the case vessel and its powerplant components. Section 3
presents the methodology for optimal system topology and operation,
incorporating stability constraints. Section 4 presents and discusses the
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optimization results. Finally, Section 5 provides concluding remarks and
recommendations for future research directions.

2. Case study

The case vessel is a short-sea general cargo ship operating primarily
in the Baltic and North Sea, without a fixed route or schedule. Its length
is 90 m and its breadth is 12.5 m [24,25]. The original diesel-powered
configuration has a mechanical propulsion system with a single over-
sized 1800 kW main engine and a controllable pitch propeller (direct-
drive system without gearbox). In this study, the vessel is conceptually
retrofitted with proton exchange membrane fuel cells and lithium iron
phosphate batteries to reduce its environmental footprint. Fuel cells and
batteries generate electricity which is supplied to the direct current (DC)
bus via DC/DC converters. Excess fuel cell power can be used to charge
the batteries onboard. After the DC distribution system, the electric
current is converted to alternating current (AC) through inverters,
delivering power to the propulsion motors that drive the ship’s propel-
ler, through a reduction gearbox. The focus of this study is to determine
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the optimal total capacities of fuel cells and batteries, and the optimal
power distribution between these sources, to minimize the total lifetime
cost, while ensuring compliance with regulatory requirements for
equipment placement and ship stability.

3. Methodology

Fig. 1 presents a flowchart illustrating the proposed methodology for
this study.
The methodology is divided into two main steps:

e Step 1: The onboard measured power demand data of the ship’s load
profiles are analyzed, and a representative power profile is
generated.

e Step 2: The combined optimal system topology and operation prob-
lem is formulated and solved, using the representative profile from
Step 1 as input. The total system lifetime cost is optimized, and the
optimal design, including ship stability constraints, is obtained using
Python interfaced with the specialized MIP solver SCIP.

@ Load profile
analysis

Target metrics
Fuel consumption
FC Degradation

Power profile
downsampling

I Wﬂ W

Probability-
based method
Profile generation

Downsampling

based on probability factor: 100
matrix
L Representative Load
1 Profile
Optimal energy Variables
system topology Holistic Pf(l:l({c, gt?:ttttt
and opter:'tll'?; i Optimization — Syste)r’n posit(ign
stabili Framework
constraints I Ba";?czmﬁ?t &
Objective
-1 Lifetime cost
(CAPEX, OPEX)
Constraints
. . Power balance
S \ GM“» ] SoC, C-rate
f——F > stability FC power
5 Stack heights
’ - ER spaces
SCIP solver T
MINLP v

Optimal Design

Fig. 1. Methodology for power profile analysis and optimization.
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3.1. Ship power profile analysis and synthesis

Fig. 2 presents the propulsion power profile derived from the
measured diesel-engine power output of the vessel in its original
configuration. The data were collected by the vessel operator from on-
board monitoring sensors over a one-year period (2022). The dataset
includes multiple trips, routes and operating conditions, and represents
the vessel’s complete annual sailing activity excluding port stays. The
annual profile (Fig. 2) spans approximately 100 sailing days and is
assumed to be repeated twice every year over the vessel’s lifetime.

Since the case ship operates across multiple routes and under varying
operating conditions, directly optimizing over the full annual power
profile (30,000 data at a 5-minute resolution) is computationally
intensive. Therefore, a representative profile is generated from the full
annual dataset to enable accurate and computationally-efficient design
and operation analysis.

One-year of diesel engine power data, recorded at a 5-minute sam-
pling interval (Fig. 2), are analyzed using a probability-based approach
to generate a representative timeseries. A downsampling factor of 100 is
applied, reducing the original 30,000 operational data (corresponding
to 100 sailing days excluding port stays) to a reduced dataset of 300 data
(1 sailing day) that can be efficiently handled by the available compu-
tational power. The representativeness of the reduced power profile is
assessed by comparing fuel consumption and fuel cell degradation es-
timates obtained from the reduced dataset against those calculated using
the full annual dataset. Deviations of up to + 5% in fuel consumption
and fuel cell degradation between the reduced profile (300 data) and the
full annual dataset (30,000 data) are considered acceptable, and the
reduced representative profile can be used for the lifetime cost optimi-
zation. The + 5% tolerance reflects realistic operational variability (e.g.,
weather, trim changes, navigation decisions) and represents a small
margin given the substantial reduction in dataset size.

Fuel consumption is calculated using Eq. (1):

Frc(t) = a e P2.(t) +b e Prc(t) +¢ 1)

where Frc(t) and Pgc(t) are the fuel consumption and power output of
the fuel cell as functions of time, respectively. The coefficients a, b, and ¢
are 0.0066, 1.4025, and 1.8306 respectively, derived from the efficiency
curve of a 100 kW stack as provided by the manufacturer [26].

The total fuel consumption of a single voyage (Fyq) is computed in
kilograms (kg) using Eq. (2):

Froal = NFCZZ: (Frc(t) o At @ ko) (©))

where:

e t represents discrete time steps over the power profile duration
e At = 0.0833 h (5 min) is the sampling interval.

1500

-1000

500

Power Demand[kW]

0 . !
0 20 40 60 80 100

Time [Days|

Fig. 2. Diesel engine annual power data.
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e kem = 0.03 kg/kWh is the energy-to-mass conversion coefficient
[27].

Based on [25], fuel cell degradation is dominated by transient
loading effects. Therefore, a transient load-based degradation-proxy
(Dr¢) is computed as the cumulative absolute change in fuel cell power
between successive time steps (Eq. (3)) and is used only for relative
comparison of load ramping behaviour between the reduced and the full
annual profile.
| Pec(t) — Prc(t — 1) | ®)

DFC = =1
3.1.1. Probability-based profile generation method

The representative load profile is generated using a probability-
based approach in which a probability matrix is constructed from the
full annual dataset. The original dataset, consisting of 30,000 data, is
structured into a matrix, where:

e Rows correspond to power changes between successive 5-minute
intervals.

e Columns represent power value intervals (e.g., 0-100, 100-200...
1200-1300 kW).

Each matrix entry represents the number of data that fall within a
specific combination of power range and power-change category. To
generate a reduced dataset, the matrix is normalized to represent the
probability of occurrence of each power-level and power-change com-
bination. For example, in the original annual dataset containing 1,000
data within the 600-700 kW power range and 0-1 kW power-change
category, a reduced dataset of 300 points (corresponding to a down-
sampling factor of 100) should contain approximately 10 such data to
preserve representativeness.

The reduced power profile is generated by random sampling from the
joint probability distribution defined by the matrix. The resulting profile
is then evaluated by comparing fuel consumption and fuel cell degra-
dation estimates obtained from the reduced dataset against those
calculated using the full annual profile. Deviations within predefined
tolerance limits (+5%) are considered acceptable. Lower downsampling
factors increase the likelihood of obtaining a representative profile
within fewer iterations, but they also increase the number of data and,
consequently, the computational time required for simulations.

An alternative algorithmic downsampling approach based on the
Ramer Douglas Peucker (RDP) algorithm [28] was also evaluated.
However, the probability-based approach is used for all analyses pre-
sented in this work. Details of the RDP-based approach are provided in
Appendix A.

3.2. Optimal system topology and operation

In this section, the framework for the simultaneous design and
operation optimization problem including system operation, placement
and ship stability constraints is presented.

3.2.1. System operation constraints

The main energy systems required for the retrofitted hydrogen-based
version include fuel cells, hydrogen tank, batteries, converters, DC
switchboard, inverter, propulsion motor, and gearbox.

The operational constraints of the fuel cell system are shown in Egs.

(4)-(6):

Prcmin < Prc(t) < Premax @
|Prc(t) = Pre(t + 1) | < Prcmax — Premin (5)
Prc initiat = Prc finat = Premin (6)

The fuel cell power is constrained within 10-100% of its rated



F. Mylonopoulos et al.

capacity, as expressed in Eq. (4) [26]. Eq. (5) defines the ramping
constraint, assuming that the fuel cell can increase or decrease power
across its entire operational range within successive 5-minute intervals
[26]. Finally, Eq. (6) imposes a boundary condition, ensuring that the
fuel cell power at both the initial and final time steps is maintained at the
minimum level of 10 kW.

The state of charge expression for the battery (SoCpq:) derived from
[19], is given in Eq. (7):

_ Pbatt(t) o At

SOCbLm(t) = SOCbatt(t — 1) E, 9
att,rate

@)
where Pyq(t) represents the battery power as a function of time
(positive indicates discharging), At is the time interval between suc-
cessive measurements (5 min), and Epgy raeq iS the rated capacity of the
battery, which is 60 kWh [29].
The constraints for the battery system are defined in Egs. (8)-(11):

Cratemin < Crate(t) < Cratemax (8)
Pt (t) = Crate(t) ® Epatt rated )
S0Chattmin < S0Char(t) < S0Chattmax (10)
S0Ciitiat = SOCfinal an

The Crq(t) is constrained between —1 and 1, as specified in the
system datasheet [29]. To minimize degradation, SoCp,, is maintained
within the 20-80% range, as recommended by the manufacturer [29].
The SoCiii and SoCpnq are set to 50%, ensuring energy balance without
requiring shore charging. Consequently, the net battery contribution
ratio accounting for the total charge and discharge power over the
voyage should approach zero.

The power supplied by the system must match the demand at each
time step, as shown in Eq. (12):

P diesel(t)

NrcePrc(t) + Npa®Ppau (t) = ——————— (12)
Neony ® Miny ® MTm ® ngb

where:

e Npc and Ny, are the number of fuel cells and batteries respectively
(design variables).

o Ppc(t) and Pyey(t) are the control variables. The total fuel cell power

is equally distributed to all fuel cells and the total battery power is

equally shared across all batteries.

Pgiese(t) is the original diesel engine power output as a function of

time (for the direct-drive propulsion system).

® Teonys Minvs 1lms Mgy are the efficiencies of converters, inverter, propul-
sion motor and gearbox respectively, required for the retrofitted
hydrogen-based powertrain. The shaft efficiency and the controllable
pitch propeller efficiency are assumed to be the same in the original
and the new design.

The analysis includes the unidirectional fuel cell converters and the
bidirectional battery converters. Each power supply component is
assigned a dedicated converter, as expressed in Egs. (13) and (14):

Nrc = Nrc,conv (13)

Noar = Nbatt‘amv (1 4)

3.2.2. System placement

The placement of systems within the existing engine room space
must comply with guidelines and regulations set by the classification
societies [30,31]. Additionally, hydrogen-based general arrangements
from other ships are referenced to guide the conceptual retrofitting of
the case vessel [32].

The fuel cells are split symmetrically into two rooms (port and
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starboard), separated by a gastight bulkhead, in compliance with safety
regulations [30,31]. If one room is isolated after a fault, the other room
can still supply power. The battery systems are placed in a dedicated
space, adjacent to the fuel cell room. To enhance safety and system
reliability, the converter room and the propulsion motor room
(including inverter, motor and gearbox) are separated, ensuring that a
failure in the main electrical distribution system does not result in
complete propulsion loss.

The fuel cells, batteries and converters can be stacked in vertical
groups. The lowest unit in any stack is positioned at a vertical distance of
1 m above the keel, based on the general arrangement of the vessel, and
each stack can contain up to five units. This allows sufficient vertical
clearance with enough space to lift out the top unit for maintenance or
replacement. All engine room compartments are designed with suffi-
cient space for access, inspection, and maintenance, allowing for easy
removal and replacement of degraded or malfunctioning components.

A set of predefined feasible positions (slots) within the engine room,
based on regulations and other general arrangements [30-32], is used as
input to the optimization model. Each component has x (longitudinal
distance from the aft perpendicular), y (transverse distance from the
centerline), and z (vertical distance from keel) coordinates. The opti-
mization model searches over many feasible layouts and selects which
slots to use for the required number of components to satisfy ship sta-
bility constraints. The engine room layout and system arrangement will
be presented in the results, at Section 4.2.1.

To meet the vessel’s energy requirements and space constraints,
liquefied hydrogen (LHy) is selected as the fuel storage method. Type C,
cylindrical LH, tanks are used due to their ease of construction and
lower cost compared to other designs such as circular [33]. The tank
volume, weight, and diameter are calculated as shown in Egs. (15)—(17):

VLH, tank = Fto[al o Nm;ps.reﬁtel ® Vpec .fma.vgin,tank (15)

WLH, tank = Ftoml L4 Ntrips,refuel ©® Wopec .fmafgin,mnk (16)
4 ® Vin, rank

Dinytank = 4| = a7
7 ® Lip, tank

where:

ViH, tank i the volume of the LH; tank (m3).

® Win, wnk 1S the weight of the LHj tank (kg).

Nirips refuer is the number of trips before refuelling. This parameter

affects the tank size and thus the ship stability.

Vepec = 0.0248 m3/kg, is the volumetric specification of the LH; tank

[34].

® Wopee = 8.7 kg/kg, is the gravimetric specification of the LHy tank
[34].

® fargintank = 1.4, is the LH, tank margin factor, used to account for

reduced filling limits (60%) due to thermal expansion and lifetime

increase in fuel consumption due to system degradation, based on

regulations [35].

Din, tank is the diameter of the LH, tank (m).

L, tank is the length of the LH; tank (m).

The LH, tank is placed on the open deck between the superstructure
and cargo hold to reduce the risks associated with leaks, allowing
hydrogen to disperse in the atmosphere. According to regulations, the
LH,; tank should be placed at least 20% of the vessel’s breadth away from
the side shell plating to prevent damage from side collisions [30]. It is
oriented transversally in symmetry with the centerline to minimize the
sloshing effect. Thus the maximum tank length should not exceed 7.5 m.
The maximum available volume for the tank placement at the upper
deck is 212 m® without obstructing visibility from the bridge.
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3.2.3. Ship stability constraints

The vessel originally used a direct-drive diesel propulsion system.
For the hydrogen retrofit, the main diesel engine (11.6 tons) and 275
tons of diesel fuel, with a Vertical Center of Gravity (VCG) of 4.1 m, are
removed. Furthermore, the original design required 28 tons of ballast to
satisfy the stability requirements, which are recalculated for the new
design. The diesel fuel tanks are structurally integrated at the bottom
and sides of the vessel. Most of the original diesel fuel tanks remain
unused in the hydrogen-based design. These spaces could potentially be
repurposed for ballast or cargo storage. However, this would require
significant structural modifications and detailed engineering assess-
ments, which are beyond the scope of this study.

For the VCG assessment, the masses and vertical moments of the
removed items are subtracted and those of the new hydrogen compo-
nents are added. The reduction in weight by removing 275 tons of diesel
fuel significantly alters the weight distribution.

The main added components/parameters in the new design are
summarized below:

e Fuel cells (primary energy source).

o Batteries (low-load support and peak-shaving).

e Converters, inverters, DC switchboard and propulsion motor.
e Gearbox.

e LH; tank and hydrogen fuel.

o Ballast to satisfy stability requirements.

To minimize additional investment costs and maintain efficiency
under varying load conditions, the original controllable pitch propeller
is retained in the hydrogen-powered design.

In the event of a major failure in the hydrogen-based system, the
vessel has an emergency diesel generator located in a dedicated
compartment at the aft end of the superstructure.

As stated in [32], a weight margin factor of 2% of original lightship
(23.4 tons) is applied in the retrofitted design to account for increased
weight due to:

e Structural reinforcements required for the integration of hydrogen
storage tank and fuel cell systems.

e Additional auxiliary and safety systems (ventilation, fire suppression
etc.) necessary for compliance with operational and regulatory
standards.

The new total weight of the vessel after the removal and the addition
of the necessary systems is computed as shown in Eq. (18):

Wnew.total = Wan’ginal - Wremaved + Wadded (18)

The total new weight (W wrar) is constrained to remain within + 5%
of the original total weight of the diesel-based version with the use of the
required amount of ballast. This ensures that the retrofitted and original
designs maintain similar hydrodynamic resistance and propulsive power
requirements.

The following equations and constraints are related to ship stability
analysis. The Vertical Center of Gravity of each component (VCG;) is the
distance from its geometric center to the keel of the vessel and the total
VCG is calculated based on the ratio of the sum of contributions of the
vertical moments and weights (w) of the systems, as shown in Eq. (19):

VoG — Siwie VCG)

>oi(wi)

According to the stability booklet of the case ship, the total VCG of
the vessel should not exceed 5.044 m.

When a vessel’s tank (fresh water, ballast, hydrogen etc.) is partially
filled, the liquid’s movement causes a virtual rise in the VCG, impacting
stability. This free surface moment (FSM) effect is calculated using Eq.
(20):
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FSMink = Liank ® P (20)

where:

e I, is the transverse moment of inertia of a tank (m™).
e p is the liquid density (ton/m®).

For the retrofitted design FSMy,,, is computed as shown in Eq. (21):

F. SMnew =F SMoriginal —F. SMdiesel +F. SMLHZ.mnk +F. SMballu.sr —F. SMballa_st,removed
(21

where:

FSMriginat is the total FSM of the diesel-based version.

FSMiese1 is the FSM contribution from the removed diesel fuel.
FSM g, tank is the FSM effect from the added hydrogen fuel.
FSMqiias: is the FSM contribution of the additional ballast required in
the new design to ensure compliance with the stability regulations.
To minimize FSM effects, ballast tanks are assumed to remain fully
filled throughout the voyage.

FSMpaitast removed 1S the FSM contribution of removed ballast from the
original design.

The FSM for a half-filled cylindrical LH; tank is calculated using Eqgs.
(22) and (23):

FSMim, tank = Iim, tank ® Prp, (22)

1
2° D}, sank ® Lty tank (23)

The virtual rise in VCG (GG) captures the effect of FSM on the VCG. It
is computed as shown in Eq. (24):

ILH; stank —

FSMpew

new total

GG = 24)

In the homogeneously loaded condition, additional ballast can be
placed in the existing water ballast tanks of the vessel. To prevent
excessive heeling moments, ballast is distributed symmetrically in the
transverse direction, with one tank on the port side and another on the
starboard side. To determine the optimal ballast configuration, various
tank placement combinations along the vessel’s length are evaluated.
The inclusion of ballast configuration selection introduces a combina-
torial aspect to the optimization problem, as it requires the evaluation of
discrete combinations of ballast arrangements (amount and position of
ballast required to satisfy stability constraints).

The longitudinal center of gravity (LCG) is a key parameter in
assessing the trim of the retrofitted vessel. It is measured from the aft
perpendicular, and can be computed as shown in Eq. (25):

106 — 2ii ¢ LCG) ©25)
>i(wi)

The trim (m) represents the difference between vessel’s aft and for-
ward drafts, and is calculated using Eq. (26):

(LCG — LCB) @ Wipa

Trim = —— T e 100 (26)

where:

e LCB is the longitudinal center of buoyancy (m),
o Wi is the total displacement of the vessel (tons),
e MCT is the moment to change trim (ton e m/cm).

The vessel is designed to operate at specific trim values to minimize
hydrodynamic resistance and fuel consumption. Although IMO regula-
tions do not specify mandatory trim constraints, maintaining a trim
deviation within + 0.05 m from the original design, as shown in Eq.
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(27), can be critical for optimal performance.
| Trimue, — TriMorigina| < 0.05 (m) 27)

The original trim value in the homogeneous loaded condition is
—0.42 m, where the negative sign indicates a trim by stern. The LCB and
MCT values are derived from the hydrostatic data in the vessel’s stability
booklet. For the retrofitted hydrogen-based design, they are obtained
using linear interpolation, within the optimization framework, based on
the new displacement Wiy coral-

The following stability constraints in Egs. (28)-(33) based on IMO
regulations, must be satisfied for the case vessel. These constraints apply
to both the original and the retrofitted design:

GM = KM — VCG > 0.3 (m) (28)

GZmax > 0.2 (m) 29

@(GZpax) > 25(°) (30)

Areagy, o _s0°) > 0.055 (m e rad) [€2D)

Areagz,o° 400y > 0.090 (m e rad) (32)

Areagz 30> _40°) > 0.030 (m e rad) (33)
where:

e GM is the distance between the vessel’s center of gravity and its
transverse metacenter (a virtual point where the vertical lines of
upright and heeled centers of buoyancy intersect). GM represents the
initial stability of the vessel and it should be at least 0.3 m for suf-
ficient transverse stability.

KM is the distance between the keel of the vessel and its transverse
metacenter. KM is determined from the hydrostatic tables similar to
LCB and MCT, and it depends on the ship’s hull shape and
displacement.

GZ righting arm is the horizontal distance between the vessel’s
center of gravity and the vertical line passing through the center of
buoyancy when the ship is heeled at an angle ¢.

The GZ at a certain heeling angle ¢ is determined using Eq. (34):
GZ(¢p) = (KN — VCG) e sin(gp) (34)

where:

e the KN sin(¢) values from the cross curves of stability represent the
horizontal lever from the keel to point N, the intersection of the
buoyant-force line with the ship’s centerline plane.

The KNesin(¢) values are provided in the stability booklet of the case
vessel for various displacements at the heeling angles of 0, 2, 5, 10, 12,
15, 20, 30, 40, 50, and 60 degrees. Linear interpolation can be per-
formed similarly to KM, LCB and MCT to obtain the KN values at the
corresponding displacements.

The GZ-¢ curve is a graphical representation of ship’s stability
characteristics at different heeling angles. The IMO has imposed con-
straints for certain areas under the GZ curve (0°-30°, 0°—40°, and
30°-40"), as shown in Egs. (31)-(33). These areas can be estimated
using the trapezoidal rule [36]. This method approximates the integral
of the function GZ(¢) over an interval [¢;,¢;,]. The total area under the
curve over a set of n intervals is obtained by summing the contributions
over each interval, as shown in Eq. (35):

1 n
Areacz. g, —¢,) = 5° Zi:l (GZ(p:) + GZ(@111) ) ® (P2 — 1) (35)

where ¢; and ¢,,; are consecutive heel values (in radians) within the
range of ¢, to ¢,.
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The stability constraints (VCG, trim etc.) are active constraints
within the optimization framework. The model searches over many
feasible layouts and selects positions for the components and ballast in
order to satisfy these constraints.

3.2.4. Optimization objective function
The objective function to be minimized is the total lifetime cost
which consists of:

e Capital expenditure (CAPEX) — the initial investment cost.

e Net present value of operational expenditures (NPVgppx) — dis-
counted to account for the time value of money over the vessel’s
lifetime.

The relationship is expressed mathematically as shown in Eq. (36):

min(CAPEX + NPVopex)
(36)
(Nfc, NparrPrc(t), Ppar (t))
The CAPEX is calculated as shown in Egs. (37)-(39):
CAPEX = CAPEXyiems + CAPEX qnk 37)
CAP EXsystemx = Z (Nsystem ® Fsystemrated ® C:yswm) (38)
systems
CAPEX gk = Fiorat ® N, trips.refuel 'f ‘margin tank ® Crank (39)

where.

o system refers to engine room main components (fuel cells, batteries,
converters, inverter, motor, gearbox).

Nysiem is the number of units for each system.

Pyystem rated is the rated power (kW).

Csystem is the investment cost per unit capacity ($/kW).

Crank is the tank cost per unit mass of stored LHy ($/kg).

Eq. (39) links the LH, tank CAPEX to the required mass of hydrogen
stored onboard between refuelling events, Fiq ® Nirips refuet; adjusted by
fmargin,tank to account for reduced filling limits and lifetime increase in
fuel consumption. The resulting required stored hydrogen mass is
multiplied by Cyqm ($/kg LH; stored) to obtain the tank capital cost. This
formulation ensures that the tank CAPEX scales directly with the
hydrogen storage requirement.

The CAPEX values for the components are derived from the authors’
previous study [25].

Ref [25] documents the full cost methodology, source breakdown,
and applicable reference years for each cost input. Depending on the
component, cost values are taken from peer-reviewed literature, in-
dustry/vendor data, or forward-looking projections from energy-
transition reports. Therefore, reference years difference across cost
items. Uncertainty in rapidly changing costs (e.g., hydrogen price) is
handled through sensitivity analysis in this study.

The NPV of operational costs includes fuel expenses, maintenance
and component replacement costs over the vessel’s remaining lifetime
after retrofitting. It is calculated using Eq. (40):

T ( <F annual; ® Ch2 <bFC.repluce, ° NFC o P FC,ruted.CFC.replace
=10\ (147) (1+7r)
+ bbatt‘replacel ° Nbatt 4 Ebatt,rated.cbatt.replace

(1+r)

NPVoppx = Z

(40)

where:

o Fuunua is the annual fuel consumption (kg/year).
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Ch, is the hydrogen price with a baseline value of 6$/kg [25].

r = 5% is the interest rate [25].

t is the time index (in years).

T = 20 years is the remaining lifetime of the vessel after retrofitting.
brc replace,s is the binary variable for fuel cell replacement in year t.
According to the manufacturer, the fuel cells are replaced after
20,000 operating hours [26,37].

bpatt repiace,s i the binary variable for battery replacement in year t.
The batteries are assumed to be replaced every 7 years based on the
authors’ previous study [25].

Crc replace and Cpayt replace ($/KW) are the replacement costs for fuel
cells and batteries respectively, which are assumed to be 50% of their
initial CAPEX, based on projected cost reductions due to techno-
logical advancements and increased market adoption [25].
Ciystem,main;, (3/KW/year) is the annual maintenance cost of each sys-
tem, obtained from [25].

The annual fuel consumption is initially determined based on the
total fuel consumption per trip and the number of trips per year, as
shown in Eq. (41):

Fannual = Ftotal ° Nm’p&annuul (41)

The number of annual trips (Niipsamnua) is 200, with the power de-
mand data of 100 sailing days, from Fig. 2, repeated twice every year.

To capture the effects of fuel cell degradation and hydrogen boil-off
losses, the fuel consumption is calculated annually using a boil-off loss
factor (bp,) and a degradation factor (d).

A 0.2% daily loss of stored hydrogen due to boil-off is assumed, based
on [38]. For the boil-off factor (by,), the cumulative hydrogen loss per
refuelling cycle is calculated (i.e., how much hydrogen is lost, relative to
the initial amount, until refuelling). To simplify the model, a constant
boil-off factor is assumed over time, under the assumption that periodic
tank inspections and regular insulation upgrades mitigate long-term
changes in boil-off rates.

The degradation factor (d) is derived from the relationship between
voltage drop and fuel consumption increase. The nominal cell voltage is
0.7 V, and the fuel cell replacement occurs when the voltage drops by
10% from its nominal value [8]. Fuel cell degradation is represented
using a simplified lifetime-based approach rather than a detailed
physics-based model. This avoids relying on degradation coefficients
reported in the literature that are primarily derived from automotive
operating conditions (e.g., Ref. [39]) and may lead to unreliable results
for maritime operation. The fuel cell is assumed to experience a total
voltage drop of 10% over its operational lifetime [8], at which point
replacement occurs according to the manufacturer provided lifetime
limits (20,000 operating hours), corresponding to approximately 4 years
under the considered operational profile. The total voltage drop is
therefore distributed uniformly over the replacement interval, and the
annual voltage drop, AVgmua, is calculated as the total allowable voltage
drop divided by the number of years until replacement (Eq. (42)). This
constant annual voltage drop is then used to approximate the annual
increase in fuel consumption due to degradation, which is a critical
contributor to total lifetime cost.

A Vtoml

Yreplace

A Vannuul = (42)

where:

o AViq = 10% e 0.7 = 0.07 V is the total voltage drop.
® Yrepiace is the number of years until replacement.

This lifetime-based degradation formulation is used only in the
lifetime cost model and is distinct from the transient load-based degra-
dation proxy used in Section 3.1 to assess the representativeness of the
reduced power profiles.
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Fuel cell efficiency, 5, is directly proportional to its operating
voltage, as defined by [40] and shown in Eq. (43):
Vcell
=t 43
Mk v (43)

reversible

where:

e Ve = 0.6-0.8 V, is the actual cell operating voltage [26].
® Vieyersive = 1.23 V is the theoretical reversible voltage under ideal
conditions.

Since hydrogen consumption is inversely proportional to the effi-
ciency, at a given power output, the annual increase in fuel consumption
due to degradation can be approximated as shown in Eq. (44):

AF ~ AVannual ( 4 4)

Vcell,naminul

F annual,initial

where:

e AF is the annual increase in fuel consumption
o Fonnualinitiar 1S the initial annual fuel consumption
® Veeitnominat = 0.7 V is the nominal cell voltage.

Thus, the degradation factor (d) is obtained from Eq. (45):

d—14+-5F 45)

F, annual initial
The annual fuel consumption over the vessel’s operational lifetime
(T) is computed iteratively, incorporating both boil-off losses and
degradation effects, as shown in Eq. (46):

Fa.nnual, = Fannual,_, ® (1 + bhz) od (46)

After fuel cell replacements, the annual fuel consumption is reset to
its original value.

This approach ensures that the model dynamically captures the
combined effects of fuel cell degradation and boil-off losses while
maintaining realistic operational assumptions regarding fuel cell life-
span and system replacements.

The key model variables and parameters for the cost optimization
and stability analysis are summarized in Table 1.

3.2.5. Optimization solver
The framework is a MINLP optimization with combinatorial aspects
that is solved using the SCIP solver.

e Mixed-integer: binary, integer, and continuous variables for decision
making.

e Nonlinear: Bilinear terms with the product of design and control
variables introducing non-convexity (Egs. (2) and (12)).

e Combinatorial: Discreet selection of configurations from a set of
predefined feasible positions (slots) (system placement in the engine
room, and selection of ballast amount and position to satisfy stability
constraints).

SCIP is an open-source solver developed for MILP and MINLP prob-
lems. It is used in this study to manage the complexity of the optimi-
zation problem and provide high-quality solutions. SCIP solves MINLPs
to global optimality using a spatial branch-and-bound algorithm, which
combines branch-and-infer and branch-and-cut methods [41]. The key
techniques utilized by SCIP include:

e Pre-solving: Simplifies the problem (to improve computational effi-
ciency) by removing redundant variables and constraints, and
tightening bounds.

e Branch-and-bound exploration: Divides the problem into smaller
subproblems by branching on variables. Each subproblem is solved
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Table 1
Main optimization parameters.

Design/control variables and cost parameters

Nrc Number of fuel cells — design variable
Npase Number of batteries — design variable
Prc Fuel cell power — control variable (kW)
Ppast Battery power — control variable (kW)
S0Cpast Battery state of charge (%)

Frotal Voyage fuel consumption (kg)

Number of annual trips

CAPEX Capital expenses ($)

NPVopex NPV of Operational Expenses ($)
Ciystem System cost per unit ($/kW)

Fuel cell replacement cost ($/kW)
Battery replacement cost ($/kW)
System maintenance cost ($/kW/year)

N, trips,annual

CFC, replace
Coatt replace

Cystem,maint

Chz Green hydrogen price ($/kg)
bna Boil-off factor
d Degradation factor

System placement and stability variables
X,Y,% Component / ballast coordinates (m)

Nirips,refuel Number of trips before refueling
Dyuz tank Diameter of hydrogen tank (m)

w weight of each system (kg)

VCG Vertical center of gravity (m)

FSM Free surface moment (ton m)

GG’ Virtual rise in VCG (m)

GM Metacentric height (m)

KM Keel-to-metacenter distance (m)

GZ Righting lever (m)

@ Heeling angle ()

LCG Longitudinal center of gravity (m)
LCB Longitudinal center of buoyancy (m)
MCT Moment to change trim (ton m/cm)
TriMyey Trim of new design (m)

using linear or nonlinear relaxations to compute dual bounds,
guiding the search toward the optimal solution.

Cutting planes: Adds linear or nonlinear cuts to eliminate infeasible
or suboptimal regions, tightening the relaxation and reducing the
search space.

Heuristics: Uses primal heuristics to quickly identify good feasible
solutions, reducing the optimality gap and accelerating convergence.

During the solution process, SCIP continuously updates the primal
bound (best feasible solution found up to a certain point) and the dual
bound (best possible solution from relaxations). Convergence is ach-
ieved when the difference between the two (optimality gap) is zero,
which indicates that the optimal solution has been found. In this study,
SCIP was run with a 0% optimality-gap termination criterion.

Heuristic and metaheuristic solvers such as genetic algorithms are
widely used for the optimal design of ship energy systems [19]. These
methods rely on stochastic processes and can provide good solutions but
without any guarantee of global optimality. They often require extensive
computational resources and fine-tuning to achieve satisfactory results.
Unlike heuristic methods, SCIP uses a branch-and-bound algorithm that
enables effective exploration of the solution space without excessive
computational demands, making it a reliable choice for this application
[41].

4. Results and discussion
4.1. Power profile analysis results

The representative load profile, shown in Fig. 3, was synthesized
using the probability-based profile generation method.

To enable direct comparison with the full annual dataset, the
reduced profile was scaled up using the downsampling factor to ensure
both profiles cover the same duration. The resulting deviations are
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Fig. 3. Representative profile generated using the probability-based profile
generation method.

0.33% in fuel consumption and 4% in fuel cell degradation relative to
the annual profile, both within the + 5% acceptance threshold.

Due to the stochastic nature of the sampling procedure, the profile
generation was repeated ten times, and the reduced one-day profile
shown in Fig. 3 was selected based on minimal deviations from the full
annual dataset. This representative profile is subsequently used in the
lifetime cost optimization.

Appendix B provides the corresponding power distribution and load
ramp statistics for the annual and reduced profiles, supporting inter-
pretation of the profile representativeness.

4.2. Energy system topology and lifetime cost optimization results

Subsection 4.2.1 focuses on the system selection and arrangement,
and subsection 4.2.2 presents the optimization (cost and stability) re-
sults. Finally, in Subsection 4.2.3, alternative design arrangements are
discussed.

4.2.1. System selection and placement

The selected 100-kW proton exchange membrane fuel cell stack
operates within an efficiency range of 48-62% and exhibits high specific
power and power density compared to other fuel cells [26,37]. At the
beginning of life, the peak power output of the stack is 120 kW. Over its
operational lifespan, degradation leads to a 17% reduction in peak
power, resulting in a rated power of 100 kW at the end of life [26,37].

The variable fuel cell output voltage requires regulation via DC-DC
converters to ensure stable integration with the ship’s power system
[42]. For compatibility between fuel cells and converters, the output
voltage and current ranges of the fuel cell must align with the input
specifications of the unidirectional converter. The converters must
regulate the output voltage to the DC bus level of 700 V. The same fuel
cell and converter systems were utilized in the conceptual design of a
hydrogen fuelled ferry [37,43]. According to Bye et al. [43], the lowest
recorded converter efficiency at end-of-life conditions was 98.2%.
Therefore, a DC-DC converter efficiency of 98.5% is assumed in this
study.

A 60-kWh lithium-iron phosphate battery pack, with a nominal
output voltage of 576 V, is selected for low-load support and peak-
shaving [29]. The same DC-DC converter hardware can be used in uni-
directional mode for the fuel cells and in bidirectional mode for the
batteries, allowing onboard charging from excess fuel cell power [42].

The 700-V DC switchboard distributes current from power sources to
consumers via converters and inverters [44]. It consists of: the main
busbars, bus-tie breaker, connection points for power supply and con-
sumer modules, circuit breaker, fuses, and additional control/moni-
toring equipment.



F. Mylonopoulos et al.

The DC-AC converter (inverter), also referred to as variable fre-
quency drive, converts DC power from the switchboard into AC power
for the electric propulsion motor. A 1400-kW AC induction motor (AMI
500L8W) is selected to cover the peak propulsive power demand
(Fig. 3), and an additional margin for increased power demand [45].
Based on the representative load profile (Fig. 3) and the equipment
specifications, the motor is expected to operate with an average effi-
ciency of 96% [45].

A 1400 kW inverter (ACS880-104LC) is selected for motor control,
with an average efficiency of 98.5% [46]. The inverter and motor
nominal voltages are matched at 690 V. The inverter’s nominal output
current exceeds the motor’s current, ensuring its capability to operate
under full-load conditions. The inverter also supports frequency control
of 50 Hz, with potential variations depending on the inverter settings.

A gearbox is required to match the propeller’s rotational speed with
the motor’s output speed. At the most frequent operating speed range of
9-11 knots, the controllable pitch propeller operates at 110-150 revo-
lutions per minute (rpm). To achieve compatibility, the gearbox must
reduce the motor speed from 750 rpm to approximately 130 rpm,
requiring a reduction ratio of 5.76. A continuous- duty gearbox (MGN
2026 V) rated at 1489 kW, with a 6:1 reduction ratio is selected to align
the motor and propeller speeds [47]. A gearbox efficiency of 98% is
assumed based on [48].

The optimization model was solved with the SCIP solver, achieving a
0% optimality gap. The optimal propulsion system design consists of
14x100 kW fuel cells and 3x60 kWh batteries. The final retrofitted
configuration, including all the main systems and their locations within
the engine room compartments, is shown in Fig. 4.

The portable water tanks are positioned at the sides of the vessel,
outside the illustrated machinery compartments, as per the original
design.

Green boxes with ‘X’ represent positions available for placement that
were not chosen by the optimization model. All other boxes contain the
number of units that are placed in the specific positions for each system
category (fuel cells, batteries, converters etc.).

Each fuel cell room contains seven modules, separated by a gastight
bulkhead. The fuel cells are arranged symmetrically about the centerline
and stacked vertically in groups of up to five units. The three battery
modules are located in a dedicated compartment adjacent to the fuel cell
rooms and positioned along the centerline (y = 0) to minimize trans-
verse moment effects. The fuel cell converters and battery converters are
located in the electrical machinery room. The inverter, motor, and
gearbox are installed in the propulsion room. Some of the fuel cells and
fuel cell converters are arranged in five-module vertical stacks, high-
lighting their limited influence on the vessel’s vertical stability. Auxil-
iary and safety-related equipment can be accommodated within
separate compartments or in the remaining available spaces of the
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Fig. 4. Engine room layout for the optimal propulsion system design.
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engine room.
Several propulsion system arrangements were evaluated before
selecting the final configuration:

e Single motor-gearbox in-line with the propeller shaft and propeller —
This is the simplest configuration incorporating the fewest number of
components.

Offset configuration with dual motor-dual gearbox perpendicular to
a single propeller shaft — This configuration provides increased
component redundancy but introduces shaft alignment challenges,
motor synchronization issues, and limited engine room space.
Dual-shaft, twin-screw, dual-motor-gearbox - This configuration
offers maximum propulsion redundancy, but requires significant
design modifications and detailed hydrodynamic analysis to retrofit
the original single-shaft diesel-based design.

Single shaft, dual-motor, single/dual gearbox configuration — This
configuration limits the available horizontal engine room space and
introduces complexities in motor synchronization.

The inline configuration with a single motor, gearbox, shaft and
propeller was chosen due to its: simplicity, lower cost, reduced weight,
ease of access and maintainability. This arrangement also provides
sufficient space for auxiliary and safety equipment without introducing
challenges related to motor synchronization and shaft alignment.
Furthermore, propulsion system redundancy is not a primary design
criterion, as the original diesel-based design utilized a similar
configuration.

4.2.2. Optimal cost and stability results

The total lifetime energy system cost of the optimal design (14x100
kW fuel cells, and 3x60 kWh batteries) is estimated at 22.9$ million. The
contributions of individual cost categories to the total cost are illustrated
in Fig. 5.

Fuel cost is the dominant contributor to total lifetime cost, ac-
counting for 74.2%. Since hydrogen consumption is price-inelastic for
the selected configuration, total lifetime cost scales proportionally with
hydrogen price. Consequently, a + x% change in hydrogen price leads to
a + 0.742x% change in total lifetime cost (e.g., a 50% increase in
hydrogen price results in a 37.1% increase in total lifetime cost). Total
CAPEX (including replacement costs) accounts for 24.5% of the total
lifetime cost. The ‘Other Systems CAPEX’ category (shown in Fig. 5)
includes investment costs for converters, inverter, motor and gearbox.
The battery system and the total maintenance costs of all systems
contribute minimally to the total lifetime cost.

The optimal power distribution between the fuel cells and the bat-
teries is shown in Fig. 6.

At the beginning and end of the voyage, the batteries are charged
using excess fuel cell power, since the fuel cells cannot operate below
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Fig. 5. Cost contributions to total lifetime cost.
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Fig. 6. Optimal power distribution between fuel cells and batteries.

10% of their rated power. Throughout the voyage, the fuel cells provide
the majority of the power demand, while the batteries are mainly used
for low-load support and peak shaving. At the end of the voyage, the
battery is charged back to 50%, as shown in Fig. 7, to avoid shore
charging due to limited available infrastructure.

The total fuel consumption, F,yq, after retrofitting, is 1049.3 kg/trip.
The annual fuel consumption variations, including fuel cell degradation
and boil-off effects are depicted in Fig. 8. There is a 2.5% annual increase
in fuel consumption due to fuel cell degradation, and a 0.8% increase in
the required hydrogen consumption due to cumulative boil-off per
refuelling cycle. The annual hydrogen consumption is increased until
the ends of years 4, 8, 12, 16 and 20, and then, after the fuel cell re-
placements, the fuel consumption is reset to its initial value at years 5, 9,
13, and 17.

The LH; tank is placed at the open deck with a VCG of 10.5 m. It
weighs 51.1 tons, and its volume is 146 m3, with a diameter of 4.97 m.
With this tank size, the vessel requires refuelling every 4 sailing days
(voyages). Furthermore, there is sufficient space at the upper deck for
equipment inspection and maintenance. To satisfy the trim and vertical
stability constraints, the vessel requires 171.5 tons of ballast with a VCG
at 0.53 m and an LCG of 26.67 m. The total weight of the main engine
room components in the retrofitted design (fuel cells, motor etc.) is 15.3
tons which is only 3.7 tons higher than the original diesel engine. After
retrofitting, the vessel’s total weight decreases by 1%, from 4835.8 tons
to 4786.8 tons.

The LH, tank and the ballast placement significantly impact the
vessel’s stability, while the engine room components have minor effects
due to their low weight compared to the total ship displacement.
However, in ship designs with similar installed power but significantly
smaller displacement (e.g., ferries), the positioning of engine room
components is expected to have a more pronounced impact on stability.

The stability results for the homogeneous loaded departure condition
(for the retrofitted design) are summarized in Table 2 and the GZ curve
is shown in Fig. 9.

Table 2 presents the stability results for the homogeneous loaded
departure condition, confirming compliance with the IMO intact sta-
bility criteria. The GZ curve and underlying area were validated against
the original diesel-powered vessel to ensure minimal errors from the
trapezoidal rule. Stability checks were also conducted for homogeneous
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Fig. 7. Battery SoC.
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Table 2
Stability results for the retrofitted vessel.
Parameter Value Criterion
VCG 5.01 (m) <5.044
GM 0.36 (m) >0.3
GZmax 0.55 (m) >0.2
@(GZmax) 50 () >25
Area (0-30) 0.068 (m rad) >0.055
Area (0-40) 0.136 (m rad) >0.090
Area (30-40) 0.068 (m rad) >0.030
Trimpew —0.39 (m) +5 cm
0.4
E
50.2:
0.0
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Heel angle ¢ (deg)

Fig. 9. GZ curve.

loaded arrival and ballast conditions to verify regulatory compliance. In
the ballast departure condition the GM of the vessel is 1.74 m, which is
much higher than the minimum of value of 0.3 m required by the reg-
ulations. The trim of the vessel can be adjusted in laden arrival, ballast
departure and arrival conditions by rearranging the ballast.

4.2.3. Alternative design arrangements

The impacts of various design choices on the optimization results are
analyzed below, to offer insights into alternative design considerations
and arrangements.

Removing one fuel cell or one battery from the optimal design does
not satisfy the optimization constraints (infeasible problem) due to
insufficient energy supply at peak loads, and insufficient low-load sup-
port respectively. Adding one additional 100-kW fuel cell in the optimal
design reduces fuel cost by 1.4% through more efficient operation at
lower power levels, but increases CAPEX by 2.8%, resulting in a 0.06%
rise in total lifetime cost. Incorporating an additional 60-kWh battery
reduces fuel cost by 0.1%, but raises CAPEX by 1.1%, leading to a total
cost increase of 0.19%. Further increases of system capacity result in
higher total lifetime costs since the CAPEX increase outweigh the re-
ductions in fuel consumption cost from more fuel-efficient operation at
lower fuel cell power levels. From the above, further assurance can be
obtained that the configuration of 14x100 kW fuel cells and 3x60 kWh
batteries is the global optimum.

Placing a single LH; tank below the main deck could further improve
stability by lowering the VCG. However, this would reduce available
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cargo space by approximately 10% and require additional auxiliary
systems, safety equipment, and structural reinforcements, thereby
increasing total cost. Alternatively, dividing the hydrogen storage into
two tanks could improve redundancy and reliability in case of failure.
However, due to space constraints on the upper deck, one tank would
need to be placed on the open deck and the other in the cargo space. This
arrangement complicates design and auxiliary system integration, in-
creases boil-off rates (due to smaller tank diameters), and raises total
tank CAPEX [33,35]. Placing an LH2 tank below the open deck is a
viable option for vessels with limited deck space and high VCG, such as
containerships. For such designs, exploring different tank types and
shapes could optimize fuel storage utilization [49].

5. Conclusions

This study presents a holistic framework for optimal ship system
design and operation. The novelty of this work is that it incorporates a
power profile analysis and synthesis method, energy system topology,
ship stability, and lifetime cost minimization in a unified optimization
framework. The original diesel mechanical propulsion system of a gen-
eral cargo vessel is retrofitted with hydrogen fuel cells and batteries to
lower its environmental footprint. Given the urgent need to decarbonize
existing fleets to meet IMO emission targets, this study offers valuable
insights into the retrofitting of conventional vessels with novel energy
systems. Additionally, the versatility of the optimization model allows it
to be adapted for the design of newbuild vessels with minimal
modifications.

The following key results can be summarized:

e The probability-based profile generation approach produced a
downsampled load profile with deviations of less than 5% in fuel
consumption and fuel cell degradation compared to the original
annual propulsive power data, enabling computationally efficient
lifetime cost optimization with minimal loss of accuracy.

The optimal configuration includes 14x100 kW fuel cells and 3x60
kWh batteries. The batteries support low-load operations and peak
shaving, and they are charged from excess fuel cell power, without
requiring shore charging. Oversizing either fuel cells or batteries was
found to increase total lifetime cost, as the additional CAPEX out-
weighs fuel cost savings achieved through more fuel-efficient
operation.

The retrofitted design includes a single LH, tank (146 m>, 4.97 m
diameter) placed on the main deck with a VCG of 10.5 m, providing a
range of 4 days without refuelling.

The total ship weight of the retrofitted design is 1% lower than the
original diesel-based version with the use of the necessary amount of
ballast.

The optimal retrofit satisfies all vertical stability and trim constraints
using 171 tons of ballast at a VCG of 0.53 m and an LCG of 26.67 m in
the homogeneous loaded condition. For this vessel, retrofit feasibility
primarily depends on LH; storage sizing/placement, which directly
determines ballast requirements. Engine-room components have a
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comparatively minor effect on vessel stability due to their low weight
relative to ship displacement; several fuel cells and converters are
arranged in five-module vertical stacks, highlighting their limited
influence on vertical stability.

The total lifetime cost of the optimal design is estimated at 22.9%
million, with a baseline fuel price of 6$/kg. Fuel costs have the
largest contribution (74.2%) to total cost, while CAPEX (including
replacements) accounts for 24.5%. Battery CAPEX and total main-
tenance costs together contribute less than 2% of the lifetime cost.
Neglecting key real-world effects such as powertrain efficiency
changes after retrofitting, degradation-driven increases in fuel con-
sumption, and operating profile variability across routes can lead to
non-robust designs and misleading lifetime cost outcomes.

Overall, these results demonstrate that cost-optimal and technically
feasible solutions require the coupled consideration of system sizing,
topology, operation, and stability constraints within a unified lifetime
cost optimization framework. From a broader design and decision-
making perspective, the results provide clarity on the feasibility of
hydrogen-based ship retrofits under realistic technical and economic
constraints. The viability of hydrogen-fuelled systems primarily depends
on storage integration constraints and fuel price assumptions rather than
power and propulsion system sizing alone. As such, the proposed
framework supports informed assessment of when and under which
conditions hydrogen-based ship energy systems become viable options
for decarbonization, thereby supporting decision-making for maritime
decarbonization strategies.

In future work, the impact of weather variability on the power pro-
files and lifetime cost can be investigated.
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This appendix documents the evaluation of an algorithmic-based donwsampling approach that was investigated as a potential alternative to the

probability-based method, but not adopted in the main analysis.

Overview of the RDP-based approach

As alternative to the probability-based profile generation method, a geometry-based downsampling approach using the Ramer Douglas Peucker
(RDP) algorithm [26] was evaluated. The RDP algorithm simplifies a polyline (here, the power-time curve) by connecting the first and last points of a
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segment with a straight line and computing the maximum perpendicular distance of the intermediate points to that line. If this maximum distance is
below a prescribed tolerance ¢, the intermediate points in that segment are discarded; otherwise, the farthest point is retained and the procedure is
applied recursively to the two resulting subsegments. This recursive process continues until the maximum perpendicular deviation between the
original polyline and each line segment is no greater than ¢, resulting in a simplified polyline with fewer points that preserves the overall geometric
shape of the original curve. Increasing e reduces the number of retained points (and computational cost) but decreases fidelity to the original profile, so
€ represents a trade-off between computational efficiency and approximation accuracy.

When applied to power profiles, the method produces a reduced representation with variable time steps while preserving the overall geometric
shape. In this study, the original annual load profile was reduced from 30,000 data to 300 data (corresponding to a reduction factor of 100) using an &
value of 0.9. The resulting profile spans the same total operating duration but includes variable time steps ranging from 5 min to 51 h.

Performance with respect to fuel consumption and fuel cell degradation

The reduced profile obtained using the RDP algorithm was evaluated by comparing fuel consumption and fuel cell degradation estimates against
those obtained from the full annual profile. The RDP-based reduction resulted in a deviation of —6.18% in fuel consumption, indicating that fuel
consumption can be reasonably approximated despite the substantial reduction in dataset size.

In contrast the deviation in fuel cell degradation was —69%, demonstrating that the RDP algorithm fails to preserve transient load variations that
are critical for degradation assessment. As illustrated in Fig. A1, the RDP-based reduced profile introduces significant power deviations at specific time
intervals compared to the original profile.

1200 —O'rig;‘inal Dat;;

™~ —Reduced Data
1000 |
800 +

600 |

Power kW]

15 16 17 18 19 20
Time [Days]

Fig. Al. RDP: Zoomed-in comparison of the profiles in the 1520 days period.

Rationale for exclusion from the main analysis

Due to its inability to accurately represent degradation-relevant dynamics, the RDP-based approach was not adopted for the generation of
representative load profiles in this work. Achieving acceptable degradation estimates with the RDP would require a substantially larger number of

retained data (in the range of thousands), which would significantly increase computational cost. Additionally, the variable time steps produced by
RDP complicate integration with the subsequent optimization framework.

For these reasons, the probability-based method described in the main text was selected for all analyses presented in this study.
Appendix B

Power levels and load-ramp statistics for the probability-based profile generation method

Table B1 and Table B2 report selected descriptive statistics of the power levels and load ramps for the full annual profile and the representative
profile generated using the probability-based method.

Table B1

Power level statistics (P10 and P90 denote the 10th and 90th percentiles of the power-
level distribution).

Statistic (kW) Annual profile Representative profile
Mean power 696 685

P10-P90 power 349-917 220-1202

Max power 1284 1300

Table B1 summarizes the mean power, P10-P90 power range, and the maximum power level. The mean power of the representative profile differs
by only 1.6% from that of the annual profile, which is consistent with the very small deviation observed in total fuel consumption (0.33%). The P10-
P90 range indicates that the representative profile operates within a comparable power envelope. Differences in percentile bounds are expected due to
the stochastic nature of the sampling procedure and the substantial reduction in dataset size.
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Table B2
Load ramp statistics (P10 and P90 denote the 10th and 90th percentiles of the load-
ramp distribution).

Statistic (kW) Annual profile Representative profile
Mean |AP| 15.9 16.5

Median |AP| 3 2.5

P10 —P90 |AP| 0-30 0.5-25

Table B2 summarizes statistics of absolute power changes between successive time steps (|AP|), including the mean, median and the P10-P90 ramp
range. The close agreement in mean and median ramp magnitudes indicates that typical load-ramping behaviour is well presented in the reduced
profile. The P10-P90 ramp range further confirms that the magnitude of common transient events is preserved, which is consistent with the small
deviation observed in the degradation-related proxy (4%) used during profile selection.

The statistics presented in this appendix are provided for diagnostic purposes only. The representativeness of the reduced profile is assessed in the
main text using deviations in fuel consumption and fuel cell degradation metrics (5% acceptance threshold), rather than through direct matching of

individual statistical descriptors.
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