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Abstract

Decarbonizing maritime transport requires hydrogen storage technologies that are effi-
cient, safe, and compatible with fuel cell systems. This study evaluates three hydrogen
storage technologies (compressed hydrogen (CHz), liquid hydrogen (LHz), and metal hy-
drides (MH)) based on five key criteria: safety, autonomy, environmental impact, cost,
and implementation feasibility. Applying two multi-criteria decision-making (MCDM)
methods, Analytic Hierarchy Process (AHP) and Technique for Order Preference by Sim-
ilarity to Ideal Solution (TOPSIS), the alternatives are systematically ranked to identify the
most suitable option. Both methods consistently highlight compressed hydrogen as the
most viable storage solution, offering a good balance of safety, infrastructure maturity,
and economic performance. Liquid hydrogen, despite its superior autonomy, is limited
by high energy and infrastructure costs. Metal hydrides, although safer and more compact
in terms of volumetric density, are limited by low gravimetric efficiency at the system
level due to the additional weight of the storage material and associated components.

Keywords: hydrogen storage; multi-criteria decision analysis (MCDA); fuel cells

1. Introduction

Hydrogen has emerged as a promising clean energy carrier in the global effort to
decarbonize the transport sector [1]. Its use in fuel cells enables high-efficiency power gen-
eration without emitting harmful pollutants such as nitrogen oxides (NOx), sulfur oxides
(SOx), carbon monoxide (CO), or carbon dioxide (COz) [2], making it an attractive alterna-
tive to conventional fossil fuels across multiple transport modes, including road, rail, avi-
ation, and maritime.

Despite this potential, large-scale adoption of hydrogen technologies is still hindered
by critical barriers, such as the high cost of green hydrogen production and the underde-
velopment of hydrogen supply infrastructure [3]. In recent years, hydrogen-powered ve-
hicles have demonstrated technical viability, especially in long-haul trucking and public
transit applications, where fast refueling and extended range offer significant advantages
over battery-electric alternatives [4]. Similarly, the aviation industry explores liquid hy-
drogen use in modified combustion engines and fuel cell systems for future commercial
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flights [5]. However, maritime transport remains a particularly challenging frontier for
hydrogen integration [6].

Maritime transport, while recognized as the most energy-efficient mode of cargo
movement, accounts for approximately 2-3% of global greenhouse gas (GHG) emissions,
a figure projected to increase by up to 50% by 2050 under current trends [7]. This has
intensified efforts to explore alternative propulsion systems capable of meeting the sec-
tor’s stringent energy and environmental requirements [8].

Among the most promising technologies for shipboard decarbonization, proton ex-
change membrane (PEM) fuel cells stand out due to their high efficiency, modularity, and
zero-emission operation [9]. These systems electrochemically convert hydrogen into elec-
tricity, producing only water and heat as byproducts. However, the effectiveness of PEM
systems in maritime environments depends heavily on the suitability and stability of the
onboard hydrogen storage method [10].

Hydrogen storage onboard ships presents unique technical challenges, including
space limitations, safety concerns, cryogenic or high-pressure storage requirements, and
integration with vessel power systems [6,11]. Economic feasibility is further constrained
by high system costs and limited hydrogen bunkering infrastructure at ports [12], while
regulatory gaps and the absence of standardized frameworks complicate widespread
adoption.

Among the available storage options, three technologies are particularly relevant due
to their technical maturity and applicability to the maritime sector: liquid hydrogen (LHz),
compressed hydrogen gas (CHz), and metal hydrides (MHs). Each storage method pre-
sents distinct advantages and disadvantages in terms of energy density, safety, operating
conditions, and technological readiness (Table 1). Compressed hydrogen stands out for
its technological maturity and relatively simple infrastructure [13]. However, the need for
heavy high-pressure tanks, energy losses during compression, and safety concerns limit
its practicality for large-scale maritime applications. Liquid hydrogen offers better energy
storage capacity in a compact form, making it suitable for larger vessels [14]. Yet, the en-
ergy-intensive liquefaction process and the complexity of cryogenic storage systems pre-
sent significant technical and economic challenges. Metal hydrides provide a solid-state
storage solution with high volumetric density and enhanced safety [15]. Despite these
benefits, their low energy-to-weight ratio and the complexity of thermal management sys-
tems, along with lower technological maturity, remain key limitations [16,17].

Hydrogen storage shares similarities with conventional gaseous fuels such as me-
thane (CHa), which can also be stored either as compressed gas (CNG) or in liquefied form
(LNG). In the maritime sector, LNG has become a widely adopted solution due to its
higher volumetric energy density compared to compressed gas and the development of
dedicated bunkering infrastructure [6,14]. However, important differences remain, as hy-
drogen requires significantly lower liquefaction temperatures and presents lower volu-
metric energy density, which introduces additional technical and economic challenges.
Therefore, while parallels can be drawn, hydrogen storage systems cannot be directly ex-
trapolated from methane-based technologies.

The main properties of the selected hydrogen storage technologies are summarized
in Table 1. The reported values correspond to hydrogen storage properties obtained from
the literature and primarily refer to the storage medium or hydrogen itself. They do not
explicitly account for the additional weight or volume of storage systems (e.g., tanks or
auxiliary equipment), which may affect practical system-level performance. Therefore, pa-
rameters such as gravimetric efficiency at the system level may differ significantly from
the values presented.

It should be noted that the CO2 emission values reported in Table 1 are indicative and
primarily reflect the energy requirements associated with hydrogen storage processes
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(e.g., compression or liquefaction). These values do not represent a complete life-cycle
assessment and may vary significantly depending on the hydrogen production pathway
(e.g., green, blue, or gray hydrogen) [18,19]. Therefore, the reported emissions should be
interpreted with caution when comparing different storage technologies.

Table 1. Summary of hydrogen storage technologies for maritime applications [20-22].

Parameter CHz: (700 bar) LH: MH
Quantitative Parameters
Density (kg Ha/m?) 40 70.85 100-150
Energy Content (kJ/kg) 7200 16,810 1080-3470
Stored Energy (kJ/kg) 14,883 42,600 6226-10,865
12-1 -
Energy Losses (%) 5s(ic0c;1;1pres >30 (liquefaction) Heating losses
Spent Energy/Stored Energy 0.12 0.36 0.06-0.15
CO: Emissions (kg
1.34 8 .66-1.58
CO2eq/kg Ho) 3 383 066-1.5
Operating Pressure 350-700 bar 1 bar 2-30 bar
Operating Temperature Ambient 20K 300-600 K
Qualitative Assessment
High (if h -
Storage Efficiency Moderate Low igh (if heat man
aged)
Safety Low Medium High
Technological Maturity High Medium Low to Medium

In Table 1, the ratio “Spent Energy/Stored Energy” represents the energy required
for hydrogen storage relative to the energy content of the stored hydrogen. The reported
values are based on literature data and should be considered indicative. In the case of
metal hydrides, these values primarily account for the energy required for hydrogen ab-
sorption and desorption processes, and may not fully include additional energy demands
associated with thermal management, which can vary depending on system design.

In addition to physical hydrogen storage methods, alternative approaches based on
chemical conversion have gained increasing attention, including hydrogen carriers such
as liquid organic hydrogen carriers (LOHCs), as well as hydrogen-derived fuels such as
methanol [23] and ammonia [24]. These options offer advantages in terms of storage sta-
bility, transport, and compatibility with existing fuel infrastructure. However, they in-
volve additional conversion steps, which introduce efficiency losses and increase system
complexity.

This work focuses on direct hydrogen storage technologies (CHz, LHz, and MH), as
they represent the most established and directly applicable solutions for integration with
fuel cell systems in maritime environments. The aim of this research is to evaluate hydro-
gen storage technologies specifically for maritime applications. Using Multi-Criteria De-
cision-Making (MCDM) methodologies, the objective is to identify the most suitable stor-
age technologies for integration into shipboard energy systems, considering the opera-
tional, technical, and economic demands specific to maritime applications.

To ensure a consistent and meaningful comparison, this study considers a repre-
sentative maritime operational scenario. The analysis is focused on medium-sized vessels
operating over short-to-medium distances, such as regional transport ships, ferries, or ser-
vice vessels, where hydrogen infrastructure is still limited or under development. There-
fore, the results should be interpreted within this specific operational context and may
differ for other vessel types, such as long-distance ocean-going ships.
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Under these conditions, storage technologies are evaluated assuming typical con-
straints in space availability, safety requirements, and refueling accessibility at ports.
Large-scale transoceanic vessels and routes with established liquid hydrogen infrastruc-
ture are not the primary focus of this study. Consequently, the relative performance of the
evaluated storage technologies may vary under different operational scenarios.

This study aims to provide a consistent and application-oriented comparison of hy-
drogen storage technologies under maritime-specific conditions. Unlike previous studies,
which often focus on individual storage technologies or generic applications, this work
evaluates CHz, LH2, and MH systems under a unified framework and a common set of
technical, economic, and operational criteria. This approach allows for a more consistent
comparison and provides practical insights for technology selection in maritime applica-
tions.

2. Hydrogen Storage Alternatives for Maritime Applications

Hydrogen storage onboard ships can be achieved through several technologies, each
offering distinct benefits and limitations in terms of energy density, safety, and integration
complexity [25]. Among the available options, three technologies stand out due to their
technical maturity and relevance to maritime applications: compressed hydrogen gas,
metal hydrides, and liquid hydrogen.

2.1. Compressed Hydrogen Gas

Compressed hydrogen (CHz) storage is the most mature and widely implemented
hydrogen storage method, particularly in land-based mobility applications. Due to hydro-
gen’s low density at ambient conditions (0.08 kg/m?) [26], it must be compressed to pres-
sures between 350 and 700 bar to achieve sufficient volumetric energy density for practical
use.

Four main tank types (Type I to Type IV) are commonly used, classified according to
their construction materials and pressure resistance [27]. Type I and II tanks, made from
steel or metal composites, are more affordable but significantly heavier. In contrast, Type
I and IV tanks incorporate carbon fiber composites, enabling higher operating pressure
and substantial weight reduction, which makes them more suitable for maritime applica-
tions where space and mass are limited [28].

Despite its advantages in terms of simplicity and availability, compressed hydrogen
poses safety risks related to high-pressure containment. Hydrogen’s wide flammability
range (4-77% in air) and its high diffusion rate require robust safety protocols and corro-
sion-resistant piping [29]. Additionally, refueling can induce adiabatic heating, which
may damage system components if not properly managed [26].

Despite these limitations, compressed hydrogen tanks have been successfully imple-
mented in fuel cell electric vehicles such as the Toyota Mirai and Honda Clarity [30],
achieving gravimetric energy densities up to ten times greater than low-pressure storage
systems. In the maritime sector, compressed hydrogen is gaining traction; for instance, the
H2 Barge 1, launched in 2023, became the world’s first inland cargo ship powered by hy-
drogen fuel cells utilizing compressed hydrogen storage [31].

2.2. Metal Hydrides

Metal hydrides (MHs) store hydrogen by chemically bonding it to solid metal alloys,
allowing high volumetric storage at low pressures (typically 2-30 bar). This form of stor-
age is particularly advantageous in terms of safety, as hydrogen is only released under
controlled thermal conditions, reducing the risk of spontaneous leaks or explosions [6].

Among various hydride materials, magnesium hydride (MgH?:) has received special
attention due to its abundance and capacity to store up to 7.6% hydrogen by weight [32].
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However, MH systems suffer from low gravimetric energy density and require substantial
thermal management. Hydrogen desorption generally requires temperatures above 300
°C, and the system’s overall mass increases significantly due to the heavy metal matrix
[33].

Although metal hydride systems are not yet widely implemented in commercial ves-
sels due to their low gravimetric efficiency and thermal requirements, they have been in-
tegrated in specialized applications [15]. A notable example is the German Type 212 sub-
marine, which uses metal hydride storage as part of its air-independent propulsion (AIP)
system, demonstrating its viability in closed, controlled naval environments [34].

2.3. Liquid Hydrogen

Liquid hydrogen (LH2) is obtained by cooling hydrogen to its boiling point of —253
°C. This method achieves a high volumetric density (70 kg/m?), making it well-suited for
long-range or high-capacity maritime applications [35]. Liquefaction allows large
amounts of hydrogen to be stored at near-atmospheric pressure, making it suitable for
long-range or high-demand maritime applications [36].

However, maintaining cryogenic conditions presents significant technical challenges.
Boil-off due to heat ingress results in hydrogen losses and pressure buildup, necessitating
advanced insulation and venting systems [37]. Moreover, only high-purity hydrogen can
be liquefied, increasing the overall cost of production and conditioning [38]. All system
components in contact with liquid hydrogen must be capable of withstanding extremely
low temperatures, and ice formation poses mechanical risks such as pipe rupture or valve
failure [14]. These technical complexities have limited its widespread adoption.

Nonetheless, several vessels have begun to implement liquid hydrogen technology
[39]. Other projects, such as the concept vessel GAIA, are also exploring large-scale inte-
gration of liquid hydrogen systems [40], often inspired by LNG carrier technologies al-
ready in use in the maritime industry.

Table 2 summarizes the advantages and limitations of the selected hydrogen storage
methods, complementing the detailed technical descriptions presented above.

Table 2. Advantages and limitations of selected hydrogen storage methods.

Storage Type Advantages Disadvantages
CH Technologically mature Limited energy density and capacity
2
Simple infrastructure Safety concerns due to high pressure

. . Requires extremely low temperatures
Higher volumetric energy d Y P

LH> ) High energy losses from liquefaction
density .
Safety and boil-off management challenges
High volumetric density Low gravimetric efficiency
MH Increased safety at low pres- Thermal management required for hydro-
sure gen release

3. Hydrogen-Powered Vessels

Hydrogen propulsion in maritime transport has evolved significantly over the past
two decades, progressing from early experimental prototypes to commercially opera-
tional vessels [39]. This demonstrates the increasing feasibility of hydrogen as a marine
fuel and reflects a variety of technological approaches to address the challenges of
onboard hydrogen storage and fuel cell propulsion.

Globally, a wide range of vessels, ranging from small passenger ferries and sailboats
to offshore supply ships, have been powered or are currently being developed with hy-
drogen-based propulsion systems. Table 3 summarizes the main hydrogen-powered
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vessels completed or under development, including technical specifications such as fuel
cell type, storage method, vessel class, and operational status.

Europe, Japan, and China have been at the forefront of adopting hydrogen fuel cell
technology [39]. In 2000, Germany’s Hydra was one of the first hydrogen-powered ves-
sels, though it was later withdrawn from service [39]. Since then, hydrogen-powered ves-
sels have increasingly become a viable alternative to conventional fuels in both commer-
cial and experimental vessels.

In Europe, Norway, a pioneer in maritime innovation, launched the Viking Lady in
2009 [41], an offshore supply vessel using compressed hydrogen and molten carbonate
fuel cells, and more recently, the MF Hydra, launched in 2023 as the world’s first ferry
powered by liquid hydrogen and PEM fuel cells [42], operates using liquid hydrogen
sourced from Germany. This supply chain involves transport times ranging from 15 to 20
h [43]. Similarly, France’s Energy Observer (2017), a research catamaran equipped with
PEM fuel cells and compressed hydrogen [44], stands out for integrating multiple renew-
able energy sources and serving as a platform for long-distance sustainable navigation.
The vessel exemplifies the potential of modular hydrogen systems for self-sufficient mar-
itime energy.

In Asia, China has rapidly expanded its hydrogen-powered fleet. The Xinhau 1
(2021), a small cruise ship using compressed hydrogen and PEM fuel cells [45], marked
the beginning of commercial-scale hydrogen maritime operations in the region. In 2023,
China introduced the Sanxia Qingzhou 1, a hydrogen-powered passenger catamaran,
marking a significant step towards commercializing hydrogen propulsion in China [46].
These vessels are primarily using compressed hydrogen for storage, reflecting the tech-
nology’s maturity and versatility in maritime operations.

Italy and the UK have also contributed to hydrogen ship innovation through research
platforms such as Zeus [47] and Ross Barlow [48], respectively. These vessels have ex-
plored metal hydride storage technologies and advanced control systems, contributing
valuable data to support future designs. The United States is currently constructing the
Robert Gordon Sproul, a research vessel powered by liquid hydrogen and fuel cells,
scheduled for launch in 2025 [49]. Other projects, including Norway’s Ulstein SX190 [45]
and Hydrogen Viking [50], reflect a broader trend toward scaling up hydrogen systems
for larger vessels, including offshore installations.

The distribution of storage technologies across these vessels reveals clear patterns:
compressed hydrogen (CHz) remains the most widely used solution, particularly in small-
and mid-size vessels due to its technological maturity and ease of integration. Liquid hy-
drogen (LH:) is emerging as the preferred option for larger ferries and long-range appli-
cations, while metal hydrides (MHs) are found mainly in niche platforms such as subma-
rines or experimental research vessels where safety and compactness are critical [51].
These trends indicate that hydrogen propulsion is no longer limited to demonstration pro-
jects. With an increasing number of vessels entering service or advanced development,
hydrogen is proving to be a technically viable and scalable alternative for a decarbonized
maritime sector.
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Table 3. Hydrogen-powered vessels completed and under development.

H: Energy

H: Storage Length
Y - 1T Ref.
ear Name Country Co?ver Method Vessel Type (m) Status e
sion
2000 Hydra Germany AFC MH Passenger ship 12 Withdrawn  [39]
2007 Ross Barlow UK PEMEC MH Research sailboat 16 Unknown  [48]
2009 Viking Lady Norway MCEC CH: Offshore supply 92.2 In service  [41]
2009 Nemo H2 Nem(‘;;dlan PEMFC  CH: Passengership 2195  Inservice  [52]
2010 MF Vagen Norway = PEMEFC MH Passenger ship 15 Unknown  [39]
2017 Energy Observer France PEMEC CH2 Research catamaran  30.5 In service [44]
2021 Xinhau 1 China PEMEC CH: Small cruise ship 12 In service [45]
2022 Zeus Italy PEMEC MH Research sailboat 25.6 In service [47]
2023 Sanxia Qingzhou 1 China PEMEC CH:2  Passenger catamaran 49.9 In service [46]
2023 MF Hydra Norway = PEMFC LH2 Ferry 82.4 In service  [42]
Robert
2025 S;foesl Gordon USA  PEMFC  LH:  Researchsailboat 38  Inconstruction [49]
- Ulstein SX190 Norway = PEMEC LH>  Offshore installation 93.4  In development [45]
- Hydrogen Viking Norway = PEMFC CH: Cruise ship 194  Indevelopment [50]

H2R-Evolution

France PEMFC CH: Research sailboat 48 In development [45]

4. Decision Criteria and Attributes for Hydrogen Storage Methods
in Maritime Applications

To evaluate the different hydrogen storage options, Multi-Criteria Decision-Making
(MCDM) methods are used. They are a set of techniques used to evaluate and prioritize
alternatives that involve multiple criteria or factors. These methods are especially useful
when decisions need to be made in complex environments, where trade-offs between con-
flicting criteria must be balanced [53]. MCDM provides a structured framework for com-
paring different alternatives, allowing decision-makers to systematically assess each op-
tion based on a set of predefined criteria.

For maritime applications, selecting the most appropriate hydrogen storage system
requires the evaluation of multiple technical, operational, and economic factors. These
factors should be clear, measurable, and directly relevant to the specific needs of hydrogen
storage on board ships [54]. Given the unique operational conditions at sea, the criterion
selected must reflect both the technical complexity and practical limitations of hydrogen
use in the maritime environment [7].

For this study, five main criteria have been chosen to assess the suitability of various
hydrogen storage methods: safety, autonomy, environmental impact, cost, and implemen-
tation. These criteria address the primary factors influencing the adoption of hydrogen
storage systems in maritime operations and are aligned with the practical requirements
of vessel operation. Each hydrogen storage alternative was evaluated according to these
criteria.

For qualitative aspects, scores from 1 to 10 were assigned based on a comprehensive
review of the literature. The available data were systematically analyzed and translated
into a consistent scoring scale, ensuring comparability between technologies. Expert judg-
ment was used to interpret and harmonize the reported information when direct quanti-
tative comparisons were not available.

Each evaluation criterion is based on a multi-parameter assessment derived from the
literature, rather than a direct mapping from a single technical parameter. The assigned
scores reflect an integrated evaluation of relevant factors, such as energy density,
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efficiency, operating conditions, system constraints, and technological maturity, ensuring
a consistent and realistic comparison between alternatives.

The results were organized into a decision matrix, which serves as the basis for ap-
plying the AHP and TOPSIS methods to identify the most suitable storage solution.

4.1. Safety

Safety is one of the most critical factors when evaluating hydrogen storage systems,
particularly in maritime applications where operational conditions such as vibrations, im-
pacts, temperature fluctuations, and limited access to maintenance increase the risks as-
sociated with hydrogen storage [55]. The inherent risks associated with hydrogen, due to
its flammability, the potential for leaks, and the challenges posed by storage at high pres-
sures or cryogenic temperatures, must be carefully managed to ensure safe operations
[56]. Each hydrogen storage method has unique safety challenges based on the properties
of the hydrogen storage method and the operational conditions at sea.

Compressed hydrogen (CHz) storage operates at pressures ranging from 350 to 700
bar, creating significant safety risks related to high-pressure containment. The primary
concerns are the potential for high-pressure rupture, which could result in catastrophic
leaks or explosions, and the flammability of hydrogen. Hydrogen’s wide flammability
range with air (4-77%) and its potential to ignite in contact with oxygen (up to 95.2%)
heighten the risks of accidents. Therefore, ensuring the structural integrity of storage tanks
and employing effective pressure relief systems are essential for minimizing these risks.
In maritime environments, where exposure to harsh conditions such as vibrations and
impacts is common, the tanks must be built with reinforced materials and regularly main-
tained to prevent damage and ensure safety.

Liquid hydrogen (LH>) is stored at cryogenic temperatures (around -253 °C), which
introduces additional safety concerns. One of the main risks with liquid hydrogen is boil-
off, the process by which hydrogen evaporates due to heat ingress, which can cause pres-
sure buildup in storage tanks. To mitigate this risk, advanced insulation systems are re-
quired to prevent heat from entering the tanks and to maintain safe operational condi-
tions. Moreover, the extremely low temperatures present a risk of material embrittlement,
making it essential to use tanks and components made from materials that can withstand
these conditions. The safety protocols for liquid hydrogen are rigorous, as any leakage
could rapidly expand into a gas, creating a flammable atmosphere in confined spaces.
Additionally, ice formation at the storage components can lead to ruptures in pipelines or
valves, highlighting the importance of regular maintenance and system checks.

Metal hydrides (MHs) store hydrogen in a solid-state form, offering several safety
advantages compared to gaseous and liquid hydrogen. The hydrogen is chemically bound
within the metal alloy, and its release occurs through a thermally activated desorption
process, which requires heat input. This method is inherently safer because hydrogen is
not released spontaneously, even in the event of damage to the storage vessel. The release
of hydrogen is controlled and occurs only under specific conditions, which minimizes the
risk of sudden, uncontrolled leakage. However, metal hydride systems require thermal
management to ensure efficient hydrogen desorption, which can add complexity to the
system and increase the risk of overheating if not properly regulated. While operating at
relatively low pressures, the storage capacity of metal hydrides is limited by their gravi-
metric energy density. Nonetheless, their solid-state nature reduces the likelihood of cat-
astrophic failure compared to compressed and liquid hydrogen storage.

In addition to these technical factors, safety also depends on the handling and storage
conditions throughout the life cycle of the vessel, including during transportation, refuel-
ing, and routine maintenance. The technology is expected to meet or exceed current safety
standards, and carriers must comply with safety regulations set by the flag state and
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classification societies. High operating temperatures and reaction enthalpies are avoided
in the design of storage systems, as they may pose additional safety concerns during op-
eration [56]. Effective heat management is essential to mitigate these risks, particularly in
systems that operate at elevated temperatures or cryogenic conditions.

To evaluate the safety criterion, the risk of leakage, potential for explosions, and ease
of incident detection were considered for each storage method. Additionally, existing reg-
ulations and safety protocols governing the use of hydrogen onboard vessels were taken
into account [55,57]. These factors are jointly considered to provide an integrated safety
assessment of each storage technology. Based on these factors, the hydrogen storage meth-
ods were assigned ratings as follows: 7 points for metal hydrides (MHs) due to their solid-
state storage and controlled hydrogen release, which minimizes the risk of sudden leaks
or explosions. 6 points for compressed hydrogen (CH>), as it operates at high pressures,
presenting significant risks of rupture and explosion, but it benefits from advanced safety
measures and protocols. 5 points for liquid hydrogen (LH-2), as its cryogenic temperatures
introduce additional risks of boil-off and material embrittlement, though significant ad-
vancements in safety protocols have mitigated many of these concerns in recent years [19].

4.2. Autonomy

Autonomy is considered a combination of the storage capacity and efficiency of each
hydrogen storage method, evaluating how well a storage system can meet the energy de-
mands of the vessel over extended periods without requiring frequent refueling. In mari-
time applications, unlike land-based systems, hydrogen refueling stations do not exist,
and vessels that can serve as floating “hydrogen stations” are still in development. There-
fore, it is necessary that the stored hydrogen allows vessels to cover minimum distances
without the risk of running out of fuel. For that reason, this criterion is essential for long-
range operations where maintaining fuel availability is critical.

Compressed hydrogen requires large tanks due to its relatively low volumetric en-
ergy density, meaning that larger storage volumes are necessary to store sufficient hydro-
gen for long journeys. Despite this limitation, compressed hydrogen offers a high energy
efficiency, allowing for effective energy use. While compressed hydrogen provides a fea-
sible solution for smaller vessels or short trips, the need for large storage volumes can
restrict autonomy on longer routes or for larger vessels, where maximizing the available
space is an important factor.

Liquid hydrogen offers a much higher volumetric energy density than compressed
hydrogen, enabling larger amounts of hydrogen to be stored in a compact space. This
advantage makes LH2 an ideal solution for vessels requiring extended range or long-du-
ration missions. However, efficiency is somewhat reduced due to the evaporation losses
(boil-off), which occur as a result of heat ingress. Despite this, liquid hydrogen offers su-
perior autonomy for long-range vessels, and the reduction in space needed for fuel storage
allows for more operational flexibility on larger vessels.

Metal hydrides store hydrogen in a solid-state form, offering high volumetric energy
density. However, the significant downside of this method is the weight of the storage
system. The high mass of the hydride materials increases the vessel’s displacement con-
siderably, which, in turn, reduces the overall autonomy of the ship. This trade-off between
storage density and the weight penalty of metal hydrides makes them less suitable for
large vessels or those requiring high autonomy, especially for long-range operations [19].

The autonomy criterion is evaluated based on a combination of factors, including
gravimetric and volumetric energy density, storage conditions, and system-level con-
straints, rather than a single parameter.

Based on the evaluation of the autonomy criterion, the hydrogen storage methods
were assigned ratings reflecting their impact on vessel range and fuel efficiency as follows:
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7 points for liquid hydrogen (LHz) due to its high volumetric energy density and suitabil-
ity for long-range operations, 5 points for compressed hydrogen (CHz) because it provides
good efficiency but requires larger storage volumes, which limits autonomy for larger
vessels, and 3 points for metal hydrides (MHs) due to their high storage density but sig-
nificant weight increase, which adversely affects the vessel’s autonomy.

4.3. Environmental Impact

Hydrogen has emerged as a key energy carrier in the transition toward a more sus-
tainable energy model. The development of hydrogen storage alternatives with minimal
environmental impact is crucial to support efforts in mitigating climate change and reduc-
ing overall emissions. Therefore, environmental impact is considered an essential criterion
in evaluating the hydrogen storage methods for maritime applications.

Each hydrogen storage method has distinct environmental implications, and these
must be considered in terms of both emissions and the resources required for the storage
and handling of hydrogen. Here, we will examine the factors that influence the environ-
mental impact of each method before assigning the respective ratings:

Compressed hydrogen storage generates moderate emissions during the compres-
sion process. However, compared to other methods, it benefits from recyclable tank ma-
terials and relatively low energy consumption. The environmental impact of the storage
system is thus primarily driven by the compression process, but its footprint is less pro-
nounced than that of liquid hydrogen. The production and use of materials like carbon
fiber for high-pressure tanks are increasingly becoming more sustainable, contributing to
a lower overall environmental impact for this storage method.

Liquid hydrogen storage presents a higher environmental cost due to the energy-
intensive liquefaction process, which involves cooling hydrogen to cryogenic tempera-
tures (=253 °C). This process consumes a significant amount of energy, leading to a high
carbon footprint. Moreover, the low recyclability of the materials used in the cryogenic
tanks adds to the environmental burden, as specialized processes are required to handle
these materials after their lifecycle ends. While liquid hydrogen offers high volumetric
energy density, the trade-off is that its production and storage involve substantial envi-
ronmental costs in terms of energy use and waste management.

Metal hydrides store hydrogen in a solid-state form, which offers a relatively low
environmental footprint in terms of operational energy consumption, as the energy re-
quired is mainly for hydrogen release through thermal desorption. Unlike compressed
and liquid hydrogen, metal hydride systems do not need significant energy to maintain
storage conditions under normal operation. However, the recycling of metal hydrides is
more complex, as it requires specialized processes to recover the metals used in the stor-
age system [58,59]. Despite this, the overall environmental impact during the storage
phase is lower compared to compressed and liquid hydrogen.

It should be noted that the environmental impact criterion is not based solely on the
indicative CO:z emission values reported in Table 1, but also considers additional factors
such as energy efficiency, energy losses during storage processes, material requirements,
and system complexity. Therefore, although metal hydrides may present lower indicative
CO: emissions, their overall environmental performance is influenced by factors such as
material processing and recycling constraints.

Based on this comprehensive evaluation, the hydrogen storage methods were as-
signed ratings reflecting their relative environmental costs as follows: 7 points for com-
pressed hydrogen (CH:) due to its moderate emissions during compression and the recy-
clability of its storage tanks, making it the most environmentally friendly option. Liquid
hydrogen (LH:z) garnered a score of 4 points, as the high carbon footprint associated with
the energy-intensive liquefaction process and the low recyclability of cryogenic tank
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materials result in a higher environmental impact. Metal hydrides (MHs) had six points,
as they offer low operational energy requirements and a reduced environmental footprint
during storage, but their overall impact is affected by the complexity of material recycling.

4.4. Cost

Cost is a key factor in evaluating hydrogen storage methods, as financial constraints
impact the feasibility of adopting these technologies. This criterion takes into account not
only the initial investment (including manufacturing and installation costs), but also op-
erational expenses (such as maintenance and refueling), and the required adaptations to
vessels and ports to implement the different systems.

Compressed hydrogen storage is the most cost-effective option in terms of both initial
investment and operational expenses. The technology is well-established and widely
available, meaning that production costs are relatively low compared to other alternatives
[59]. Reported cost targets for onboard compressed hydrogen storage systems are typi-
cally in the range of 1440 EUR/kg H: stored, reflecting their technological maturity and
cost efficiency [60]. Furthermore, compressed hydrogen systems benefit from low opera-
tional costs and an accessible refueling infrastructure, making it a more feasible solution
for widespread adoption in the near term. This makes compressed hydrogen the most
cost-effective choice for hydrogen storage, particularly in smaller vessels or pilot projects.

Liquid hydrogen storage involves high installation costs, as it requires specialized
cryogenic tanks and materials capable of withstanding extremely low temperatures (—253
°C). In addition to the significant upfront capital required for setting up cryogenic storage
systems, liquid hydrogen also entails high operational costs, primarily due to the contin-
uous cooling and cryogenic refrigeration needed to maintain the liquid state. Moreover,
the infrastructure for liquid hydrogen refueling is both costly and limited, with few ports
equipped for large-scale hydrogen refueling, making it a more challenging solution for
large-scale adoption in the maritime sector in the near future [55].

Metal hydride storage requires a high initial investment due to the costly materials
involved in producing the metal alloys needed for storage [45]. Reported investment costs
for metal hydride tanks may reach approximately 3400-7300 EUR/kg H2 [60], depending
on the material and system design. While this method offers safety and efficiency benefits,
the limited infrastructure available today is a major obstacle. There are no established re-
fueling systems for metal hydrides, which presents a significant challenge for its wide-
spread implementation in maritime applications. As a result, while metal hydrides may
offer promising advantages in terms of safety and storage density, their high initial cost
and lack of infrastructure make them a less economically viable option at present.

Based on the evaluation of the cost criterion, the hydrogen storage methods were
assigned ratings reflecting their relative costs as follows: 7 points for compressed hydro-
gen (CHz), due to its low initial investment, low operational costs, and accessible refueling
infrastructure, making it the most cost-effective option; 5 points for metal hydrides (MH),
as they require a high initial investment due to the costly materials involved, and lack the
necessary refueling infrastructure, making them less economically viable despite their
safety and efficiency benefits; 4 points for liquid hydrogen (LH2), given the high installa-
tion costs for cryogenic tanks, the significant energy consumption for maintaining cryo-
genic temperatures, and the limited and expensive infrastructure required for refueling,
which leads to a higher overall cost.

4.5. Implementation

The implementation criterion evaluates the ease and feasibility of adapting a hydro-
gen storage technology to the maritime sector, considering infrastructure requirements,
vessel compatibility, and regulatory compliance.
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Compressed hydrogen is the most easily implementable of the three storage technol-
ogies. It requires only high-pressure tanks and minimal structural modifications to ves-
sels, making it the most adaptable to existing ship designs. Since hydrogen is stored at
relatively high pressures, the technology is widely available and has a well-established
infrastructure, particularly for smaller-scale vessels. Furthermore, the simplicity of releas-
ing hydrogen from compressed tanks compared to cryogenic or solid-state systems makes
it an attractive option for integration into both existing vessels and new builds [61]. There-
fore, compressed hydrogen is the most compatible with current maritime operations and
regulatory frameworks.

Liquid hydrogen storage presents the most significant challenges in terms of imple-
mentation. Due to the need for cryogenic tanks that must withstand extremely low tem-
peratures (-253 °C), significant structural modifications are required on vessels to accom-
modate the specialized storage system. Additionally, the refueling infrastructure for lig-
uid hydrogen is scarce and expensive, further complicating its integration into existing
maritime operations. The need for specialized equipment to handle cryogenic tempera-
tures, along with the challenges in developing large-scale refueling stations, makes liquid
hydrogen the most difficult technology to implement within the maritime sector.

Metal hydrides require less structural modification compared to liquid hydrogen
since the storage tanks are smaller, though they are considerably heavier. This added
weight increases the vessel’s displacement, which can impact overall operational effi-
ciency. Furthermore, metal hydride systems require thermal management to release hy-
drogen through a thermally activated desorption process, which adds complexity to the
implementation. However, the lack of cryogenic temperatures and the potential for more
compact storage systems make metal hydrides somewhat easier to integrate than liquid
hydrogen, though they still present challenges in terms of weight and complexity.

Based on the evaluation of the implementation criterion, the hydrogen storage meth-
ods were assigned ratings reflecting their relative ease of integration into maritime appli-
cations as follows: 7 points for compressed hydrogen (CHz), due to its minimal infrastruc-
ture requirements, low adaptation costs, and ease of integration with existing vessels,
making it the most adaptable and practical solution for the maritime sector; 6 points for
liquid hydrogen (LH2), as it requires significant structural modifications to vessels and the
establishment of specialized refueling infrastructure, making it more complex to imple-
ment, despite its high volumetric energy density; 2 points for metal hydrides (MH), due
to the need for heavy storage systems, the added complexity of thermal management, and
the lack of widespread refueling infrastructure, making it the most difficult technology to
implement on a large scale in maritime operations.

The qualitative evaluation framework is based on a structured interpretation of tech-
nical parameters reported in the literature [13-16,22], including energy density, operating
conditions, system complexity, technological maturity, and infrastructure requirements.
Table 4 summarizes the relationship between the evaluation criteria, the main parameters
considered, and the rationale used to assign the qualitative scores. This mapping clarifies
how differences between technologies are translated into the final evaluation and im-
proves the transparency and reproducibility of the scoring process. Scores are assigned
based on a relative comparison of the alternatives within the defined maritime context,
where higher values indicate more favorable performance for the specific criterion.
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Table 4. Structured scoring rationale linking evaluation criteria with technical parameters and qual-

itative scores.

Criterion Main Technical Basis Scoring Rationale
Operating pressure, temperature, Higher pressure and cryogenic
Safety risk of leakage/explosion, storage  conditions reduce scores; solid-
state state storage increases scores

Gravimetric and volumetric energy Higher energy density and lower

Autonomy density, system weight, storage effi- L
. system weight increase scores
ciency
Environmental  Energy consumption, energy losses, Lower energy use and higher re-
impact CO: emissions, recyclability cyclability increase scores
Cost CAPEX, OPEX, infrastructure avail- Lower costs and simpler systems

ability increase scores

. Technological maturity, infrastruc- More mature technologies and
Implementation . . . . S
ture, integration complexity easier integration increase scores

5. Results and Discussion of Multi-Criteria Decision-Making
Approaches: AHP and TOPSIS

In this study, we have employed two widely used MCDM methods: Analytic Hier-
archy Process (AHP) and Technique for Order Preference by Similarity to Ideal Solution
(TOPSIS) [62]. These methods enable the systematic evaluation of different hydrogen stor-
age options based on multiple criteria, such as safety, autonomy, environmental impact,
cost, and implementation.

5.1. Analytic Hierarchy Process

The Analytic Hierarchy Process (AHP) is a structured MCDM technique used to or-
ganize and analyze complex decisions by decomposing the problem into a multi-level hi-
erarchical structure. It is particularly useful for decision-making where multiple criteria
need to be compared and evaluated [63]. In order to choose the most suitable method for
hydrogen storage in maritime applications, the following AHP steps should be consid-
ered:

5.1.1. Step 1: Define the Goal

The first step in the AHP is to clearly define the goal. In this case, the goal is to select
the most suitable hydrogen storage method for maritime applications based on various
criteria such as safety (S), autonomy (A), environmental impact (EI), cost (C), and imple-
mentation (I).

5.1.2. Step 2: Develop the Hierarchy

The problem is broken down into a hierarchy of objectives, criteria, sub-criteria (if
necessary), and alternatives. At the top of the hierarchy is the overall goal. Below this, the
criteria are placed at the next levels, followed by the available alternatives at the bottom
of the hierarchy. This hierarchical structure ensures that the problem is broken down into
manageable components. The hierarchy model of this research is presented in Table 5.
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Table 5. Hierarchy model for selecting hydrogen storage methods.

Level Element Description

1 Overall Goal Selection of the best hydrogen storage method

Safety
Autonomy
2 Criteria Environmental Impact
Cost
Implementation
Compressed Hydrogen (CHz)
3 Alternatives Liquid Hydrogen (LHz),
Metal Hydrides (MHs)

5.1.3. Step 3: Perform Pairwise Comparisons

In the third step of the AHP, pairwise comparisons are conducted at each level of the
hierarchy. Decision-makers systematically compare each criterion and alternative against
one another to determine their relative importance or preference, based on relevant bibli-
ographic references [39,45].

The evaluation of each hydrogen storage alternative according to the selected criteria
is summarized in Table 6. These scores serve as the input for the subsequent multi-criteria
decision-making analysis, enabling a structured comparison of the three technologies un-
der maritime-specific requirements.

Table 6. Summary of scores for hydrogen storage alternatives by evaluation criterion.

Criterion Compressed Hydrogen Liquid Hydrogen Metal Hydrides
Safety 6 5 7
Autonomy 5 7 3
Environmental Impact 7 4 6
Cost 7 4 5
Implementation 7 6 2

To construct the pairwise comparison matrix for the criteria (Table 7), the elements
were first ranked in descending order of importance based on expert judgment and the
decision context. Safety was identified as the most critical criterion, followed by auton-
omy, environmental impact, cost and implementation. Each criterion was then compared
relative to the others, using the highest-ranked criterion as a reference point. Comparisons
were expressed using the standard AHP scale and translated into simple ratios or integer
values to maintain logical consistency. This structured approach ensured that the result-
ing priority vector reflected the intended importance hierarchy: safety (0.3333), autonomy
(0.2667), environmental impact (0.2000), cost (0.1333), and implementation (0.0667).

Table 7. Pairwise comparison matrix of criteria for hydrogen storage selection.

Criteria S A El C I Priority Vector
Safety (S) 1 54 5/3 52 5 0.3333
Autonomy (A) 4/5 1 4/3 2 4 0.2667
Environmental Impact (EI) 3/5 3/4 1 3/2 3 0.2000
Cost (C) 2/5 1/2  2/3 1 2 0.1333
Implementation (I) 1/5 14 1/3 1)2 1 0.0667

Following the criteria comparison, pairwise comparison matrices were also con-
structed for the alternatives (compressed hydrogen, liquid hydrogen, and metal hydrides)
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with respect to each criterion (Table 8). These matrices reflect the relative performance of
each alternative under a specific criterion and are used to derive local priorities, which are
subsequently aggregated to determine the overall ranking. In conventional AHP applica-
tions, pairwise comparisons are typically assigned subjectively using a fundamental scale
ranging from 1 to 9. In this study, the comparison values are derived from the previously
defined qualitative scores for each alternative. This approach ensures internal consistency
between the evaluation framework and the AHP matrices, while reducing the subjectivity
associated with direct judgment. However, as the pairwise comparisons are derived from
the same scoring framework, AHP does not act as a fully independent validation method,
but rather as a structured weighting procedure consistent with the initial evaluation.

Once a score is assigned to each technology based on the evaluation criteria, the rel-
ative importance between two alternatives (A and B) is calculated using Equation (1).
When the score of alternative A is higher than that of B, the comparison value is obtained
as follows [64]:

X=A-B)+1 M

This transformation ensures consistency between the qualitative scoring system and
the AHP pairwise comparison matrices, avoiding arbitrary assignments and maintaining
a coherent mathematical relationship between alternatives. As a result, all pairwise com-
parison matrices used in this study are directly linked to the initial scoring system, ensur-
ing internal consistency in the decision-making process.

Table 8. Pairwise comparison matrices.

Criteria Alternatives MH CH: LH2
Safety MH 1.0000 2.0000 3.0000
CH2 0.5000 1.0000 2.0000
LH: 0.3333 0.5000 1.0000
Autonomy MH 1.0000 0.3333 0.2000
CH: 3.0000 1.0000 0.3333
LH: 5.0000 3.0000 1.0000
Environmental Impact MH 1.0000 0.5000 3.0000
CH2 2.0000 1.0000 4.0000
LH2 0.3333 0.2500 1.0000
Cost MH 1.0000 0.2500 0.5000
CH: 4.0000 1.0000 3.0000
LH: 2.0000 0.3333 1.0000
Implementation MH 1.0000 0.1667 0.2000
CH: 6.0000 1.0000 2.0000
LH: 5.0000 0.5000 1.0000

In terms of safety, it can be observed that MH is rated highest due to its stable, low-
pressure operation, whereas LH2 ranks lowest because of the challenges associated with
cryogenic handling. For autonomy, LH2 shows the best performance thanks to its high
energy density, making it the most suitable option for long-range applications; MH, in
contrast, scores the lowest due to its weight limitations. Regarding environmental impact,
MH again performs best, with minimal energy requirements for storage and no cryogenic
losses, while LH2 exhibits the highest impact due to its energy-intensive liquefaction pro-
cess. In the cost dimension, CH2 stands out as the most economically favorable option,
benefiting from lower infrastructure and operational expenses. Finally, in terms of imple-
mentation, CH: is the most practical solution given its compatibility with existing systems,
whereas MH presents greater integration challenges.
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5.1.4. Step 4: Calculate the Eigenvector

Once the pairwise comparison matrix has been established, the next step is to calcu-
late the weights for each criterion and the eigenvector. This vector represents the relative
importance of each criterion or alternative based on the comparisons made. The calcula-
tions are performed by normalizing the pairwise comparison matrix and averaging the
values in each row to obtain the final weights. These weights reflect the importance of
each criterion in achieving the overall objective.

The process is carried out in the following steps:

1.  Sum the elements of each column in the pairwise matrix A = [ai]:

— n
C;j = Xiz1 )
where i refers to the alternative under evaluation and j refers to the criterion considered.

2. Normalize the matrix by dividing each element by the sum of its corresponding col-
umn:

ng =—- 3)
3. Compute the priority vector by averaging the normalized values across each row:

1
w; = ;Z}lﬂ n;; 4)

where g;j is the element in row i, column j of the original matrix, n; is the normalized ele-
ment, wi is the final weight (priority) of criterion i, n is the total number of criteria.

However, because the comparisons are based on subjective judgments, some level of
inconsistency is inevitable. To ensure the reliability of the judgments, a final check known
as consistency verification is performed. This process, regarded as one of the key ad-
vantages of the AHP method, measures the degree of consistency among the pairwise
comparisons by computing the consistency ratio (CR).

The consistency ratio (CR) is calculated by dividing the consistency index (CI) by the
random index (RI), both of which are based on matrices of the same order. The CR value
allows us to assess how consistent the judgments are; a CR value less than 5% is generally
considered acceptable, indicating that the judgments are consistent enough to proceed. To
calculate the consistency ratio (CR), the following steps are performed:

1. Calculate the consistency index (CI) as follows:

Amax — 1
Cc] =X (5)
n—1
where Amx is the maximum eigenvalue of the matrix A and 7 is the number of alternatives.

2. Calculate the consistency ratio (CR) as follows
Ccl
" RI

where Rl is the random consistency index, whose value depends on the number of ele-

CR (6)

ments in the matrix (0.58 for 3 x 3 matrix) [65]. A consistency ratio below 0.10 is typically
considered acceptable. Higher values suggest the need to re-evaluate the pairwise judg-
ments to improve reliability.

The results of the eigenvector calculations and consistency tests are summarized in
Table 9, which presents the eigenvector values for each alternative (metal hydrides, com-
pressed hydrogen, and liquid hydrogen) across all criteria. Additionally, the Amx (maxi-
mum eigenvalue), CI (consistency index), and CR (consistency ratio) for each criterion are
shown. In this study, all comparison matrices satisfied this condition, ensuring the relia-
bility and consistency of the judgments.
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Table 9. Eigenvector and consistency test for the alternatives.

Eigenvector
S A EI C I
MH 0.5396 0.1047 0.3196 0.1365 0.0811
CH: 0.2970 0.2970 0.5584 0.6250 0.5769
LH2 0.1634 0.6369 0.1220 0.2385 0.3420
Consistency test
Amax 3.0092 3.0385 3.0183 3.0183 3.0291
CI 0.0046 0.0193 0.0091 0.0091 0.0145
CR 0.0079 0.0332 0.0158 0.0158 0.0251

The eigenvector values presented in Table 9 represent the relative importance of each
alternative for every criterion, reflecting how each option contributes to the overall deci-
sion. For instance, compressed hydrogen (CH:) consistently shows the highest importance
across most criteria, with a strong eigenvector value of 0.4013. This indicates that, based
on the criteria considered, compressed hydrogen is the preferred alternative. Metal hy-
drides (MH), despite their lower ranking, maintain a significant presence, particularly in
the safety (S) and environmental impact (EI) criteria, where they score 0.5396 and 0.3196,
respectively, reflecting their safety benefits and environmental advantages in certain con-
ditions. On the other hand, liquid hydrogen (LH-2), although it scores well for autonomy
(A) with 0.6369, is more balanced across the other criteria, resulting in a relatively lower
overall score of 0.3033. It can also be observed that the values of CR for each criterion
indicate that the judgments made during the pairwise comparisons are consistent and re-
liable. Then, the final scores can be computed, and alternatives can be ranked accordingly.

5.1.5. Step 5: Final Decision

In this final step of the AHP, the final score for each alternative is calculated by mul-
tiplying the weights of the criteria by the scores of the alternatives (Table 9). This calcula-
tion yields the overall score for each hydrogen storage method, allowing for a direct com-
parison based on the weighted criteria (Figure 1).

Liquid Hydrogen

Compressed Hydrogen —

Metal Hydrides

0.00% 10.00% 20.00% 30.00% 40.00% 50.00%

Figure 1. Evaluation of hydrogen storage alternatives using AHP.

The results show that compressed hydrogen achieves the highest score with a value
of 0.4013, indicating it as the most favorable option within the scope of this analysis for
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hydrogen storage in maritime applications. This result aligns with the current state of the
industry, where compressed hydrogen is widely adopted due to its balance between tech-
nical feasibility, implementation, and cost [6]. The availability of infrastructure and the
relatively low operational costs make it the most practical choice for vessels, as evidenced
by its use in a variety of maritime applications [45]. Compressed hydrogen provides a
reliable and efficient solution, with the technology already proven in numerous vessels,
ranging from smaller craft to larger commercial ships.

Following compressed hydrogen, liquid hydrogen scores 0.3033, reflecting its poten-
tial for long-range applications due to its high volumetric energy density. This makes lig-
uid hydrogen an attractive choice for applications requiring a significant amount of fuel
stored in a compact space [30]. However, its higher storage cost and the operational com-
plexity related to cryogenic storage significantly impact its overall evaluation [36]. As
noted in the literature [19], while liquid hydrogen can increase the autonomy of vessels,
its energy-intensive liquefaction process and the challenging management of cryogenic
temperatures result in a higher carbon footprint and require substantial infrastructure in-
vestment. Therefore, despite its high energy density, these drawbacks limit its overall per-
formance compared to compressed hydrogen in this context.

Finally, metal hydrides receive the lowest score of 0.2953, reflecting their more lim-
ited applicability in the maritime sector. Although metal hydrides offer advantages in
safety (operating at low pressures) and may present a lower environmental impact com-
pared to other methods [66], they are significantly affected by their high weight and
slower hydrogen release [67], which negatively impact vessel autonomy. The high mass
of the storage systems increases the displacement of the vessel, reducing overall efficiency
and range. These challenges make metal hydrides less suitable for larger vessels that re-
quire higher storage capacities for long-range operations [68]. However, they may still be
suitable for specific applications, such as submarines with air-independent propulsion
(AIP) systems, where their characteristics align with operational requirements [19].

It should be noted that the ranking results are influenced by the structured scoring
framework used in this study, and therefore reflect the relative performance of the alter-
natives within the defined assumptions and criteria.

5.2. Technique for Order Preference by Similarity to Ideal Solution

The Technique for Order Preference by Similarity to Ideal Solution (TOPSIS) is a
widely used multi-criteria decision-making (MCDM) method that ranks alternatives
based on their relative closeness to an ideal solution [69]. The ideal solution maximizes
the benefit criteria and minimizes the cost criteria, while the negative ideal solution rep-
resents the worst-case scenario for each criterion [70]. The method consists of the follow-
ing six structured steps:

5.2.1. Step 1: Construct the Decision Matrix

A decision matrix (Table 10) is created with alternatives as rows and criteria as col-
umns. Each element xij in the matrix represents the performance score of alternative i
with respect to criterion j. In this study, the TOPSIS method is applied using the same
scores previously employed in the AHP analysis to maintain methodological consistency.

https://doi.org/10.3390/hydrogen7020061



Hydrogen 2026, 7, 61

19 of 27

Table 10. Decision matrix.

Alternatives Criteria
S A EI C I
MH 7 3 6 4 2
CH: 6 5 7 7 7
LH: 5 7 4 5 6

5.2.2. Step 2: Normalize the Decision Matrix

The values in the matrix are normalized to transform them into comparable units.
Normalization is done by dividing each value by the square root of the sum of the squared
values in the column, as follows:

Xij
ry =

ij = p—
/ 21 (x3)? @)

where 1i is the normalized value, xi is the original score, and m is the number of alterna-
tives.

5.2.3. Step 3: Weight the Normalized Decision Matrix

After normalization, the criteria are weighted according to their relative importance.
Each normalized value rijis multiplied by the corresponding weight wj of criterion j, which
in this case are the same weights obtained from the AHP. The weighted normalized matrix
is calculated as:

Vij = W; X 1y ®)

5.2.4. Step 4: Determine the Ideal and Negative-Ideal Solutions

The positive ideal solution A* and negative ideal solution A- are determined from the
weighted normalized matrix (Table 11). For benefit criteria (e.g., safety, autonomy), the
ideal value is the maximum; for cost criteria (e.g., environmental impact, implementation
and cost), the ideal value is the minimum.

At = {max (vi;) for benefit criteria; min (v;;) for cost criteria} )

A™ = {min (v;j) for benefit criteria; max (v;;) for cost criteria} (10)

Table 11. Weighted normalized decision matrix and ideal and negative-ideal values.

Criteria
Alternatives
S A EI C I

MH 0.2225 0.0878 0.1194 0.0283 0.0281
CH: 0.1907 0.1464 0.1393 0.0989 0.0492
LH: 0.1589 0.2049 0.0796 0.0848 0.0351
A 0.2225 0.2049 0.1393 0.0989 0.0492
A 0.1589 0.0878 0.0796 0.0283 0.0281

5.2.5. Step 5: Calculate the Distances to Ideal and Negative-Ideal Solutions

After identifying the positive ideal solution A* and the negative ideal solution A-, the
next step is to calculate the distance of each alternative from these two reference points.
This distance (Euclidean distance) reflects how close each alternative is to the ideal (best)
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and how far it is from the worst-case scenario. The Euclidean distance of each alternative
from the ideal solutions is calculated as:

D = \/Z]_:l(vij —v)? (11)

by = > v (12)

where Di* is the distance from the ideal solution, D is the distance from the negative-ideal
solution, vy is the weighted normalized value for alternative i and criterion j, vi* and vj~ are
the ideal and negative-ideal values for criterion j, respectively, and n is the number of
criteria.

5.2.6. Step 6: Compute the Relative Closeness to the Ideal Solution

The final step is to calculate the proximity ratio (Ci) for each alternative (Equation
(13)), which is the ratio of the distance to the negative ideal solution to the total distance
(distance to the ideal and negative ideal solutions). The alternative with the highest Ci

value is considered the most preferable option (Table 12).
Dy
Gi= D + Df (13)
The results confirm that compressed hydrogen (CHz) is the most favorable storage
option, followed by liquid hydrogen (LH2). Metal hydrides (MHs), although offering ad-

vantages in safety, rank lowest due to implementation and autonomy limitations.

Table 12. Proximity ratio and final ranking.

Alternatives D+ D- Gi Ranking
MH 0.1398 0.0750 0.3492 3rd
CH: 0.0666 0.1159 0.6351 1st
LH> 0.0895 0.1302 0.5928 2nd

Both the Analytic Hierarchy Process (AHP) and the Technique for Order Preference
by Similarity to Ideal Solution (TOPSIS) were applied to evaluate hydrogen storage alter-
natives in maritime contexts. Despite their different methodologies, AHP relying on pair-
wise comparisons and expert judgment, and TOPSIS based on distance from an ideal so-
lution, both methods produced consistent rankings: compressed hydrogen (CHz) ranked
first, followed by liquid hydrogen (LHz), and metal hydrides (MHs) in last place.

The comparative results are illustrated in Figure 2, which shows the final scores as-
signed by each method. While the ranking order remains unchanged, TOPSIS produced
a more pronounced separation between the alternatives, highlighting greater contrast in
relative performance. In contrast, AHP provided more moderate differences due to its
structured weighting process. This score dispersion from TOPSIS compared to AHP has
been observed in other studies [71].

From a quantitative perspective, compressed hydrogen (CH:z) achieves the highest
score in both methods, with a noticeable margin over the other alternatives. In TOPSIS,
the score difference between CH: and LH: is more significant than in AHP, indicating a
stronger preference when distance-based evaluation is applied. However, the differences
between LH2 and MH remain relatively small, suggesting that these two alternatives pre-
sent comparable performance under the selected criteria.

In both methods, compressed hydrogen ranked as the most suitable storage alterna-
tive, combining favorable scores in safety, cost, and ease of implementation. Liquid hy-
drogen consistently placed second, primarily due to its superior autonomy but penalized
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by its higher costs and complex infrastructure requirements. Metal hydrides ranked third
in both methods, reflecting limitations related to gravimetric efficiency, weight, and inte-
gration complexity, despite their advantages in safety and volumetric storage capacity.

Although the ranking is consistent across methods, the relatively small differences
between the alternatives indicate that the selection of hydrogen storage technology is sen-
sitive to the specific evaluation criteria and application context. The consistency between
AHP and TOPSIS results reinforces the robustness of the evaluation, while also highlight-
ing the importance of contextual factors in determining the most appropriate storage so-
lution. The consistency in the final rankings indicates a consistent preference for com-
pressed hydrogen under the evaluated conditions.

Liquid Hydrogen

Compressed Hydrogen

Metal Hydrides

L 7L 7

W TOPSIS 0.00% 10.00% 20.00% 30.00% 40.00% 50.00% 60.00% 70.00%
m AHP

Figure 2. Comparison of AHP and TOPSIS results for hydrogen storage alternatives.

5.3. Sensitivity Analysis

A sensitivity analysis was conducted to evaluate the robustness of the results with
respect to variations in the weighting factors derived from the AHP method. The weight
of each criterion was independently varied by +10% and +20%, while maintaining the rel-
ative structure of the remaining criteria. The modified weights were subsequently used to
recalculate the TOPSIS scores and assess their impact on the final ranking of the alterna-
tives.

The results of the sensitivity analysis are presented in Figure 3. In all evaluated sce-
narios, the ranking of the hydrogen storage technologies remains unchanged, with com-
pressed hydrogen (CHz) consistently identified as the most favorable option, followed by
liquid hydrogen (LH2) and metal hydrides (MHs).

Although variations in the weighting factors lead to observable changes in the scores,
these variations are relatively small and do not affect the relative ordering of the alterna-
tives. This indicates that the differences between the evaluated technologies are suffi-
ciently pronounced to ensure stability of the ranking under moderate and significant per-
turbations of the input weights.

A closer examination of the results reveals that certain criteria, such as autonomy,
exert a more significant influence on the score variation, leading to slightly larger devia-
tions in the performance of LH2 and MH. In contrast, criteria such as implementation show
minimal impact on the results, indicating a lower sensitivity of the model to changes in
their associated weights.
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Opverall, the absence of ranking changes under both moderate (+10%) and significant
(#20%) variations in the AHP-derived weights demonstrates the robustness of the pro-
posed decision-making framework. These findings confirm that the results are reliable
and not significantly affected by reasonable uncertainties in the weighting process.
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Figure 3. Sensitivity analysis of scores under +10% and +20% variations in AHP weights.

6. Conclusions

This study conducted a comprehensive evaluation of three hydrogen storage tech-
nologies: compressed hydrogen (CHz), liquid hydrogen (LHz), and metal hydrides (MHs),
for their suitability in maritime applications, using two well-established multi-criteria de-
cision-making (MCDM) methods: Analytic Hierarchy Process (AHP) and Technique for
Order Preference by Similarity to Ideal Solution (TOPSIS). Five key criteria were consid-
ered: safety, autonomy, environmental impact, cost, and implementation feasibility.

The results of both methods consistently identified compressed hydrogen as the most
balanced and suitable storage alternative within the scope and assumptions of this study.
CHz achieved the highest overall ranking due to its technological maturity, cost-effective-
ness, ease of implementation, and acceptable safety performance under established oper-
ational standards. Its compatibility with existing infrastructure and lower operational
complexity make it particularly attractive for near-term adoption in maritime transport.

Liquid hydrogen was ranked second, recognized for its superior autonomy and high
energy density. However, its high energy losses from liquefaction, cryogenic handling
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complexity, and infrastructure demands limit its short-term viability, making it more ap-
propriate for long-range or high-capacity vessels where extended range is a critical factor.

Metal hydrides, while offering advantages in safety and volumetric energy density,
ranked lowest in both AHP and TOPSIS analyses. Their low gravimetric efficiency, high
system weight, and complex thermal management requirements limit their applicability
to niche or specialized naval platforms rather than large-scale commercial shipping.

Furthermore, the comparative use of AHP and TOPSIS methods confirmed the ro-
bustness of the evaluation framework. While both methods yielded consistent rankings,
TOPSIS provided a clearer differentiation between alternatives due to its distance-based
approach, whereas AHP offered greater transparency in criteria weighting through struc-
tured evaluation. Although the differences in scores between the evaluated alternatives
are relatively small, the sensitivity analysis confirms that the ranking remains unchanged
under all tested scenarios. This indicates that the results are robust and not sensitive to
reasonable variations in the weighting factors, supporting the reliability of the results.

These findings should be interpreted within the specific operational context and as-
sumptions considered in this study. Variations in criteria weighting, technological devel-
opment, infrastructure availability, or application scenarios may influence the relative
performance of the evaluated storage technologies.

This study highlights the importance of integrating technical, economic, and opera-
tional considerations in selecting hydrogen storage systems for maritime applications and
suggests that compressed hydrogen can currently be considered a practical and scalable
option for decarbonizing shipboard propulsion systems under the conditions analyzed.
These conclusions are based on the defined evaluation criteria and assumptions, and the
assigned scores are directly supported by the technical data and literature discussed for
each criterion.

In addition, a consistent and application-oriented comparison of hydrogen storage
technologies is provided under maritime-specific conditions. The results improve the un-
derstanding of the relative suitability of CHz, LH2, and MH systems, offering practical
insights for technology selection and supporting future implementation strategies.
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