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Preface

The maritime transportation sector is undergoing a significant transformation as the
urgency to address climate change and reduce greenhouse gas emissions intensifies.
As global trade continues to expand, so does the environmental footprint of the
shipping industry, which has prompted growing interest in alternative, sustainable
energy solutions to reduce its environmental impact. Hydrogen and fuel cell tech-
nologies have emerged as sustainable solutions to decarbonize marine transport,
offering a promising path for marine vessels toward reducing emissions while
maintaining the operational demands of the maritime sector. This book provides
an in-depth exploration of the current state and future potential of fuel cell and
hydrogen technologies in maritime transportation. It brings together cutting-edge
research, innovative technologies, and practical applications, showcasing the role
hydrogen can play in reshaping the maritime industry toward a sustainable future.
The book covers a wide range of topics starting with the challenges and solutions
related to hydrogen storage and handling on ships, a critical aspect of ensuring safety
and efficiency at sea. It also delves into the use of various hydrogen-based fuels,
including ammonia, methanol, and both liquid and gaseous hydrogen, analyzing
their suitability for maritime applications and their potential to reduce emissions.
The role of green hydrogen in sustainable transportation is explored, identifying
opportunities and barriers that lie ahead in achieving widespread adoption of this
clean fuel. An overview of advanced technologies and recent applications of fuel
cell-powered marine vessels are discussed in detail, including fuel cells for auton-
omous underwater and surface vehicles, which offer promising new opportunities
for cleaner operations in specialized areas. Energy management strategies for hybrid
fuel cell systems are also represented, focusing on optimizing performance and
reducing costs for ships using a combination of fuel cells and conventional technol-
ogies. An innovative case study on onboard hydrogen production highlights the
potential of producing green hydrogen through electrolysis powered by waste heat
recovery, showcasing a sustainable energy loop within maritime operations. The
book also assesses the impact of hydrogen injection methods on engine performance
and emissions, providing insights into how hydrogen can be integrated into existing
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internal combustion engine-powered vessels. Recognizing the importance of infra-
structure, the emerging role of seaports as hubs for hydrogen fuel is analyzed, along
with the potential of hydrogen-powered vessels to transform waterborne transporta-
tion from an ecosystem perspective. The environmental impacts of hydrogen-
powered ships are further examined through life cycle assessments, offering a
comprehensive view of the sustainability of these technologies over the lifespan of
a vessel. Finally, the book explores the current status and future pathways for
hydrogen and fuel cell adoption in the maritime industry, highlighting ongoing
technological advancements and the challenges ahead.

This book aims to serve as a valuable resource for researchers, engineers,
policymakers, and industry stakeholders involved in maritime transportation and
sustainability. It offers a comprehensive view of the latest advancements in hydrogen
and fuel cell technologies while addressing the practical considerations required to
implement these innovations in the real world. We extend our sincere gratitude to all
the chapter authors and reviewers for their invaluable contributions to the success of
this book, and to the editorial team at Springer for their continued support for helping
and guiding us in each step in bringing this book to life. We hope this book inspires
ongoing efforts on further innovation and collaboration in the pursuit of a cleaner,
greener, and more sustainable maritime industry.

Buca, Izmir, Tiirkiye C. Ozgur Colpan
S. Aykut Korkmaz
Olgun Konur
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Sustainable Waterborne Transportation m)
with Hydrogen: An Ecosystem Approach e
to Design

Arianna Bionda, Laura Pirrone, Nikos Sakellaridis, and Erik-Jan Boonen

1 Introduction

The transition towards sustainable transportation and its decarbonization represents
one of the major challenges worldwide. Waterborne transportation presents a valu-
able opportunity to reduce road traffic and decrease air and noise pollution. Ships can
transport larger volumes of people and goods, offering flexible routing options, and
adapting to varying logistical needs, while requiring less infrastructure, such as roads
or bridges [1].

In recent years the sector has experienced an increase in demand and the number
of vessels, and the majority of port calls in the EU were attributed to Ro-pax ships
(41%) and passenger vessels (18%), including ferries, cruise ships, and smaller craft.
Combined, these two categories accounted for over half of all port activities
(59%) [2].

Despite the sector’s potential, waterborne transportation still faces challenges in
reducing resource exploitation, emissions, and waste. These include reliance on
hydrocarbon combustion, discharge of pollutants, fouling of waterways, and inad-
equate docking facilities, all contributing to climate change, air pollution, and water
pollution [3, 4]. To tackle this issue, the European Commission has introduced a
series of legislative measures. The international goals set by the European Green
Deal, the Fit for 55 Package, the EU’s Emissions Trading System, and the Interna-
tional Maritime Organization’s (IMO) strategy aim at achieving carbon-neutral
shipping and significant reductions in greenhouse gas (GHG) emissions by 2050
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[5]. The IMO introduced a strategic plan to reduce GHG emissions by over 50% by
2050 compared to the levels in 2008 [6].

Alternative fuels and energy sources such as biofuels, synthetic fuels, hydrogen
(H,), ammonia, and batteries are emerging as viable options to replace conventional
fossil fuels. These alternatives are not only suitable for passenger ships but also for
tanker vessels with high-power demands. Research has highlighted the potential
benefits of hydrogen fuel cells in the maritime sector. Despite cost challenges,
hydrogen stands out as the most promising clean fuel option for the global shipping
industry [7]. Both blue and green hydrogen offer pathways for significant reductions
in GHG emissions. Moreover, hydrogen fuel cells operate quietly with few moving
parts and high efficiency, produce minimal noise pollution, and release only water
vapour and oxygen as by-products, thereby virtually eliminating air and water
pollutants during fuel consumption.

The introduction of zero-emission fuels and energy converters like hydrogen and
fuel cell stacks in the waterborne transportation sector offers a promising solution to
addressing sustainability challenges. However, the current approach to hydrogen
vessel design is hindered by the absence of a clear design methodology and a
dedicated normative framework. While the technology readiness level supports the
adoption of hydrogen and fuel cell stacks on board, stakeholders and designers still
lack a systematic approach that spans from the concept design phase to the engi-
neering design stage [8].

By introducing an ecosystemic approach, this chapter aims to propose a method-
ology for designing hydrogen passenger vessels. This methodology seeks to pave the
way for developing a systematic normative framework and guidelines for adopting
hydrogen as a zero-emission alternative fuel in waterborne passenger transportation.

2 Need for an Ecosystemic Approach to Design

The adoption of hydrogen in waterborne transportation represents a complex trans-
formation that impacts not only the vessels but also the entire system in which
hydrogen is produced and operated.

Vessels need to be viewed as part of a complex transportation system rather than
as a single ship. This issue requires an ecosystemic approach that considers the
network of stakeholders mutually interacting to realize a common value proposition
[9], that is, waterborne transportation means operating by hydrogen and fuel cell
technology.

This ecosystem of stakeholders encompasses various companies, industries,
organizations, and institutions involved through the entire design process, from the
vessel design and risk assessment, starting from the early stages to the supply chain
of the hydrogen, including its provision and bunkering operations. These stake-
holders come from the maritime and transportation sectors, spanning from basic
research environments to mature industrial sectors. They include shipyards, transport
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operators, hydrogen providers, fuel cell technology providers, research centres, port
authorities, and classification and standardization bodies.

Therefore, designing a hydrogen-fuelled vessel requires considering the entire
systemic context and its related stakeholders.

Designers and naval architects need to look beyond the vessel’s boundaries,
following a methodology that incorporates the extensive knowledge and insights
from all these ecosystem’s actors and their interactions. Although the nautical and
maritime sectors have traditionally been approached with a vertical perspective,
treating the vessel as an isolated element, this study introduces a holistic perspective,
largely unexplored within the sector, and essential for addressing the complexity of
the issue.

3 The e-SHyIPS Experience

The e-SHyIPS project aims to define the new guidelines for an effective introduction
of hydrogen in the maritime passenger transport sector and to boost its adoption
within the global and EU strategies for a clean and sustainable environment, towards
the accomplishment of a zero-emission maritime transport scenario. The goal of
e-SHyIPS is to move from the idea to the application, filling the existing gaps in
normative and technical knowledge concerning all the related aspects of hydrogen in
the maritime transport sector. By means of an ecosystemic approach, e-SHyIPS
proposes theoretical pre-normative research activities on standards, simulation and
laboratory experiments, design of an appropriate certification process, and spot
future standardization activities to enhance the EU normative and regulatory
landscape.

The ecosystemic framework developed within the project, called e-SHyIPS
Learning Ecosystem, aims to create formalized and shareable knowledge within its
specific research context. A learning ecosystem consists of stakeholders who incor-
porate learning processes and utilities within specific environmental boundaries
[10]. These stakeholders interact with each other and external sources to populate
a dynamic system, generating, managing, and exploiting comprehensive knowledge.

The e-SHyIPS project is structured based on five pillars each one representing a
line of research and experimental activities.

+ Pillar 1—State of the art and theoretical studies: e-SHyIPS begins by
conducting an in-depth analysis of the current state of the art and practice in the
use of hydrogen-based fuels in the maritime, transport, and energy sectors. This
involves performing a normative and technical knowledge gap analysis. In
addition to the expertise within the consortium, a wide ecosystem of stakeholders
is engaged. The resulting state-of-the-art assessment served as the baseline for
defining new theoretical knowledge to close existing gaps and identify new ones.
Furthermore, the gathered knowledge enabled the consortium to draft general
scenarios for simulations and laboratory experiments.
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+ Pillar 2—Ship design experiments: This pillar investigates new arrangement
designs to achieve the best performance configurations for hydrogen-fuelled
passenger ships and optimal propulsion system configurations for various oper-
ational profiles and energy requirements. This analysis facilitated the definition of
pre-standards for integrating fuel cell power generation systems into the ship’s
network. Additionally, a digital twin model of the ship’s machinery system was
developed to evaluate different configuration alternatives and simulate various
operating condition scenarios, allowing for the prediction of overall system
performance, including fuel storage needs.

» Pillar 3—Safety system experiments: This pillar focuses on studying safety
concerns related to hydrogen leakage and vapourization aboard hydrogen-fuelled
vessels. It aims to establish emergency discharge procedures and determine
optimal piping arrangements and exit points. Additionally, the behaviour of
hydrogen explosions was thoroughly investigated, linking safety measures with
ship design arrangements explored in Pillar 2. This approach enabled a detailed
examination of passenger compartment layouts in areas least affected by potential
explosions. Furthermore, an extensive safety plan for onboard safety systems is
developed.

+ Pillar 4—Material and component experiments: This Pillar aims to establish
guidelines for the selection of materials used in hydrogen containment, handling,
and distribution onboard vessels. It involves conducting experimental testing of
chosen materials and components for a scaled-down ship hydrogen powertrain.
These tests are based on realistic onboard operating profiles and conducted under
various ambient conditions in a climate chamber. The quality of hydrogen is
analysed to detect any potential impurities that could leach from materials and
components, potentially affecting the longevity of the fuel cell system.

» Pillar 5—Port-bunkering—ship interface experiments: This pillar focuses on
conducting specific experiments related to the bunkering process to assess safety
distance requirements and hazardous zones at ports. It involves conducting risk
assessments and identifying the most suitable interfaces and equipment both
onboard and at port sites, considering hydrogen in both gaseous and liquid
forms. A digital twin model of the refuelling station was developed to analyse
the refuelling and bunkering processes, aiding in the risk assessment by quanti-
fying threats and identifying mitigation measures. Furthermore, drawing from
experience with liquefied natural gas (LNG) as a fuel, a comparison is made
regarding safety issues to understand the similarities and compatibility of pro-
cesses and equipment. The outcomes of this research are contributing to acceler-
ating infrastructure development in this area.

In the project early phase, three scenarios of vessels have been defined. These
scenarios differ from each other mainly according to their operation profile and were
shaped by data collected during contextual inquiry activities and subsequently
validated through structured and semi-structured interviews with a focus group.
This group included industry experts engaged in vessel design, development, main-
tenance, operation, and the creation of hydrogen fuel solutions. Despite the project
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and its developed methodology being vessel-independent, with differentiation based
on the type of hydrogen (liquid or gaseous) rather than the type of vessel, the
scenarios play a crucial role in contextualizing the experimental activities being
undertaken.

* Scenario Small: Fast Water Buses. These small, fast ferries primarily operate in
inland waters, such as rivers and fluvial areas, providing regular daily water-based
public transport services. They are common in lagoon or fjord areas where daily
transport occurs mainly on internal waters. The reference vessel for this scenario
is a 24.4-meter fast water bus by Damen shipyard, currently operating in Rotter-
dam and designed for urban mobility along inland waterways. Thanks to their
flexible design, these vessels can be configured with different internal and
external layouts to meet market demands.

* Scenario Medium: Roll-On/Roll-Off Ferries. Medium-sized ferries mainly
operate as roll-on/roll-off passenger ships, capable of transporting commercial
vehicles and private cars while accommodating large numbers of passengers for
shorter voyages. These ships must meet stringent safety and technical standards
due to their mixed passenger and cargo features. The reference vessel is a 118.8-
meter ferry operating daily routes to the islands of Zakynthos, Kefalonia, and
Ithaca by Levante Ferry. It offers amenities such as bars, restaurants, children’s
facilities, and a shopping arcade, alongside decks for cars and trucks and passen-
ger accommodations.

* Scenario Large: Small Luxury Cruise Ship. This scenario focuses on small- to
mid-sized luxury cruise ships known for providing high level of services to a
select group of users. The reference project is the Celebrity Flora, launched in
2019 as the first ship specifically built for the Galapagos Islands. Its design
ensures the destination remains the focal point of the sailing experience and
combining features of both pleasure yachts and passenger ships. It operates
weekly cruises among islands, primarily in coastal waters.

4 A Design Approach to H, Passenger Vessels

Compared to fossil fuels, which the shipping industry has optimized over decades in
terms of design, the introduction of hydrogen-based fuels and related technologies
presents new design challenges directly linked to the specific safety risks that must
be mitigated or managed. The current risk management framework is tailored to the
needs of traditional propulsion systems and employs three primary strategies,
derived from IMO guidelines.

* The International Code of Safety for Ships Using Gases or Other Low-Flashpoint
Fuels (IGF Code) sets forth obligatory standards for the arrangement and instal-
lation of machinery, equipment, and systems on vessels utilizing gas or
low-flashpoint liquids as fuel, aiming to mitigate risks to the vessel, its crew,
and the environment [11].
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* The IMO Alternative Design process mandates that the safety, reliability, and
dependability of these systems must demonstrate equivalence to those of tradi-
tional fuel and power generation systems. As outlined in the Safety of Life at Sea
(SOLAS) regulations, this process applies to the entire vessel concept or can be
targeted at specific systems, subsystems, or individual components.

» Formal safety assessment (FSA) is a systematic methodology that enhances
maritime safety by protecting life, health, and the marine environment through
structured risk analysis and cost-benefit assessment [12].

However, the properties and safety challenges associated with hydrogen-fuelled
vessels differ significantly from those of conventional fuels [13]. Due to a lack of
prescriptive rules on H2-fuelled ferries, the alternative design approach is prioritized.
As already demonstrated in the currently ongoing H, vessels design processes [14],
the alternative design approach is expected to create a comprehensive and rather
expensive design and approval process. For this reason, it asks designers and naval
architects to deal with a high degree of uncertainty, especially during the early design
phase, when requirements are translated into the layout and configuration of com-
partments. The following methodology flow (Fig. 1) was designed, adopted, and
refined in e-SHyIPS project with the aim of giving a methodological approach to
maritime professionals in the initial design stage dealing with general arrangement
design, feasibility analysis, and preliminary risk assessment processes.

The e-SHyIPS developed methodology must be seen as a self-assessment process
that is more flexible than prescriptive. It applies to the first three steps of the
implementation of a hydrogen system onboard a vessel, as described by the DNV
Handbook for Hydrogen-fuelled Vessels [15]: feasibility studies, specification out-
line, and design and procurement. It guides professionals from the operational
requirement definition to the general arrangement design for preliminary design
approval (alternative design approach).

The Design methodology flow includes three main steps:

» Phase 1: From operational requirements to technical requirements definition.

* Phase 2: From technical requirements to technical specifications definition.

» Phase 3: Technical specifications to general arrangement (GA) design for the
approval process.

Phase 1 implies defining the operational requirements, which qualitatively
describe the system functions or tasks to be performed in operations, essentially
outlining the basic vessel behaviours to meet user and market demands. They
include

» Environmental requirements: e.g. type of voyage (inshore, offshore, coastal, etc.),
wind speed, significant waves height and periods, depth of waters.

* Performance and logistic requirements: For example, human factors, ergonomics,
availability, maintainability, and reliability, cruise speed, range, number of round
trips to be performed, fuel autonomy, energy demand.

» Design constraints and market requirements: e.g. number. of passengers/crew
members, vehicles, freight.
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» Safety requirements: According to the IGF code, the vessel shall be as safe as
conventionally powered vessels and the reliability of the complete system must
be at least as good as a conventional vessel.

The process of designing an H,-fuelled passenger vessel generally follows
normal practice for maritime applications where the stakeholder expectations are
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translated into a definition of the problem and then into a complete set of validated
technical requirements through case studies analysis and exploration of different
vessel typology options. Reference vessels could be adopted in case of refitting or
re-engineering of previous ferry models. In phase 1, the primary stakeholders
involved are ship owners and ferry operators, shipbuilders, ship designers, and
port authorities.

Phase 1 is in connection with Phase 2 through a loop of investigation for the
calculation of power/energy demand and selection of proper technology for H,
storage and energy conversion.

Phase 2 aims to perform a feasibility study before making the final decision
regarding the possible design of a hydrogen-fuelled vessel. It starts from the defini-
tion of technical requirements: traceable and describes factors that must be met for
the vessel to respond to users/market needs (operational requirements). They
describe how the system’s needs should be fulfilled. Technical requirements specify
the parameters that should be present in the system to resolve technical challenges.
During this stage, it is essential to consider the expected operational modes and
profiles, relevant energy load variations, the targeted system lifespan, and possible
bunkering strategy.

Technical requirements serve as the foundational guidelines that drive the fol-
lowing design stage. For this reason, it is essential to perform a feasibility study on
the selected H, technology before moving to the general arrangement preliminary
design. The methodological flow suggests performing evaluation on bunkering,
storage strategy, and convertor strategy in parallel, defining at first the size (volume
and weight needs) and then the possible locations onboard. In this step, applicable
standards and regulations must be considered, including the applicability of the
alternative design. Furthermore, the safety and reliability of the hydrogen systems
need to be prioritized. In phase 2, the main stakeholders involved are ferry operators,
shipbuilders, ship designers, technology providers, and H, providers. The following
aspects must be considered:

* The degree of hybridization and the strategies for redundancy: for both purely
hydrogen-powered vessels and hybrid-powered vessels (e.g. those with batteries
as an alternative power source) two completely independent fuel-containment
systems and energy converters may need to be considered.

» The positions of hydrogen components and rooms—e.g., fuel cell (FC) spaces or
tank hold spaces—must be inaccessible to the public but accessible for mainte-
nance and replacement. Additionally, these hydrogen system spaces must be
protected against external hazards such as adverse weather conditions, human
interference, fires, and mechanical impact.

» Distance between H, components (e.g. between bunkering station and tanks or
between tanks and FC rooms) must be controlled to reduce piping distribution.

» All H, system spaces must be provided with a safety system (e.g. H, detection,
ventilation, fire prevention).

* Loss of power shall not affect critical vessel function. Furthermore, the loss of
power must not impact the vessel’s critical hydrogen systems, ensuring that
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essential hydrogen-related operations and safety systems remain fully operational
even in the event of a power failure (e.g. emergency discharge). Single failure of
critical modules shall not compromise the integrity of the vessel.

The dimensioning of the hydrogen systems is strongly influenced by the vessel
power demand, the degree of hybridization, and the characteristics of available
bunkering infrastructure. For this reason, the use of digital twin platforms could
contribute to running punctual simulations for different sailing conditions. In case of
negative results of feasibility studies, a new evaluation loop of power demand and
H, technology choices must be considered, eventually followed by a diverse oper-
ational profile definition.

The result of Phase 2 is the definition of a preliminary general arrangement and
H, propulsion system through a loop of design refinements. While technical require-
ments are the input to Phase 2, technical specifications are the output.

Phase 3 is the direct consequence of the technical specification with the evalu-
ations of vessel stability, performance, and risk assessment that is prior to the
alternative design approval process. However, it is recommended to initiate the
alternative design approval process and the related contact with the administration
during this stage, to discuss the initial approach to the vessel design. In phase 3, the
main stakeholders involved are ferry operators, shipbuilders, ship designers, tech-
nology providers, and certification and flag bodies.

In the e-SHyIPS project, virtual towing tank simulation tools were developed to
perform hydrostatic and hydrodynamic evaluation under calm and wave conditions.
H, systems shall demonstrate robustness for exposure in a marine environment,
including trim, roll, and acceleration due to wave effect. Stability simulations have
been used to verify that the preliminary arrangement and main compartment defini-
tion were acceptable in terms of ship stability. This study aimed to verify that the
reliability of the entire vessel is equivalent to that achieved with conventional fuel.
Calm waters simulation was used mainly to compute the power resistance curve in
order to verify the energy demand of engines. Wave hull interaction simulations for
both zero hull velocity (bunkering) and non-zero hull velocity (seakeeping) are
essential to verify whether stresses related to environmental conditions propagate
through the supports to the tanks and affect tank and FC conditions.

Risk assessment studies play an important role in this phase. As passenger ship
safety and reliability are affected the most by decisions made during an early-stage
design phase—when technical specifications are translated into shape and location
of compartments—a risk assessment that can be performed with less mature data has
critical importance. The proposed methodological flow suggests preliminary hazard
analysis (PHA) as a tool to identify hazards, their associated causal factors, effects,
level of risk, and mitigating design measures when detailed information is not
available. The PHA must be performed, including all the relevant stakeholders for
ship design, construction, operation, and certification. Furthermore, FMECA,
according to IEC 60812, could be introduced as a systematic analysis of the H,
systems to identify potential failure modes, their causes, and their effects on perfor-
mance. Risk assessment is essential to gain critical knowledge for the development
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of passenger ship concepts—especially in the translation of functional and safety
requirement specifications into a general arrangement design. Furthermore, it serves
as a guide to rank and prioritize the focus of quantitative simulations to be performed
at the vessel and system level in the alternative design approval process.

4.1 Scenario Small: Damen Waterbus 2907

The Damen Waterbus 2907 is a high-speed catamaran with a composite hull
designed for inland waterway passenger transport. For the Small scenario vessel,
the philosophy involves a retrofit process, starting with the existing diesel-hybrid
version of the 2907 Waterbus (a new development from the baseline Waterbus
2407). This retrofit process replaces the existing diesel system with the
corresponding hydrogen systems [16]. Specifically, the existing diesel genset and
fuel systems are removed and replaced with a proton exchange membrane fuel cell
hydrogen (PEM FC) system within the existing genset compartment. No changes are
made to the ship’s dimensions or hull.

A 350-bar compressed H, storage system is chosen due to its high technology
readiness level (TRL), commonly used in heavy-duty road transport applications,
and its favourable weight/volume footprint. The H, storage capacity is determined
based on energy and power calculations for a demanding inland route, aiming for a
maximum of one bunkering/refilling operation per day. The designated number of
tanks is placed on the roof as part of the vessel’s safety philosophy, allowing the H,
storage and distribution system to benefit from natural ventilation.

In the fuel cell room, the necessary FC capacity is installed to ensure that even at
the end-of-life condition of the FC modules (defined as a 20% reduction in power
output under full load conditions), the net power output matches the current diesel
genset rating. This ensures that the fuel cell system meets the power requirements of
the propulsion layout defined for the diesel-hybrid version. The total installed FC
capacity is divided into two separate systems to meet redundancy requirements. A
concept for the distribution system from the storage to the modules is defined as
input for risk assessment studies within WP2. The modules are connected with
DC/DC converters to the existing DC grid of the vessel.

After replacing the diesel genset with fuel cells and the diesel system with
compressed hydrogen, a weight check is performed to ensure the system weight
remains within restrictions, as excessive weight increases vessel wash and power
consumption. It was found that the hydrogen-converted waterbus has a weight
comparable to the diesel system while also respecting volume limitations, demon-
strating the technical feasibility of the design.

The battery capacity remains the same as in the baseline hybrid version. The
battery fulfills load levelling, boosting, and peak shaving functions, as well as
providing an energy reserve in case of complete power conversion system failure.
As system weight is unaltered, the propulsion power and energy calculations of the
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Fig. 2 Scenario small concept: impression of H, powered waterbus

baseline hybrid version remain valid, and therefore, the thrusters, DC/AC drives, and
general electrical/propulsion systems do not change.

A final illustration of the concept is provided in Fig. 2. Since technical feasibility
is established using available technology, safety becomes the focal point of the
follow-up, with superstructure geometry and the fuel cell room used in computa-
tional fluid dynamics (CFD) dispersion/explosion calculations.

4.2 Scenario Medium: Fior di Levante ROPAX

The medium scenario focuses on medium-sized ferries, specifically ROPAX (roll-
on/roll-off passenger) vessels. The reference vessel is the Fior di Levante, operated
by Levante Ferry, which transports commercial vehicles, private cars, and numerous
passengers on shorter routes. The ship features various amenities, including bars,
restaurants, children’s facilities, and a small shopping arcade, and operates daily
routes to Zakynthos, Kefalonia, and Ithaca.

In this scenario, designers integrate hydrogen tanks and fuel cells into the existing
spaces of the vessel without altering the number of decks or the hull shape. The
design process involved multiple iterations to ensure safety, stability, and commer-
cial viability. Initially, compressed hydrogen storage at 700 bar was considered, but
issues with stability, bunkering time, and volume led to the adoption of liquid
hydrogen storage. This approach, informed by the FreeCO2ast project by Havyard
Group ASA, allows machinery rooms to remain on the lower decks and maintains
the current bunkering frequency. Furthermore, modifications to the passenger decks
and garage area are minimized (Fig. 3).

The proposed system features a 7.9-MW setup with 36 PEM FC modules, divided
into two rooms of 18 modules each. FC modules are arranged in two lines of 18 each,
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Fig. 3 Scenario medium concept: impression of H, Fior di Levante ROPAX profile

in separate rooms designed for ventilation, with direct connections to the outer
vessel, excluding down-flooding areas. The PEM FC produces unregulated DC
voltage, fed into a DC/DC converter and a DC/AC inverter. The power output
supports the propulsion system (electric engine, bow thrusters, electric network,
and switchboards) and auxiliary equipment (fuel handling system, batteries, safety
systems, and utility appliances). The energy management system regulates available
electric power for the engines and utilities, while a frequency converter enables a full
range of speeds for the two electric engines. Daily liquid hydrogen consumption is
estimated at 2.3 tons, requiring 32.5 m® for daily bunkering and 97.5 m> for 3-day
bunkering. Three MAN Cryo LH2 FGSS 95 m* tanks are selected to store 2.5 tons of
liquid hydrogen each, adhering to IGF code deterministic rules for tank location
[11]. The LH, tank connects to a tank connection system (TCS), including a pressure
build-up vapourizer, valves, a pressure building unit, a nitrogen generator for inert
gas, and a control and safety system. Safety barriers in the GH, line towards FC
rooms include automatic valves with pressure transducers, pressure relief devices,
pressure regulators, and a vent system.

4.3 Scenario Large: Celebrity Flora Cruise

Scenario large refers to a small/mid-size length luxury cruise ship primarily a high
level of services offered to a select group of users. The reference project for this
scenario is the Celebrity Flora, launched in 2019. For the large scenario vessel, the
methodology primarily focuses on new design development. This approach is based
on the general arrangement of the reference vessel and the operational profiles
provided by the Advisory Board companies. To evaluate the feasibility of replacing
the diesel-based powertrain with a PEM FC-based system, both at-berth and sailing
consumption were considered, along with the mass and space requirements of
components (Figs. 4 and 5).

According to Directive 2014/94/EU and the COM/2021/562, the H2 conversion
strategy choice for scenario large design was 100% on-shore power energy supplied
at berth. Thus, the H,-based propulsion system was designed to meet the needs of
sailing, cruising, and maneuvering only.

Similar to scenario medium, the H,-based system design leveraged the expertise
of the e-SHyIPS partner on the FreeCO2ast project and MAN Cryo’s LH2 storage
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Fig. 4 Hull triangulated geometry, used for scenario large simulations
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Fig. 5 Extract of GA used for scenario large simulations

and fuel gas supply system (FGSS). The proposed system includes a 7.1 MW PEM
FC, divided into four FC rooms of eight modules each, occupying a total volume of
290 mq (16% of the current engine room space). Fuel cell rooms are located on deck
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2 and are designed to ensure proper ventilation with a direct connection to the outer
vessel above water at deck 3, excluding down-flooding areas. Two rooms are on the
starboard side and two on the port side, with each pair connected to two MAN Cryo
LH2 FGSS tanks with 2.3 tons of H, capacity. The two H,-based system lines ensure
redundancy. Both lines are connected to an energy management module that can
switch power lines and recharge the energy storage system. The power output
supports the propulsion system (electric engine, bow thrusters, electric network,
and switchboards), auxiliary equipment (fuel handling system, batteries, safety
systems, utility appliances), and all hospitality systems, including galleys, restau-
rants/bars, crew and guest services, and pool management.

5 Design Achievements and Conclusions

The three case studies demonstrate the potentiality of the presented methodology in
driving the design activities of different categories of passenger vessels, from
operational requirement definition to the preliminary general arrangement and H,
system configuration useful in the Alternative design process. The proposed feasi-
bility studies were instrumental in fulfilling the intended methodology objectives.

The case study results and the achievements on the design of the vessel’s general
arrangement and Hj-based fuel propulsion system basic design are depicted. The
primary area of interest results in:

* Hull design/GA for performance and safety reasons, weight in position (centre of
gravity) and amount, hydrostatic and hydrodynamic behaviours.

* Design and location of H, storage according to GA and safety in principle
requirements.

» Design and location of fuel cell modules for optimal configuration of propulsion
systems; evaluation of different operational profiles and energy requirements,
including the possibility of battery hybridization.

* Vessel seakeeping, acceleration profiles, and acceleration forces on the systems
due to wave effect in sailing and bunkering.

Operational and technical requirements were carefully considered in the design
activities for scenarios small, medium, and large. Experiments on the stability,
hydrostatic, and hydrodynamic behaviours of the vessel were conducted to ensure
that the floating parameters of the hydrogen-fuelled vessel are at least equivalent to
those of conventionally-fuelled vessels.

The design of PEM FC and H, storage systems for passenger vessels involved
strategic considerations to ensure operational efficiency, safety, and regulatory
compliance. All three scenarios were designed with primary safety strategies in
mind, as indicated in the IGF code [11] and DNV’s Handbook for Hydrogen-
fuelled Vessels [15]. The results for all the case studies highlight that both the
volume and weight of H, storage tanks (CGH, and LH,) are considerably high
with respect to the reference conventionally fuelled vessel. In designing the new
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storage tank solution, proper feasibility studies for bunkering frequency and strategy
need to be considered prior to general arrangement and stability calculations. The
feasibility analysis for replacing the diesel-based power-train system with a PEMFC-
based one is assessed considering the size of components, weight, and space
requirements. An evaluation of battery hybridization for redundancy of the propul-
sion system was performed. The design results show that from a vessel requirements
perspective, all FC configurations result in a slight payload reduction, remaining
competitive and comparable with the reference vessels. Risk assessments for FC
spaces and tank spaces reveal potential criticalities due to the proximity to passenger
compartments. This is a characteristic issue in passenger ferries, where machinery
spaces are typically limited and close to crew or passenger areas, confirming the
necessity of anticipating safety-related concepts at the first stage of the proposed
methodology.

The analysis of seakeeping wave-hull interaction simulations aimed to determine
whether stresses related to wave conditions propagating through component sup-
ports could affect fuel containment tanks and FC systems. In all tested case studies,
the maximum vertical acceleration of the centre of gravity and selected points was
below 3.67 m/sz, in line with IMO resolution MSC.501. Furthermore, the LH,
selected storage systems feature a S5-bar pressure vessel capable of handling
low-temperature liquids and preventing sloshing in rough conditions. No safety
issues related to acceleration profiles emerged.

The transition to sustainable waterborne transportation through the adoption of
hydrogen as a fuel is a multifaceted challenge that necessitates a comprehensive and
systematic approach. This chapter has presented an ecosystemic methodology for the
design and implementation of hydrogen-powered vessels, drawing insights from the
e-SHyIPS project.
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