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Keywords:

Yacht electrification
Hydrogen storage
PEM fuel cell

Green methanol

The urgent need to decarbonize the maritime sector presents one of the most pressing and complex challenges in
achieving global sustainability goals, given the unique energy and operational demands of vessels. This research
investigates the electrification potential for covering the hoteling demands on-board a 35-45 m yacht, using
hydrogen feeding proton exchange membrane fuel cells (PEMFCs). The yachting sector is here adopted as a
technologically demanding case study for integrating unconventional fuels and fuel cell systems, since hoteling
represents the largest share of the total onboard energy consumption and poses stringent constraints on space
and safety. Various hydrogen storage methods are explored, including physical storage with compressed
hydrogen and chemical storage via liquid chemical intermediates such as methanol and ammonia, to assess the
most feasible solution for onboard installation. To optimize system operation, multiple fuel cell configurations
are evaluated, encompassing both low-temperature (LT-PEMFC) and high-temperature (HT-PEMFC) options,
along with their potential future improvements. Additionally, a seawater-cooled, liquid-based thermal man-
agement system is employed.

Findings indicate that green methanol and green ammonia emerge as the most viable solutions for such
application, each offering specific advantages in terms of weight impact, volume requirements, and power-to-
power efficiency. Moreover, the adopted holistic approach promotes the strategic use of liquid chemical car-
riers and underscores the significance of efficient power devices when evaluating power-to-power scenarios,
encompassing net power output and auxiliary energy consumption. Although focused on yachts, the findings of
this study offer valuable perspectives that may provide insights for the development of alternative energy so-
lutions in other maritime applications.

Green ammonia
Marine energy systems

Efficiency Design Index (EEDI), enforced since 2013. The EEDI promotes
the utilization of energy-efficient equipment and engines in the design of
new vessels, thereby serving as a driving force for ongoing innovation
and technical advancement throughout the ship design process. In 2021,
the IMO fortified its initiatives by introducing two additional measures:
the Energy Efficiency Existing Ship Index (EEXI) and the Carbon In-

1. Introduction

Maritime transport currently contributes for about 3% of anthropo-
genic global greenhouse gas (GHG) emissions and involves an annual

consumption of 339 Mt of heavy oil. To reach net-zero GHG emissions,
the updated 2023 International Maritime Organization (IMO) intro-
duced several strategies. In particular, a reduction in carbon intensity of
international shipping by at least 40% compared to the reference year
2008 has been established by 2030, encouraging near-zero emission
technologies and fuels [1].

An initial measure implemented by the IMO was the Energy
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tensity Indicator (CII), effective from 2023. The EEXI framework em-
powers shipowners and charterers to select the most fitting methods for
complying with IMO regulations. Available technologies include en-
gine/shaft power limitation, waste heat recovery, and wind-assisted
propulsion. The CII rating is assigned to each ship and reflects its
operational energy efficiency; the carbon intensity can be improved with
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Nomenclature

Acronyms

BoP Balance of Plant

ci Carbon Intensity Indicator

CTP Chemical-to-power

DMFC  Direct-methanol fuel cell

DOE US Department of Energy

EEDI Energy Efficiency Design Index

EEXI Energy Efficiency Existing Ship Index

FC Fuel cell

GHG Greenhouse gas

HFO Heavy fuel oil

HT-PEMFC High-temperature proton exchange membrane fuel cell
IMO International Maritime Organization

LHV Lower heating value

LT-PEMFC Low-temperature proton exchange membrane fuel cell

MCFC  Molten carbonate fuel cell

MEA Membrane electrode assembly

MGO Marine gas oil

MR Membrane reactor

PAFC Phosphoric acid fuel cell

PBR Packed-bed reactor

PEMFC Proton exchange membrane fuel cell
PTP Power-to-power

SOFC Solid oxide fuel cell

TMS Thermal management system

WTT Well-to-tank

Symbols

[ Specific heat capacity, kJ kg™ K
Dint Tank internal diameter, m

egray Gravimetric energy density, kWh kg~!
€yol Volumetric energy density, kWh L1

ks Stress equilibrium factor

L Total tank length, m

l Internal length of the cylinder body, m
Meamier  Total flow rate of the energy carrier, kg s7!
Meoolane ~ Mass of fuel cell coolant, kg

Meoolane ~ Coolant mass flow rate, kg st

MMy, dayanchor Hydrogen mass flow rate during day anchor operation,
kg s

Total mass of required hydrogen based on yacht autonomy,
kg

Mass of hydrogen stored in a tank, kg

M, e uirea

My, tank

m; Mass of component i, kg

Msystem Mass of overall storage system, kg

Neanks Number of tanks

P Pressure, MPa

Py Burst pressure, MPa

Pret Net electrical power output, kW

Pgack Electrical power produced by the fuel cell stack, kW

Q Heat produced by fuel cell, kW

Tinj Tank inner radius referred to the layer i, m

Tint Tank inner radius, m

R Tensile strength, MPa

Tout Tank outer radius, m

Rpo2 Yield strength, MPa

%4 Operating voltage of fuel cell, V

v Volumetric surface density for thermal management
system, m?>m~3

V; Volume occupied by the layer i constituting the tank, m®

Vextrack  External volume of hydrogen storage rack, m3

Vostrank  Tank external volume, m3

Vierank  Tank internal volume, m®

Vi Thermodynamic theoretical voltage of fuel cell, V

Viotal tanks  Total volume of the number of tanks, m>

t thickness, mm

Tampiene ~ Temperature of external environment, °C

teirc coolane  Circulation time of coolant in the closed cooling circuit, s
Tinair Inlet temperature of air in the closed cooling circuit
Tinseawater 1nlet temperature of seawater in the closed cooling circuit
Tout.air Outlet temperature of air in the closed cooling circuit

Tout seawater  Outtlet temperature of seawater in the closed cooling

circuit
Tstack Operating temperature of fuel cell, °C
UF Utilization factor of hydrogen storage rack
Ujig-gas  Liquid-gas heat transfer coefficient, W m2K!
Ulig—iiq Liquid-liquid heat transfer coefficient, W m2K!
w Gravimetric surface density for thermal management
system, kg m~2
Pi Density of i, kg m ™3
of Fiber strength, MPa
Nerp Chemical-to-power efficiency
Nrc.dayanchor  Fuel cell efficiency during day anchor operation
Nprp Power-to-power efficiency
Nwrr Well-to-tank efficiency
AH, Molar enthalpy of reaction, kJ mol !
AT Difference of temperature, °C

different strategies, including speed optimization, biofouling manage-
ment and the employment of alternative fuels [2].

1.1. Decarbonization of the yachting sector

Luxury boats represent a small sub-sector of the maritime industry,
but they offer fertile ground for cutting-edge technological de-
velopments thanks to their ample investment potential and constrained
vessel dimensions. By capitalizing on opportunities within the yachting
sector, technologies can be developed and optimized on a smaller scale
before being scaled up, positioning the sector as a leader in driving
sustainability and efficiency within the maritime domain.

The environmental impact of luxury yachts remains relatively low
due to their seasonal utilization, low power requirements, and minimal
representation within the global maritime fleet. However, emissions
from these vessels contribute to broader issues such as air quality
reduction, public health impacts, and greenhouse gas emissions,

particularly in coastal areas [3]. Consequently, the emphasis on sus-
tainability is primarily motivated by the necessity to uphold a positive
image and meet customer expectations and port regulations.

In response to this awareness, several companies in the sector are
investing in innovation to integrate more sustainable technologies into
their products. For instance, German superyacht manufacturer Liirssen
claims to have a superyacht equipped with a proton exchange mem-
brane fuel cell (PEMFC) under construction, set for delivery in 2025.
Similarly, France's Energy Observer Developments (EODev) has devel-
oped a 22 kW PEMFC system certified by Bureau Veritas, installed on the
“Energy Observer”, a 30-meter-long yacht, which circumnavigates the
globe using hydrogen produced from renewable sources like solar and
wind energy. Another example is the conceptual design of the “Aqua”
super-premium yacht, a 112.3-meter-long yacht designed by Dutch
design company Sinot Yacht Architecture and Design, which intends to
feature a 4 MW PEMFC system. In 2021, Yanmar Engine Corporation
Limited successfully converted a 12.5-meter-long yacht named “EX38A”
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with a 250 kW PEMFC system customized by MIRAI, and its successful
practical application is expected in 2025 [4].

The Italian shipyard Sanlorenzo announced for 2024 its 50-meter
superyacht featuring a methanol fuel cell system customized by
Siemens. This innovation significantly reduces the vessel's ecological
footprint while at anchor by powering the on-board hotel services, with
plans to increase the power output of fuel cells for partial engine power
by 2026 and a fully fuel-cell-powered, net-zero model by 2027 [5].

The abovementioned strategies adopted by various companies
demonstrate that the use of renewable fuels combined with alternative
energy systems stands out for being the leading road in the yachting
sector.

Building on this foundation, a growing body of literature has
emerged to explore sustainable practices and technological innovations
in the luxury yachting industry, aiming to address both environmental
challenges and evolving stakeholder demands.

Engelhardt et al. [6] investigated the feasibility of an integrated fuel
cell system for mobile auxiliary power unit (APU), potentially for use in
caravans and yachts. The system consisted of a diesel steam reforming
fuel processor, a gas clean-up module, and an 80-cell PEMFC stack. The
experimental study was conducted within a fuel input range of 2 kWy, to
6 kWy, and utilized two different precious-metal-based reformer cata-
lysts. The study highlighted the sensitivity of fuel cell performance to
hydrocarbon concentrations in the reformate gas and demonstrated a
stable power output of 1.5 kW, at a reformer input of 4 kWy,.

Malla [7] presented a step-by-step approach for the design and sizing
of battery systems for “zero-emission” all-electric vessels. It also presents
a cost comparison between all-electric vessels and traditional diesel-
powered vessels. The study highlights recent advancements in lithium-
ion battery technology, particularly improvements in safety, design
life, and battery management systems. It suggests that lithium-ion bat-
teries are becoming increasingly cost-competitive with diesel genera-
tors, offering high energy density and low costs, which could drive the
growth of all-electric vessels over the next decade.

Bucci et al. [8] investigated different auxiliary propulsion system
configurations for luxury sailing yachts, focusing on fuel consumption
and operational efficiency. The study compared four configurations
using a daily operational profile, with a particular emphasis on a hybrid-
electric solution paired with an onboard energy storage system. The
authors highlighted that the hybrid-electric system, while heavier,
offered the best fuel efficiency, together with operational advantages,
such as reduced noise and pollutant emissions. Additionally, the paper
examined the cost dynamics, noting that while the initial capital cost
(CAPEX) of the hybrid system was higher, it became competitive over
time due to lower operating costs (OPEX) and the possibility of zero-
emission navigation.

Coppola et al. [9] presented a concept design and feasibility study of
a hybrid propulsion system for a 80 m yacht, utilizing a conventional
diesel electric configuration integrated with battery and hydrogen-
powered fuel cells. The hydrogen was stored as methanol and con-
verted onboard via reforming. The study compared a conventional diesel
propulsion system with the designed hybrid system, analysing various
operational profiles, including stationing and sailing times. The results
indicated that the amount of methanol required for the yacht's auton-
omy could < be feasibly installed. The integration of the hybrid pro-
pulsion system, including fuel cells, reforming systems, electric motors,
and frequency converters, had minimal impact on the yacht’s speed,
stability, hull structure, displacement, and crew capacity, making it a
viable alternative to conventional systems.

Micoli et al. [10] performed a retrofitting of a mega-yacht’s electric
power system to achieve zero-emission status using ammonia as a
hydrogen carrier and PEMFC. The study found that hydrogen production
from ammonia required a bulky fuel processing system, limiting
ammonia storage to 48 m3, which affected the yacht's autonomy. In
Cruise Mode, autonomy was 6 days, while Full Electric Mode reduced it
to 3 days. Increasing storage space could improve autonomy but would
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require significant modifications.

Di Bernardo et al. [11] presented the preliminary design of a 75-
meter hybrid diesel-electric mega yacht. The hybrid system was equip-
ped with four hydrogen-powered fuel cells (540 kW), two 180 kW
electric motors and two 1765 kW thermal engines. The hydrogen was
stored in 105 cylinders with a total capacity of 21.3 m® at 350 bar. The
system allowed for green cruising up to 240 km or 24 h of hotel services,
enabling access to marine protected areas and reducing noise.

Chen et al. [12] designed a proof-of-concept for a hydrogen-powered
luxury yacht, Hydronautic+, and its supporting infrastructure, fHuel+,
centred on a localized hydrogen economy. The concept proposed
hydrogen production at marinas using off-peak electricity to power a
PEM electrolyser, with storage and compression at the dockside. On-
board, 9.70 kg of hydrogen stored at 700 bar were converted by two 114
kW PEMFCs to power an electric motor. The approach integrated con-
ceptual design, economic analysis, life-cycle assessment (LCA), and
safety evaluations through failure mode and effects analysis (FMEA),
demonstrating the potential of hydrogen-powered luxury boating as an
environmentally friendly alternative.

1.2. Aim and novelty of the study

While there is a growing number of initiatives by companies in the
yachting sector and a broad body of literature on the use of alternative
fuels within the maritime industry [13], research specifically addressing
alternative fuels in the yachting sector remains relatively limited.
Several studies have examined the integration of hydrogen with fuel
cells to partially or fully electrify propulsion systems or power onboard
systems. However, to the best of our knowledge, no comprehensive
analysis has been conducted to compare the various hydrogen carriers
suitable for storage onboard luxury boats in terms of weight, volume,
and power-to-power efficiency when coupled with fuel cell technology.

The primary objective of this study is to investigate the technical
feasibility of installing a fuel cell-based powertrain to supply electrical
loads onboard small-sized yachts. The yacht configuration was selected
as a particularly challenging testbed for integrating unconventional
fuels — hydrogen, green methanol and ammonia — since the hoteling
demand represents the largest share of the onboard energy use and the
available installation space is highly constrained. Demonstrating the
feasibility of such systems in this context provides insights into the
integration of such systems under highly constrained conditions,
although dedicated assessments are required for other vessel categories.

The study focuses on considering de-fossilized fuels stored on-board,
including hydrogen, synthetic methanol and ammonia. The investiga-
tion encompasses a comprehensive analysis of various aspects, including
storage solutions, components for fuel release and conversion, different
fuel cell configurations for optimizing system operation and efficiency,
and the potential utilization of seawater for cooling purposes.

Moreover, diverse components constituting the Balance of Plant
(BoP) of the system are examined, aiming to provide a holistic under-
standing of the proposed alternative energy system. By addressing these
aspects, this study aims to provide valuable insights into the field of
maritime energy systems, paving the way for more sustainable and
efficient transportation solutions in the maritime industry.

In this paper, Section 2 provides an overview of the viable options for
decarbonizing the yachting sector, discussing various technologies and
strategies to reduce emissions. Section 3 delves into the methodology
used to size the energy storage and propulsion systems. It starts by sizing
different storage methods integrated with a commercial PEMFC
featuring a seawater-cooled, liquid-based thermal management system,
and then optimizes the most promising storage solution with improved
PEMFC technologies. Section 4 presents the results of these analyses,
highlighting the performance and feasibility of the proposed solutions in
terms of weight, volume, and power-to-power efficiency. Finally, Sec-
tion 5 summarizes the key findings and their potential implications for
advancing sustainable yachting.
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2. Options for the de-fossilization of the yachting sector

Hydrogen-powered fuel cells emerge as one of the most suitable and
high-efficient technologies for the de-fossilization of maritime field
[14]. However, hydrogen storage and onboard integration are quite
difficult due to the low volumetric energy density of hydrogen. To this
purpose, Table 1 compares different storage solutions such as com-
pressed hydrogen, liquid hydrogen, synthetic methanol and ammonia
with conventional diesel, considering their gravimetric (egq) and
volumetric (e,,;) energy densities [15].

Compressed hydrogen is the simplest and most consolidated storage
method. It comprises a tank and its BoP, which includes primary pres-
sure regulator, solenoid control valves, a fill tube or port and a pressure
gauge/transducer [16]. Tank design for gaseous hydrogen must address
issues like permeation and embrittlement to which the selected material
is exposed. In addition, the chosen material must be lightweight and
have high strength to withstand pressures ranging from 200 to 700 bar.
The performance evaluation of such technology considers factors like
gravimetric weight, which varies between 1 and 6 wt% depending on
the vessel type and shape, and gravimetric/volumetric energy density
[17,18]. Compressed hydrogen storage method enables rapid refueling
and fast release of hydrogen, accommodating load changes without
necessitating a buffer tank. Furthermore, it boasts a relatively high
gravimetric energy density, and it is a well-established, reliable tech-
nology. However, there are notable drawbacks to consider. The com-
pressed hydrogen storage suffers from low volumetric energy density,
requiring considerable space for installation. High working pressure
poses explosion risks, demanding stringent safety measures. Further-
more, the need for a rack to accommodate multiple tanks increases
system weight and volume, posing logistical challenges and potentially
impacting performance and efficiency.

Although liquid hydrogen presents a promising solution for
increasing hydrogen density to up to 71 kg/m®, its storage challenges
have led to its exclusion from our study. These challenges are not
compatible with the specific characteristics of the maritime application
under consideration. Boil-off, resulting in approximately 1% hydrogen
loss daily, poses significant difficulties for long-term storage, particu-
larly for luxury boats with seasonal use. Moreover, the safety risks
associated with handling cryogenic temperatures cannot be managed
onboard due to a lack of specialized crew trained in such hazards.

Synthetic liquid fuels generated from hydrogen, such as methanol,
ammonia and formic acid, can be used as hydrogen carrier compounds
for the liquid chemical storage of hydrogen, thanks to their chemical
bonds with the H atom. They can be easily transported over long dis-
tances, stored for a long time, and later decomposed to release hydrogen
when needed (or to be directly converted to power in some types of
technological devices).

Methanol (CH30H) is the simplest alcohol with the highest H/C
ratio, and it has a theoretical gravimetric capacity of 12.5 wt%. At at-
mospheric pressure, it remains in liquid form between 176 and 338 K,
offering a cost-effective storage option compared to LNG, Hy and NH3
[19]. Approved by the IMO as an alternative marine fuel since
November 2020, methanol is versatile, serving in both conventional ship
engines and fuel cells [3]. In 2-stroke diesel engines, methanol can

Table 1

Gravimetric and volumetric energy densities of different energy storage options
compared to diesel (values are reported as mean, with minimum-maximum
range in parentheses) [15].

Energy carrier option egrav(kWh kg’l) ey01(kWh LH

Compressed hydrogen 1.40 (0.96 - 1.80) 0.60 (0.40 — 0.80)

Liquid hydrogen 2.50 (2.00-3.82) 1.32(1.20 - 1.39)
Methanol 4.03 (3.90-4.36) 3.83 (3.64 - 3.92)
Ammonia 3.60 (3.22-3.60) 2.70 (2.56-2.78)
Diesel 8.30 (8.30-8.30) 8.15 (8.13-8.18)

Energy Conversion and Management: X 30 (2026) 101902

significantly reduce CO; emissions by 5-10% and up to 80% when using
green methanol. Additionally, it leads to substantial reductions in SOy
and NOy emissions due to methanol’s favorable physical properties,
including lower combustion temperature, lower lean flammability limit,
higher heat of evaporation, and a high-octane number [20]. In
conjunction with fuel cells, methanol can be used directly as fuel in high-
temperature fuel cells and direct-methanol fuel cells (DMFCs), or it can
be reformed at moderate temperatures, either in a separate system or
integrated in the fuel cell system. The reforming of methanol is an
endothermic reaction which takes place through the reaction:

CH;0H + H,0—CO, + 3H, AH, = 49.2kJmol!

Fuel purity requirements vary based on fuel cell type: low temperature
fuel cells need high-purity hydrogen to prevent poisoning of platinum-
based catalysts, while high temperature fuel cells accept lower-quality
fuels. Methanol processing equipment thus depends on the imple-
mented fuel cell type, and this significantly affects system characteristics
such as efficiency, size, weight, cost, and transient behavior. Common
processing steps include reforming, CO clean-up, purification, and
equipment such as evaporators, burners, and desulfurization [21].
Despite its advantages, methanol presents challenges in handling and
storage. Its low-flashpoint fuel demands stringent safety measures. In
addition, due to its density and lower heating value, it necessitates larger
tanks compared to Heavy Fuel Oil (HFO) of about 2.5 times. Methanol is
toxic and corrosive toward certain materials, necessitating storage in
well-ventilated areas and the use of compatible materials [22].

Ammonia (NHj3) is considered a promising hydrogen carrier because
it is a no-carbon fuel with a high hydrogen content by weight (17.65 wt
%), it can be liquefied under mild conditions (the vapor pressure of
ammonia at room temperature is 9.2 bar) and stored on-board in a
simple, inexpensive pressure vessel [23]. As for methanol, the release of
hydrogen requires a dedicated equipment for the endothermic reaction
of cracking:

2NH;—N, + 3H, AH, = 46.2kJmol!

In addition, a series of equipment are needed, depending on the re-
quirements of the downstream conversion technology [24]. The draw-
backs related to ammonia include its toxicity for both humans and
marine environment and its corrosiveness towards some materials [25].

The most efficient method for extracting energy from hydrogen,
ammonia or methanol is using a fuel cell, which uses the energy stored in
chemical bonds to directly generate electricity [14]. Additionally, noise
and vibrations associated with fuel cells are minimal, and they are ex-
pected to require less maintenance compared to conventional combus-
tion engines and turbines. However, one of the challenges faced with
fuel cells is their limited lifetime [19]. A variety of fuel cell types with
distinct characteristics has been developed: low and high temperature
polymer electrolyte membrane fuel cell (LT/HT-PEMFC), phosphoric
acid fuel cell (PAFC), molten carbonate fuel cell (MCFC) and solid oxide
fuel cell (SOFC) [21]. Among them, the LT-PEMFC was selected as the
most suitable technology due to its light weight and compactness, high
efficiency, long lifetime, and zero emissions. In addition, since PEMFCs
are characterized by fast start-up and load following, they can satisfy the
ship power requirements needed for the different trip phases [24].
Nevertheless, LT-PEMFCs operate below 100°C, posing challenges in
heat management. Hence, HT-PEMFCs are gaining traction in the
maritime sector, operating up to 200°C. Despite lower efficiency, HT-
PEMFCs can better manage heat due to increased driving force (tem-
perature gradient with biosphere) and can operate in integrated con-
version systems with ammonia and methanol without purification
systems, thanks to their higher tolerance to fuel impurities [21]. In this
context, Advent Technologies announced in 2023 a collaboration with a
global energy technology company to develop sustainable marine fuel
cell solutions for superyachts. Initially, the focus is on creating a 50
kW-500 kW hybrid power source using Advent's methanol-powered
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Serene fuel cell systems, based on HT-PEMFC [26].
3. Methodology

Following the introduction of the selected case study for imple-
menting the electrified system, this section outlines the sizing method-
ology. An initial assessment evaluates the technical feasibility of
different storage technologies, including compressed hydrogen,
ammonia, and methanol. During this phase, the fuel cell system is sized
primarily to provide efficiency data for determining the required
hydrogen quantity, with a commercial fuel cell serving as a reference.
Moreover, thermal integration among components is explored to opti-
mize overall system performance. In the final stage, the analysis deepens
into a detailed evaluation of the most effective storage technology and
its integration with various fuel cell technologies.

3.1. Case study description

The technical feasibility analysis focuses on the hoteling electrical
demand of a 35-45 m yacht, currently powered by two diesel genera-
tors. Fig. 1 illustrates the typical load profile for hoteling requirements,
based on 1000 h of operation per year. The proposed system adopts a
hybrid configuration, where the electrified system primarily addresses
the energy requirements during anchorage (day and night anchor),
while the main engine covers the remaining demands. This electrifica-
tion strategy has been chosen because, despite the relatively low power
demand during anchorage, it accounts for the largest portion of the
yacht's total energy consumption, offering a significant opportunity to
minimize overall onboard emissions.

The design process starts from the net electrical energy required for
hoteling. The gross power from the fuel cell is then determined itera-
tively by including auxiliary loads and operating conditions, and the
stack size is selected to satisfy this net demand under the chosen oper-
ating point.

A typical daily operating profile is employed considering the
following operating modes: day anchor (38%), night anchor (22%),
maneuvering (7%), day cruise (15%). In this configuration, the complete
hoteling energy system, with a maximum power demand slightly

Energy Conversion and Management: X 30 (2026) 101902

exceeding 100 kW, includes:

e A diesel generator and electric engine, as in the conventional system,
to supply the peak power during maneuvering (100% of maximum
power demand) and day cruising (53% of maximum power demand).
A fuel cell system to ensure power during anchorage, covering 43%
of the maximum hotelling demand during day anchor and 33%
during night anchor. In this way, the fuel cell system can cover 2/3 of
the daily anchor demand and the full night anchor demand.

A battery storage system to supply the remaining day anchor demand
which is not covered by the fuel cell system (about 21% of peak
power demand). This system helps avoid oversizing the hydrogen
storage.

For the hydrogen storage system, a one-week autonomy period is
used as a baseline to define the design methodology. The hydrogen
stored must support the fuel cell-powered hoteling operations, corre-
sponding to a total energy requirement of 4522 kWh over a week.

The available space for the installation of the electrified system is
within the yacht's hull structure, offering a total volume of 4.2 m°.
Additionally, an extra 14.7 m® of space above these areas could also be
utilized. During installation, it is important to account for compartment
shapes and safety regulations to ensure proper integration of the storage
systems.

3.2. System design: Analysis of storage solutions for a commercial fuel cell
system

After defining the characteristics of the case study, this paragraph
provides a detailed description of the system sizing. This section serves
to compare the sizes of different storage systems, while the sizing of the
fuel cell is only briefly mentioned for determining the amount of
required hydrogen, since it would be the same for all storage methods.
The scheme of the process is represented in Fig. 2.

Once the power demand was determined, the fuel cell system can be
sized. Commercial models of PEMFC stacks manufactured by PowerCell
[27] were selected as the conversion unit due to their suitability and
reliability. In particular, the commercial model, referred to as baseline

100

80

Load / %

60—-

40-

20 - I l
0 | ; . . ; .

Manoeuvring Navigation
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Day anchor
7% (full speed) 38%

Day cruise Crew transfer Night anchor
15% 15% 22%

Activity and percentage of time / % per year

Fig. 1. 35-45 m yacht load distribution for hoteling purpose normalized to the maximum power demand, and operation time distribution over a year. Bars represent
normalized power demand, while percentages below each bar indicate the fraction of operating time.
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Fig. 2. Process scheme of the electrified system, accounting for three different storage methods, including compressed hydrogen, methanol and ammonia, the
conversion units to release pure hydrogen, and the PEMFC system, with seawater cooled liquid-based thermal management system.

LT-PEMFC, was first defined based on the comparison of energy de-
mands during daytime and night-time anchorage, ensuring sufficient
capacity to meet peak loads. Then, considering the efficiency of the
chosen PEMFC and the autonomy, the electrical consumption for the
BoP (compressor, pumps, valve, etc.) and storage system were defined.
Finally, the gross power requirement was calculated as the sum of the
load demand and the BoP requirement and compared with the capacity
of the previously selected commercial stack. If the stack’s nominal
power was found insufficient to meet the gross power demand, a
different stack with a suitable power rating was selected from the same
manufacturer, and the procedure was repeated until a convergence be-
tween the gross power demand and the size of the PEMFC was reached.
A logical diagram illustrating this section is presented in Fig. 3. Various
storage methods were evaluated, including gaseous hydrogen,
ammonia, and methanol, while options such as methane, liquid
hydrogen, and cryogenic hydrogen were excluded due to technical
constraints.

3.2.1. Hydrogen storage

For the compressed hydrogen storage, two different sizing were
performed, considering pressures of 350 bar and 700 bar. The procedure
was the same in both cases. First, the single tank was designed to assess
the weight and volume of the compressed hydrogen storage system. The
amount stored in a single tank, set to 5 kg, was based on the US
Department of Energy methodology [28]. Regarding the BoP, it was
assumed that its components and related weight were similar for both
storage pressure configurations [16]. The tank design involved two

stages: a geometric design to determine the tank shape and a mechanical
design to handle the working pressure.

For the geometric design, the internal volume Vi iank (m®) was
calculated as:

mHz Jtank (1 )

Vint tank =
PH,

where my, i (kg) is the mass of hydrogen and py, (kg m~2) is the
hydrogen density at the storage conditions. Hemispherical caps were
chosen to simplify the evaluation of the system's weight and volume. The
following formulas were used to determine the cylindrical body's length
and diameter [28]:

4
Vintank = 7L+ §'ﬂ-r§’1 2

L/Dp =3 3

where r;; (m) is the internal radius of the tank, [ (m) is the internal
length of the cylinder body, L = [+ 2r;, (m) is the total length of the
tank, D;, (m) is the internal diameter of the tank.

Once the tank’s inner dimensions were defined, the mechanical
design evaluated the stresses and consequently the thickness of the
different layers. The layers involved are:

e Aliner layer to prevent hydrogen permeation, made of a high-density
polymer, with no structural function. This layer has a thickness
Liner = SMM.
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Fig. 3. Flow diagram of calculation procedure for PEMFC sizing.

e A composite layer, which forms the tank walls and handles structural
functions. Its thickness was calculated to withstand working pressure
stresses.

e A glass fiber layer protects the composite walls from shocks, and it
has a thickness tgqs; = 1mm.

e Afoam layer for the dome protection, with a thickness tf,qy = 10mm.

The netting theory was used to design the composite thickness
teomposite (Mm), applying the following equation [29]:

(st +1 ) ’rin,composite 2

2-ks-0'f (4)

tcamposite =

where k; is the stress equilibrium factor, 7, composie (mm) is the inner
radius of the composite layer, p, (MPa) is the burst pressure, o; (MPa) is
the fiber strength. The composite material used was Toray T700S, with a
fiber content of 60% and a reduced tensile strength of 2295 MPa to
account for fiber variability [28]. The stress equilibrium factor was set at
0.75 [29]. A burst pressure of 90 MPa was initially chosen for both 350
and 700 bar tanks. The stress ratio, which must be limited to 0.55 for
350 bar tanks and 0.5 for 700 bar tanks [28], was used to evaluate if the
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burst pressure was sufficient.

After designing the tanks operating at 350 bar and 700 bar, the
weight and volume of the entire system were evaluated. This involved
multiplying the weight and volume of a single tank by the number of
tanks needed to achieve the required autonomy. The same procedure
applies to both tank types, so the formulas are presented once. To
determine the number of tanks (n;qqs), the following formula was used:
Mt = eraies ®)

T, yank

where my, .., (kg) is the total mass of required hydrogen and my, ,,,,
(kg) is the mass of hydrogen stored in a single tank.

Knowing the number of tanks, the entire system’s characteristics
were derived with the following formulas.

To calculate the system volume, the volume of the single tank was
first determined as follows:

Vtank = Vim.mnk + Vliner + chmposite + Vglass + Vfoam (6)

where the volume of the single layer i (i.e., liner, composite, glass
fiber, and foam) was calculated based on its thickness t; (mm) and the
external radius of the layer r,,,; (mm). Both the cylindrical and the semi-
spherical parts of the tank were considered in the calculation:

4
Vi=ml {(rin.i + ti)z - rlzm] + 57 [(Tm.i + ti)3 - r,?”] ()
i 3
The volume of the foam layer, differently from the others, was
calculated considering only the semi-spherical domes, derived imposing
[=o0.
The total volume occupied by the tanks was then calculated as:

Viotal tanks = Mranks* Viank (8)

Finally, additional space was considered for the BoP, the rack, and
the empty space between tanks. This was reflected by the utilization
factor (UF), calculated as the ratio of the total tanks volume Vi ranks
(m®) to the total volume occupied by the rack Vi rack (m>):

UF = Vwml tanks (9)
Vext rack

The value of UF (50%) was derived as an average value from the
sizing procedure of various hydrogen bottles in the chosen vessel.

For the system mass, the system weight was determined by the sum
of the different tank layers and the mass of hydrogen stored inside:

Myystem = Meanks* (mliner + Meomposite + Mylass + Mgoam + Mgpop + mHz_m,,k) (10)

For the term related to the BoP mass (mgp,p), the value adopted by the
DOE methodology [28] is considered in this study. This mass term in-
cludes safety devices, regulators, electronic controllers and sensors, all
onboard conditioning equipment necessary to store the hydrogen as well
as mounting hardware and delivery piping.

In the equation, the weight of the layer i was calculated starting from
its volume V; and density of material p; as follows:

m; :/)i’vi (11)

The weight of the rack was not included in the evaluation of the
system weight, as this depends on the configuration of the cylinders
inside the yacht.

The input parameters for designing the compressed hydrogen storage
system are detailed in Table A of the Appendix.

3.2.2. Methanol storage

Methanol, maintained as a liquid at ambient conditions (20°C and 1
bar), was stored according to the requirements dictated by the reforming
reaction's stoichiometry. Moreover, an additional amount of methanol
was considered to meet the thermal demands of the system through
combustion in a dedicated burner. The sizing of the methanol tank
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utilized gravimetric and volumetric indexes, yielding values of 4.03 kWh
kg~ ! and 3.83 kWh L}, respectively [15].

Similarly, the amount of water needed for the reforming reaction was
calculated based on the reaction stoichiometry. The size of the water
tank was determined using commercially available models manufac-
tured by Plastic Mart, which are already employed in maritime appli-
cations [30].

Methanol-water mixture was heated and pumped to a temperature of
350°C and a pressure of 50 bar to facilitate the methanol reforming
reaction, through which hydrogen was extracted from the energy car-
rier. Instead of using a traditional packed-bed reactor (PBR), a mem-
brane reactor (MR) with hydrogen-selective ceramic-based carbon
membrane was employed, allowing both catalytic methanol reforming
and membrane separation to occur simultaneously within a single unit
under the same reaction conditions. The reactor developed in the
HyMethShip project [31] was selected as an innovative and promising
non-commercial conversion technology and the final size was obtained
through a linear scale-up, justified by the modular structure of the
membrane reactor, which enables scaling through replication of iden-
tical units within the investigated range. To achieve the highest possible
purity of Hy, the project considered operating with the reaction stream
at 50 bar and obtaining hydrogen output at 10 bar, maximizing the
pressure difference between the two sides. Under these operating con-
ditions, membrane reactors are expected to provide enhanced methanol
conversion and hydrogen recovery compared to conventional reactors
due to improved reaction-separation coupling [32]. Therefore, meth-
anol conversion > 90%, hydrogen recovery > 90%, and hydrogen pu-
rity > 99.9% were assumed, making the produced hydrogen suitable for
both LT-PEMFC and HT-PEMFC applications. If required, an additional
downstream purification stage could be implemented with negligible
impact on the overall system weight and volume, as supported by
literature [23].

Before entering the fuel cell stack, hydrogen was conditioned to the
stack's operating temperature and pressure. This necessitates the use of a
turbine (or alternatively an expansion valve) and a cooler.

3.2.3. Ammonia storage

Ammonia was stored in liquid form at 10 bar and ambient temper-
ature, with a resulting density of 602 kg m~>. An additional margin of
empty volume of 14% was estimated as a safety factor, in order to
accommodate any unexpected expansion or contraction. A table from
Perry’s Handbook on vertical cylindrical vessels was used as a reference
[33], providing the volume, length, and diameter of the storage tank.
For the design of the tank heads, tori spherical heads were chosen due to
their structural advantages and space efficiency. The procedure for
sizing these heads was detailed in Perry’s Handbook [33]. Using the
aforementioned references and procedures, the total volume of the
storage tank was calculated. A crucial step in the tank design was the
selection of material. The material had to withstand the corrosive nature
of ammonia, leading to the choice of austenitic stainless steel AISI 316.
The mechanical properties of this material are summarized in Table A of
the Appendix, including the yield strength R, 0. (MPa) and the tensile
strength R,, (MPa).

The thickness typ, @ (m) of the tank wall was calculated using the
following equation [33]:

_ P'Dint
tNHa tank — Zf*P

(12)

where P (MPa) is the operating pressure, D;,, (mm) is the internal
diameter of the tank, and f is defined as:

_ . Rp.O.Z Rm
f*’"m( 15 ’2.4) a3

After calculating the thickness, an additional 2.5 mm was added as a
precaution against corrosion.
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Once the wall thickness was determined, the volume of the empty
tank was calculated. The total weight of the storage system was the sum
of the weight of the empty tank, which was evaluated using the density
of the steel provided in Table A of the Appendix, and the weight of the
ammonia to be stored.

By following these steps, the ammonia storage tank was appropri-
ately sized to ensure safety and efficiency.

Subsequently, the ammonia was heated to 485°C and subjected to a
cracking reaction at 9 bar in a membrane reactor derived from the study
by Cerrillo et al. [34]. This reactor configuration, as described in the case
of methanol, enabled both the conversion of ammonia and the purifi-
cation of hydrogen within the same unit, with high-purity hydrogen
exiting the reactor as permeate. Based on the experimental results re-
ported in [34], complete ammonia conversion was assumed, together
with hydrogen recovery higher than 90% and purity above 99.97%,
making the produced hydrogen suitable for both LT-PEMFC and HT-
PEMFC applications. Using the inlet ammonia flow rates and the
outlet hydrogen flow rates as references, a linear scale-up was performed
primarily to meet the energy requirements of the equipment.

For the weight and volume considerations, it was known that the
reactor consists of an outer stainless-steel module with the membrane
located on a porous ceramic tube. Without direct information from the
analyzed study regarding the weights and volumes of such a reactor,
gravimetric and volumetric indices referred to hydrogen flow rate
derived by other types of intensified reactors used for the same purpose
were utilized, equal to 8123 kg kg™! s and 9.9 m® kg™! s [35].

In both the ammonia- and methanol-based configurations, the
hydrogen purity achieved by the membrane reactor is assumed to be
sufficient to supply both LT- and HT-PEMFC systems. If necessary, an
additional purification stage could be included with negligible impact
on the overall system weight and volume, as demonstrated in previous
work by Massaro et al. [23].

3.2.4. Auxiliary equipment for chemical energy carriers

The use of chemical carriers, i.e. methanol and ammonia, required
the use of a series of auxiliary equipment in the conversion process, such
as pumps, compressors, heat exchangers. In this section, the description
of the sizing procedure for the auxiliary components is reported.

First, a heat exchanger was required to heat the stored fuel (methanol
or ammonia) from the storage ambient temperature to the reaction
temperature. A process simulation software was used for the sizing,
operating in shortcut calculation mode and setting up a counter current
heat exchange configuration, followed by using the design function for
deriving the required heat exchange area. At this point, the indices from
Table A of the Appendix were used for the final sizing [36].

An additional combustor was required in both case studies to meet
the thermal requirements of the reforming and cracking processes. It
needed to satisfy the demand for pre-heating the entering reactants and
maintaining the reaction temperature due to their endothermic nature.
Once the thermal power was calculated, it was possible to derive the
amount of required fuel. Finally, the size of the combustor was derived
from commercial models.

Lastly, the equipment necessary for the movement of the streams
within the system was analyzed, including pumps, compressors and
turbines. In this case as well, commercial models were considered based
on the specific requirements.

3.2.5. Fuel cell thermal management system

The heat produced by the fuel cell stack Q (MW) was crucial to assess
the size of the thermal management system (TMS), as it must be properly
removed to prevent overheating of the system. It was calculated as fol-
lows:

Q = (1 - 01)(1 - ﬂFC.dayanchar) 'mHLda}’GﬂChUT'LHVHz (14)

where 7pc gayanchor 15 the FC stack efficiency, my, dayanchor (kg s71) is the
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hydrogen mass flow rate during day anchor operation and LHVy, is the
lower heating value of hydrogen (120 MJ kg™1); in addition, a 10% heat
loss was considered to be removed with convection [37].

The TMS consists of two loops: a closed cycle where the coolant
(Glysantin® [38]) extracts heat from the FC, and a second open loop
where the refrigerant fluid passes through a secondary heat exchanger
thermally coupled to an external cooling sink. In the standard approach,
the external cooling sink consists of ambient air, and heat rejection is
achieved through an air-cooled radiator operating under worst-case
summer conditions. Alternatively, a second configuration was consid-
ered in which the air radiator is replaced by a liquid-to-liquid heat
exchanger using seawater as the external cooling medium.

In this case, the seawater temperature was assumed under worst-case
summer conditions, and a fouling factor was included in the sizing
calculations to account for performance degradation associated with
marine water operation. This approach ensures that the thermal man-
agement system is sized under design-limiting conditions, resulting in a
conservative system configuration.

The assumed seawater fouling factor, equal to 0.00009 m? K W~!
contributes less than 3% to the overall thermal resistance of the heat
exchanger. This contribution is significantly lower than typical design
margins and uncertainties associated with heat transfer correlations.
Moreover, given the seasonal operation profile of yachts, prolonged and
intensive seawater exposure is limited, thereby reducing the practical
impact of fouling over the operating lifetime.

The design of the heat exchanger was determined using the e-NTU
method [39]. The input parameters used in the sizing procedure are
summarized in Table A of the Appendix.

Finally, the weight and volume of the heat exchanger were deter-
mined using gravimetric and volumetric surface densities, as reported in
Table A of the Appendix. The required coolant mass miqn: (kg) was also
estimated, assuming a suitable circulation time ¢ coolgnt (S):

Meoolant = Meoolant *Leirc,coolant (15)

Remaining components such as pipes, pumps and fan are expected to
contribute to an additional 20% of the total weight of the cooling system
[40].

Subsequently, this methodology was used for the sizing of a seawater
cooling system. In this case, the liquid-liquid heat transfer (Uyq_sq) is
most favorable compared to the gas-liquid heat transfer (Ujiggas)-

3.3. Technological advancement and optimization

The storage system assessment described above is used to identify the
most promising solution, which is then applied to conduct a detailed
evaluation of the enhancements in PEMFC technology and their conse-
quent impact on the overall system, following the same procedure
illustrated in Fig. 3.

During this stage, a comprehensive evaluation of fuel cell technolo-
gies was conducted. This included not only the baseline low-
temperature PEMFC commercial model but also data from the litera-
ture on three advanced PEMFCs: one low-temperature PEMFC and two
high-temperature PEMFCs.

For all fuel cell stacks, process equipment was sized to meet nominal
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day and night anchoring power requirements, ensuring full operational
coverage. The parasitic loads of the BoP were assessed, and the net
power outputs were compared to the power demands of the daytime
anchorage.

The thermal management system was analysed using both air and
seawater as potential heat sinks.

The results provided detailed evaluations of weight, volume, and
efficiency for each case, which were then compared to commercial
battery systems. Furthermore, power-to-power efficiencies were calcu-
lated, enabling an overarching comparison of the various technologies,
not only based on gravimetric and volumetric metrics but also in terms
of overall system performance.

3.3.1. Fuel cell types

Four types of PEMFC were evaluated: two operating at low temper-
ature and two at high temperature. Each technology included a com-
mercial baseline (LT-PEMFC and HT-PEMFC) and an experimental
variant representing potential technological advancements (referred to
as LT-PEMFC reinforced and HT-PEMFC reinforced).

For the LT-PEMFC, the previously discussed baseline solution from
PowerCell was considered. As a potential advancement in LT-PEMFC
technology, the solution proposed by Nikola was referenced [41].
Compared to traditional LT-PEMFCs, this fuel cell can operate at tem-
peratures up to 95°C, offering significant advantages in thermal man-
agement. Enhanced membrane electrode assembly (MEA) performance
is achieved through optimized membrane architectures that incorporate
thermally stable ionomers to prevent radical scavenging. Although still
in development, this project has shown promising initial results.

For the commercial case of HT-PEMFC, the Celtec® MEA developed
by BASF in collaboration with Advent Technologies and Metal Solutions
was referenced [42]. A potential advancement for HT-PEMFC involves
using protonated electrodes with phosphonic acid, which promise sig-
nificant improvements in power density and durability for heavy-duty
vehicle applications [43].

The characteristics of the three advanced PEMFCs are reported in
Table 2 and compared to the baseline LT-PEMFC from PowerCell, while
their corresponding polarization curves are summarized in Fig. 4.

The operating point of the different PEMFCs was determined by
applying a heat rejection constraint, a criterion widely adopted in
automotive fuel cell applications to ensure the feasibility of the cooling
system [44]. In the present study, this criterion is used as an engineering
parameter to identify thermally feasible operating points and enable a
consistent comparison among different PEMFC technologies, rather than
as a strict thermal design constraint.

In this approach, the thermal power generated by the stack (Q, in
kW) must be rejected through the available temperature difference AT
between the stack coolant and the thermal sink (i.e., the ambient envi-
ronment). The A% ratio therefore represents the thermal load that must
be managed per degree of driving temperature difference, which must
remain within practical limits to avoid an oversized or impractical
cooling system. Operating at higher currents increases Q due to lower
efficiency, and without a constraint, this would require excessive cool-
ing capacity, particularly critical in mobile applications such as yachts,
where space is limited.

Although the adopted threshold originates from automotive fuel cell

Table 2
Characteristics of the different PEMFC used for the analysis.
LT-PEMFC LT- HT-PEMFC HT-PEMFC reinforced Unit
PEMFC reinforced

Temperature 80 95 180 160 °C
Pressure 2.5 2.50 1.50 1.50 bar
Rated power density @ 0.6 V N/A 0.965 0.249 0.443 W em ™2
Cell area N/A 25 45 45 cm?
Gravimetric index N/A 2.51 3.50 3.50 kW kg !
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Fig. 4. Polarization curves of the different PEMFC used in the analysis [41-43].

studies, its application in the present work is considered conservative for
the investigated yacht case. While seawater cooling offers higher heat
rejection potential compared to air-based systems, compact onboard
integration remains a key design constraint, making the use of this cri-
terion appropriate for defining realistic operating conditions.

The heat rejection constraint is expressed as [46]:

Vi-V
Q thack‘ [V

=V < 145kWC!
AT Tsmck - Tambiem

(16)
where:

- Pgack (kW) is the stack rated power,

- Vi(V) is the thermodynamic theoretical cell voltage,

- V(V) is the operating cell voltage,

- AT represents the difference between the stack operating tempera-
ture Tgqx (°C) and the temperature of the external environment
Tambiem (OC)

By fixing this Q/AT ratio below a threshold value, the operating
voltage and efficiency of each PEMFC configuration are selected
accordingly. This ensures that the compared systems are evaluated
under thermally feasible and consistent operating conditions, since both
efficiency and net power output inherently depend not only on the
stack’s intrinsic performance but also on auxiliary power requirements
related to heat rejection.

Once the operating potential satisfying the aforementioned criterion
was selected, the operating current density was derived from the po-
larization curve. These specifications pertain to a single cell. Next, it was
necessary to evaluate the number of cells required to meet the energy
demands, starting from the single cell area.

Regarding the stack weight, an evaluation for the LT-PEMFC rein-
forced was made based on the gravimetric index of 2.51 kW kg’1 [24].
For the HT-PEMFC, the gravimetric index of 2 kW kg ! was derived from
[45]. However, this gravimetric index refers to the entire fuel cell sys-
tem, including the weights of components other than the stack itself. To
address this issue, HYpoint White Paper was consulted [46], which
specifies the weight distribution for a typical HT-PEMFC system, indi-
cating that the fuel cell stack accounts for about 56% of the overall
system weight.

The characteristics of the different PEMFCs are reported in Table 2.
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4. Results and discussion

This section presents the main outcomes of this work. First, the
PEMFC system was designed and its potential contribution to decar-
bonizing energy demand was assessed. The initial assessment compared
the weight, volume and power-to-power efficiency of various storage
solutions with those of conventional diesel. Subsequently, detailed an-
alyses of the systems, incorporating technological advancements and
optimization strategies, are presented, with an emphasis on weight,
volume, and overall system efficiency. Finally, the most promising so-
lution is benchmarked against the marine diesel reference case.

4.1. System design: Analysis of storage solutions for a commercial fuel cell
system

Based on the load analysis, the stack should guarantee a net electrical
power output capable of covering at least 2/3 of the power demand
during day anchor. To be conservative, the PowerCell with maximum
stack capacity of 92 kW was selected but, in operation, the stack is
limited to 80% of its nominal capacity. This approach accounts for
auxiliary system consumption while enabling operation at partial loads,
where fuel cell efficiency is inherently higher. Unlike thermal engines,
the fuel cell exhibits a decrease in efficiency as its operating power in-
creases. As a result, the oversizing enables to work at higher efficiencies,
with relative savings in terms of hydrogen to feed and waste heat to
remove. By comparing the sizes of the fuel cell stack and of the entire
system from the manufacturer catalogues, it results that the stack rep-
resents about 16% of the overall FC system weight and about 11% of its
total volume.

As previously discussed, the complete electrical system for hoteling
purposes comprises a diesel generator, an electric engine, a PEMFC
system, and a battery storage system, as illustrated in Fig. 5(a). While the
diesel generator and electric engine are sized to meet the peak power
demands during manoeuvring and day cruising (Fig. 5(c)), the integra-
tion of the PEMFC system plays a pivotal role in de-fossilizing the vessel's
energy supply. Specifically, with the selected energy supply configura-
tion, the PEMFC system enables the de-fossilization of over 80% of the
hotelling energy demand. As illustrated in Fig. 5(b), the anchor opera-
tion (both day and night) accounts for the majority of the vessel’s energy
consumption, which is predominantly covered by the PEMFC system.

After defining the power requirement from the fuel cell, the initial
phase of the analysis was dedicated to assessing the space and volume
requirements for the various fuels, including compressed hydrogen,
methanol, and ammonia. The assessment was performed in comparison
to marine gas oil (MGO) and results are shown in Table 8. This evalu-
ation specifically focused on yacht sizes ranging from 35 to 45 m in
length, as it was deemed impractical for yachts with a length less than
24 m. The results reveal significant challenges, particularly in the
context of hydrogen storage solutions, where there is a pronounced need
for substantial storage volumes in the case of compressed hydrogen
(attributed to its low energy density).

4.1.1. Compressed hydrogen system

First, the sizing of the single tank containing 5 kg of compressed
hydrogen was conducted for both 350 bar and 700 bar storage. The
results are reported in Table 3.

The reported values were compared with the DOE targets [16],
focusing on the weight contribution of each component. Since the other
system components align with the DOE targets, the BoP is considered to
follow the same percentage distribution as specified by the DOE [16],
and thus is expected to be in agreement as well. The results are shown in
Table 4.

Finally, the entire system characteristics are reported in Table 5.

4.1.2. Methanol system
In this section the sizing results of the overall methanol system are
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Fig. 5. (a) Simplified scheme of energy allocation among the components of the hybrid system across different operational modes for hoteling requirements; (b)
energy distribution percentage and (c) power supply percentage for the same modes in a 35-45 m yacht.

Table 3 Table 5
Parameters of the single in-pressure tank for storage at 350 bar and 700 bar. Weight and volume of the compressed hydrogen storage system for 35-45 m
Pressure 350 bar 700 bar yacht.
Composite thickness 15 mm 28 mm Pressure 350 bar 700 bar
Ext. Volume 0.32 m* 0.22 m* Number of tanks real 53 53
Gravimetric index 5.26%wt 4.69%wt System mass 6051 kg 6785 kg
Tank gravimetric energy density 1.63 kWh kg ! 1.46 kWh kg ! System volume 171 m? 11.9 m®
Tank volumetric energy density 620 kWh m—3 890 kWh m~3 UF 0.5 0.5
External volume 34.2 m° 23.8 m®
Table 4
Comparison of the weight contribution of the different tank layers between data Table 6
calculated and DOE [16]. Sizing results of methanol-based system with baseline LT-PEMFC.
Pressure [bar] 350 700 Component Mass, kg Volume, m*®
Category Calculated DOE Calculated DOE
Storage system Mass of methanol 2263 + 561  2.38 + 0.59
Compressed Hy 5% 6% 5% 5% (reforming +
Liner layer 10% 11% 6% 7% combustion)
Composite layer 57% 53% 66% 62% Water 992 1.02
Glass fiber layer 6% 6% 4% 4% Methanol pump 4.90 0.006
Dome protection 5% 5% 4% 4% Water pump 4.90 0.006
BoP 17% 19% 15% 17% Combustion system Combustor 133 0.78
Air compressor 307 1.20
Pre-heating of reactants 3.7 0.005
reported. The amount of methanol derived for the reforming process is Reforming reactor 525 0.40
based on the day anchor requirement, which is the worse condition, thus Fuel cell Stack 34.0 0.030
it is assumed as reference for the sizing procedure. As shown in Table 6 Alr compressor 4.60 0.009
. K &P . ’ TMS FC with seawater Heat exchanger 9.50 0.013
an additional 25 wt% of methanol is needed to guarantee the thermal Glysantin 31.0 _
requirements of the system (pre-heating of the reactants and tempera- Auxiliaries 8.10 -
ture control in the reformer) through a combustion process in a dedi- Water pump 1.10 0.002

cated burner. Furthermore, to let the reforming reaction take place, a
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tank of water is sized according to Section 3.2.2. While the water
requirement has been calculated for completeness, it is not included in
the overall weight and volume estimations. This is because the PEMFC
generates water that could potentially be recirculated, requiring only a
small buffer tank for operational stability. The membrane reactor is
oversized to guarantee the maximum hydrogen flow rate of the day
anchor. Subsequently, fuel cell system with commercial LT-PEMFC
technology and seawater-cooled TMS is evaluated. Seawater is
selected as the most significative option both in terms of weight and
volume reduction of the heat exchanger, since the liquid-liquid heat
transfer is higher than the gas-liquid. Particularly, a 63% weight
reduction of the TMS is observed compared to air cooling.

To better comprehend the results and visualize the impact of each
component on the overall system, the distribution of weight (Fig. 6(a))
and volume (Fig. 6(b)) are reported. The storage system emerged as the
primary contributor in both weight and volume, even excluding the
amount required for water storage, as this can be easily accommodated
onboard the yacht. While the auxiliaries, which include all the equip-
ment of the BoP (i.e. pumps, compressors, heat exchangers and
combustor), have a major impact mainly on the volume of the system.
Furthermore, the fuel cell system, including FC stack and seawater
cooling, has the lowest effect compared to other components.

In addition, opting for a see-water cooled TMS offers advantages
from an electrical power perspective. As shown in Fig. 7, for the same
electrical power output of 72.9 kW, the net power with seawater cooling
(59.1 kW) is higher than with air cooling (50.4 kW) due to lower elec-
trical losses. This improvement primarily stems from the lower energy
required to pump seawater through a heat exchanger (Fig. 7(b)),
compared to the electrical demand of a fan (Fig. 7(a)). In both cases, the
oversizing of the fuel cell stack ensures the hoteling demands are fully
met, both during day and night anchorage.

4.1.3. Ammonia system

This section states the sizing results of the ammonia system. As
shown in Table 7, a 34 wt% of ammonia is required to guarantee the
thermal demands of the system through a combustion process. The
reactor of ammonia cracking is quite light and compact. Subsequently,
fuel cell system with commercial LT-PEMFC technology and seawater
cooling is assessed.

As already discussed in the previous paragraph, to graphically
display the weight of each component on the overall system, the dis-
tribution of weight (Fig. 8 (a)) and volume (Fig. 8 (b)) are reported.

As in the case of methanol, the storage system is the main contributor
both in terms of weight and volume, followed by the auxiliaries which

72.6%

(a)
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have a greater impact on the system volume. Conversely, the FC system,
including the stack and the seawater cooling system, and the reactor
have an almost negligible impact.

Also with this storage solution, the adoption of a seawater-cooled
TMS further enhances the net electrical power output. According to
Fig. 9, the electrical consumption of the auxiliary equipment is signifi-
cantly higher with the air-cooled system (Fig. 9(a)). It is important to
note that the seawater-cooled configuration (Fig. 9(b)) provides greater
usable net power, allowing for the possibility of reducing the level of
oversizing required for the system. By using seawater instead of air, the
TMS weight was reduced by 63%.

4.1.4. Storage solutions comparison

In this section, the weight, volume, and efficiency of the different
storage methods are compared to determine the most suitable solution.

First, the weight and volume are compared relative to the current
marine gas oil (MGO), which is assigned a reference value of 1 for both
volume and weight. The results are summarized in Table 8.

Compressed hydrogen at 350 bar requires significantly larger storage
volumes—approximately 25 times that of MGO —and leads to a weight
increase of 4.2 times compared to MGO. Increasing the pressure from
350 bar to 700 bar reduces the storage volume by about 30% due to the
higher density of hydrogen. However, even with this reduction, the
required volume remains considerably larger than the available space on
a luxury vessel. Furthermore, the higher pressure results in an increased
weight, as the storage tank must be designed to withstand these elevated
pressures, necessitating thicker walls.

Methanol and ammonia, as alternative options, exhibit more
manageable increase in required weight and volume compared to
compressed hydrogen. Specifically, ammonia is advantageous if weight
is the primary constraint, while methanol is more suitable when volume
is the main concern.

These estimates are accurate for compressed hydrogen due to its
simpler storage system but may be optimistic for chemical storage.
Methanol and ammonia storage require additional components besides
the fuel tank, leading to further increases in system weight and volume.
However, the results remain fairly representative as the key components
that significantly impact system weight and volume (i.e., reactor, fuel
tank and main auxiliaries) were considered.

Finally, the different storage solutions are compared in terms of ef-
ficiency. First, the chemical-to-power efficiency (4.rp), defined as the
capacity to convert fuel into usable electrical energy, was calculated as
follows:

0,
0.6% 0/3 o
74%—_
—37%
%
54.8%

(b)

[ ] Methanol storage tank [JJll Reactor ] FC stack [Jlll TMS with water | Auxiliaries

Fig. 6. Methanol-based system: Distribution of weight (a) and volume (b) of methanol-based system with baseline LT-PEMFC and seawater-cooled, liquid-

based TMS.
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Fig. 7. Electric power distribution for methanol-based system, normalized to the PEMFC gross power output, in the case of (a) air-cooled liquid-based TMS and (b)

seawater-cooled liquid-based TMS.

Table 7
Sizing results of ammonia-based system with baseline LT-PEMFC.

Component Mass, kg Volume, m®
Storage system Mass of ammonia 1770 + 631  4.00 + 1.40
(cracking +
combustion)
Tank 84.5 5.40
Combustion system Combustor 120 0.79
Air compressor 196 0.77
Pre-heating of reactants 4.50 0.010
Cracking reactor 8.70 0.011
Fuel cell Stack 34.0 0.030
Air compressor 4.60 0.009
TMS FC with seawater Heat exchanger 9.50 0.013
Glysantin® 31.0 -
Auxiliaries 8.10 —
Water pump 1.10 0.002

Table 8
Comparative factors for weight and volume of different storage solutions
compared to MGO.

MGO Compressed hydrogen Methanol Ammonia
350 bar 700 bar
Weight x1 x 4.2 x 4.7 x 3.9 x2.9
Volume x1 x 25.1 x17.5 X 6.0 x7.8
Prec
Nerp = = 17

mcarrier -LH Vcam'er

where P, (kW) is the net power output under day anchor condition
which is the most demanding in terms of energy consumption, Mggrier (kg
s™1) is the total flow rate of the energy carrier and LHV gier (MJ kg’l)
represents its lower heating value.

Subsequently, the power-to-power efficiency (1prp) was estimated
according to the relationship:

Nprp = Nerp Nwrr (18)

Here, 1, represents the well-to-tank efficiency, which reflects the
efficiency involved in the production of the energy carrier.

From the comparison of the efficiencies of the three storage methods
in Table 9, it is evident that compressed hydrogen offers the best power-
to-power efficiency. This is because hydrogen is stored in its pure form,
avoiding the efficiency losses associated with conversion and recon-
version processes. Moreover, ammonia emerges as more efficient than
methanol, thanks to its superior thermal integration capability.
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4.2. Technological advancement and optimization

Based on the findings from the storage system sizing analysis,
methanol emerged as the most suitable option for onboard use due to the
primary requirement of minimizing volume. Additionally, methanol is
considered safer than ammonia as a fuel for marine applications. Unlike
ammonia, which is highly toxic, corrosive, and requires advanced safety
measures to manage risks such as accidental leaks, methanol is less
hazardous to handle and store. Its liquid state at ambient conditions
simplifies onboard storage and integration compared to ammonia,
which requires pressurization or cryogenic systems. These factors make
methanol a more practical and safer choice for use on small yachts,
where no specialized crew is available for the handling of dangerous
fuels. Therefore, as explained in Section 3.1, several optimization stra-
tegies for PEMFC technology have been investigated focusing on
methanol as energy carrier.

First, the operational point of the fuel cell technology was defined for
the various case studies with the aim of minimizing the Q/AT ratio, as
outlined in Section 3.3.1. This approach ensures optimal thermal man-
agement and efficient system performance. In all case studies, the fuel
cell stack was designed to deliver a nominal power output of 92 kW,
consistent with the baseline PowerCell case. To achieve this, the number
of cells in the stack was determined based on the output of each indi-
vidual cell, ensuring the total output met the nominal conditions of the
baseline PowerCell.

Table 10 presents the results for the different PEMFC case studies,
detailing key parameters such as the actual operational voltage and the
stack efficiency under sizing conditions, the effective Q/AT ratio, and
the operating pressure and temperatures. These results highlight the
influence of different configurations and optimization strategies on
system performance.

After defining the operating points of the different PEMFC technol-
ogies, the focus shifted to estimating the weight of the TMS, which is
typically a significant factor in such application. This analysis allows for
a meaningful comparison between the various fuel cell technologies.

From Fig. 10(a), it is evident that optimizing the fuel cell system can
substantially reduce the impact of the TMS. For instance, the LT-PEMFC
reinforced configuration achieves a significant 46.2% reduction in TMS
weight compared to the baseline LT-PEMFC. This improvement is due to
higher efficiency (60.4% compared to 56.5%), which reduces the heat
generated, as well as an increase in operating temperature from 80°C to
95°C.

Increasing the operating temperature with HT-PEMFC configura-
tions, despite their lower efficiency, also leads to a reduction in TMS,
approaching 40%.
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Fig. 8. Ammonia-based system: Distribution of weight (a) and volume (b) of ammonia-based system with baseline LT-PEMFC and seawater-cooled, liquid-

based TMS.
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Fig. 9. Electric power distribution for ammonia-based system, normalized to the PEMFC gross power output, in the case of (a) air-cooled liquid-based TMS and (b)

seawater-cooled liquid-based TMS.

Table 9
Comparison of efficiencies for the different energy carriers.
Nwrr[15] Nerp Nprp
Compressed hydrogen 60.0% 49.4% 29.6%
Methanol 41.0% 41.7% 17.1%
Ammonia 54.0% 43.2% 23.3%

Furthermore, switching from an air-cooled liquid-based TMS to a
seawater-cooled liquid-based TMS results in additional weight savings,
as reported in Fig. 10(b). This outcome is not surprising, as liquid-to-
liquid heat exchange is significantly more efficient than gas-to-liquid
heat transfer, owing to much higher heat transfer coefficients.
Notably, the quantity of Glysantin® used remains unchanged, as the

Table 10
Operative conditions of different PEMFC case studies.

total heat to be dissipated does not vary regardless of whether air or
seawater is utilized in the open-loop system. The main differences be-
tween the two cooling approaches lie in the weight of the heat exchanger
and, consequently, the auxiliaries. These changes account for the per-
centage weight reductions highlighted in Fig. 10(b).

The various PEMFC configurations were subsequently integrated
with a methanol storage system. Table 11 summarizes the main out-
comes regarding the weight, volume, and efficiencies for the complete
methanol-based system coupled with enhanced PEMFC solutions.

The results of this analysis demonstrate that, although HT-PEMFC
technology potentially offers better thermal management due to its
higher operating temperature, it is characterized by lower efficiencies.
These lower efficiencies limit the technology’s performance, requiring
larger amounts of fuel and negating the advantages in the TMS.

Stack power output Operating voltage @ sizing point Stack efficiency @ sizing point Q/dT Pressure Temperature Net power output
Baseline: LT-PEMFC 92 kW 0.68V 56.5% — 2.5 bar 80°C 59.1 kW
LT-PEMFC reinforced 92 kW 0.76 V 60.4% 1.08 2.5 bar 95°C 60.2 kW
HT-PEMFC 92 kW 0.57 V 45.3% 0.78 1.5 bar 180°C 60.7 kW
HT-PEMEC reinforced ~ 92 kW 0.65V 51.2% 0.72 1.5 bar 160°C 61.9 kW
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Fig. 10. Comparison of TMS component weights for methanol-based system with different PEMFC technologies, in the case of (a) air-cooled liquid-based TMS and

(b) seawater-cooled liquid-based TMS.

Table 11
Comparison of different PEMFC technologies in the methanol-based system with
seawater-cooled TMS.

LT-PEMFC LT-PEMFC HT- HT-PEMFC
baseline reinforced PEMFC reinforced
Storage system 4882 4558 6090 5325 kg
mass
Storage system  6.44 6.03 7.95 7.06 m®
volume
Net electrical 59.1 60.2 60.7 61.9 kw
power
output
Nemw 42 46 35 40 %
Nprp 17 19 14 16 %

Conversely, an optimized low-temperature PEMFC solution can provide
significant benefits to the system. Specifically, it slightly increases the
chemical-to-power efficiency from 41.7% in the baseline configuration
to 46% in the optimized LT-PEMFC reinforced case, representing an
efficiency improvement of approximately 10.3%. This leads to a
reduction in storage weight by approximately 6.7% and a reduction in
storage volume by approximately 6.4%.

5. Conclusions

This paper investigates the feasibility of hydrogen-powered fuel cell
electrification to meet the hoteling demands onboard a 35-45 m yacht,
with a focus on various onboard hydrogen storage methods. Specifically,
the study examines physical storage, using compressed hydrogen at 350
bar and 700 bar, as well as chemical storage in the form of methanol and
ammonia. The storage systems were carefully sized to address the
unique requirements of onboard applications, including the integration
of conversion units for producing pure hydrogen where necessary. A
detailed analysis was conducted to evaluate the storage solutions and
conversion systems, considering their impacts on weight, volume, and
overall efficiency.

The findings underscore that, within the investigated yacht case
study, green methanol and green ammonia represent the most viable
solutions for onboard application. Ammonia offers competitive advan-
tages in terms of weight savings and higher chemical-to-power effi-
ciency, but it is constrained by lower safety standards and increased
volume demand. On the other hand, methanol emerged as the most
suitable option for onboard use due to the primary requirement of
minimizing space onboard the yacht.

15

The implementation of a seawater-cooled, liquid-based thermal
management system further enhances the feasibility of these solutions
by reducing system weight and improving thermal management effi-
ciency, especially when operating at higher temperatures.

By integrating advanced PEMFC technologies, including both low-
temperature and high-temperature configurations, and their potential
enhancements, the study demonstrates the critical role of fuel cell
optimization in achieving substantial performance improvements. For
instance, the adoption of reinforced LT-PEMFC solutions improves
chemical-to-power efficiency, reduces heat generation, and allows for
lighter and more compact thermal management systems.

Overall, this work highlights the importance of adopting a holistic
approach to de-fossilization in the yachting sector. Combining efficient
power devices with strategic use of chemical carriers provides a pathway
to sustainable onboard energy systems for this specific maritime
segment. The results not only emphasize the need to optimize power-to-
power efficiency but also reveal the trade-offs between safety, energy
density, and system integration in selecting the most suitable energy
carrier storage method.

Although the quantitative outcomes of the present study are specific
to the investigated yacht application and should not be directly
extrapolated to fundamentally different vessel categories, the integrated
assessment methodology and system-level design approach developed in
this work may provide a valuable reference framework for evaluating
alternative fuel cell-based energy solutions in other maritime
applications.

Future research should focus on addressing remaining challenges,
such as improving the safety profile of ammonia and exploring addi-
tional advancements in fuel cell technology, to further enhance the
sustainability and practicality of zero-emission yachts and to assess the
applicability of these findings to other maritime contexts.
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Table A summarizes all key modelling inputs adopted in this study, together with their source classification, in order to ensure transparency and
traceability of the modelling assumptions. Parameters classified as engineering estimates represent the main sources of uncertainty in the model.
Where applicable, conservative assumptions have been adopted (e.g., worst-case cooling conditions and upper-bound conversion performance) to

ensure robustness of the results.

Table A
Comprehensive input data for the sizing model.
Subsystem Input parameter Value Unit Source
Compressed hydrogen Mass of hydrogen per tank,my, tank 5 kg [28]
system Liner thickness, tjer 5 mm Engineering estimation (consistent with DOE-based system
design [28])
Liner density,pj;,, 960 kgm~3 Physical property
Composite density,pcomposie 1580 kg m~3 Physical property
Stress equilibrium factor,k; 0.75 - [29]
Burst pressure,py, 90 MPa [28]
Glass fiber thickness, tgqss 1 mm Engineering estimation (consistent with DOE-based system
design [28])
Glass fiber density,pgqq 2480 kg m~> Physical property
Foam thickness, tfoqm 10 mm Engineering estimation (consistent with DOE-based system
design [28])
Foam density,poqn 675 kg m~3 Physical property
BoP mass,mpop kg [28]
Methanol storage system Gravimetric index methanol tank 4.03 kWh kg ! [15]
Volumetric index methanol tank 3.83 kWh L? [15]
Methanol conversion >90 % [47]
Hydrogen purity >99.9 % Engineering estimation
Hydrogen recovery >90 % Engineering estimation
Ammonia storage system Yield strength ammonia tank, Ry > (at 20°C) 200 MPa Physical property (AISI 316)
Tensile strength ammonia tank, R, (at 20°C) 515 MPa Physical property (AISI 316)
Density ammonia tank, p (at 20°C) 806 kg m3 Physical property (AISI 316)
Safety empty volume of the tank 14 % of total Engineering estimation
volume
Ammonia conversion 100 % [48]
Hydrogen purity >99.97 % [48]
Hydrogen recovery >90 % [48]
Gravimetric index cracking reactor 8123 kg kg ! Engineering estimation from equivalent intensified reactor
in [35]
Volumetric index cracking reactor 9.9 mikg!s Engineering estimation from equivalent intensified reactor
in [35]
Cooling system Coolant temperature difference, AT 10 °C Engineering estimation
Coolant specific heat capacity,c, cootant 3.00-3.55 kJkg gt [38]
Coolant circulation time,t.irc coolant 20 s [40]
Inlet air temperature in the radiator, Tin qir 40 °C Engineering estimation
Outlet air temperature from the radiator, Tour ¢ir 55 °C Engineering estimation
Air specific heat capacity,c, air 1.0035 kJ kg 'K? Engineering estimation
Overall liquid-gas heat transfer coefﬂcient,Uliq—gas 70 Wm2K! [45]
Inlet seawater temperature in the heat 23 °C Engineering estimation
exchanger, Tin seawater
Outlet seawater temperature from the heat 38 °C Engineering estimation
eXChanger: Tout seawater
Seawater specific heat capacity,cp seawater 4.00 kJ kg ' K? Physical property
Overall liquid-liquid heat transfer coefficient, Uy 284 Wm 2K [49]
TMS gravimetric index,w 1.08 kg m 2 [45]
TMS volumetric index,v 700 m?m3 [45]
Fouling resistance for seawater (<325 K) 0.00009 m2KwW 1 [50]

16

(continued on next page)



M.C.

Massaro et al.

Table A (continued)
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Subsystem Input parameter Value Unit Source
TMS BoP 20 % of TMS Engineering estimation
weight
Fuel cell LT-PEMFC reinforced stack gravimetric index 2.51 kW kgt Engineering estimation from [24]
HT-PEMFC stack gravimetric index 0.56x2 kW kg™ Engineering estimation from [45 46]

Data availability [21] van Biert L, Godjevac M, Visser K, Aravind PV. A review of fuel cell systems for
maritime applications. J Power Sources 2016;327:345-64. https://doi.org/
10.1016/j.jpowsour.2016.07.007.

The data that has been used is confidential. [22] DNV, Alternative fuels for containerships; 2023. https://www.dnv.com/maritim
e/publications/alternative-fuels-for-containerships-methanol-and-ammonia-down
load/ (accessed April 20, 2023).
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