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Abstract

The urgent need to address climate change has driven the exploration of sustainable energy
solutions, with wave energy and green hydrogen emerging as prominent alternatives to
traditional fossil fuels. This study examines the potential synergy between wave energy
and hydrogen production, with a focus on the economic viability of integrating these
technologies. Through a detailed analysis of the levelised cost of electricity (LCOE) and the
levelised cost of hydrogen (LCOH), this paper examines how coastal regions in Portugal
and across Western Europe can harness wave energy to produce green hydrogen, a crucial
component in the global energy transition. The techno-economic assessment accounts for
capital and operational costs, energy efficiency, and lifetime performance to determine how
design and location affect economic feasibility. Preliminary analysis indicates that regions
with significant wave power potential present opportunities for competitive LCOE values,
with some coastal areas achieving LCOE figures as low as 0.10 €/kWh. Additionally, the
LCOH analysis reveals that among various storage methods, compressed gas hydrogen
at 350 bar stands out as the most cost-effective option. This research highlights the trans-
formative potential of wave energy-driven hydrogen production as a crucial solution for
decarbonising the maritime sector. Future technological advancements and cost efficien-
cies are poised to overcome current economic barriers and accelerate the transition to a
sustainable, low-carbon energy landscape.

Keywords: green hydrogen; wave energy converter; techno-economic analysis; levelised
cost of hydrogen; Floating Dual Chamber Oscillating Water Column Device

1. Introduction

Maritime transport accounts for nearly 3% of global carbon dioxide (CO;) emissions,
underscoring the urgency of decarbonising this sector [1]. As maritime transportation is
essential for global trade, it has become a critical area of focus in discussions on reducing
carbon emissions. The essential sector’s reliance on heavy fuel oils underscores the urgency
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of transitioning to renewable energy sources. Wave energy and green hydrogen (Hj), in
particular, show strong potential for decarbonising marine transport due to their compat-
ibility and scalability. Estimates suggest wave energy could generate up to 29,500 TWh
per year globally, nearly double the world’s current electricity consumption of around
23,000 TWh [2]. Recent global techno-economic assessments suggest that wave energy, al-
though currently expensive, could become highly cost-competitive by 2050 in regions with
strong wave climates. For example, projections indicate that levelised cost of electricity
(LCOE) values will drop below 0.05 €/kWh in areas such as the northern British Isles,
South Africa, and Portugal due to reduced capital expenditure (CAPEX) and technological
maturity [3]. As of 2023, the wave energy market is valued at ca. 850 million euros and
is projected to experience significant growth by 2030, driven by rising investments in
renewable energy technology and increasing global energy demand [4].

Green H; produced using renewable energy is increasingly recognised as a viable
decarbonisation pathway for transport and industry. This momentum is reinforced by large-
scale policy commitments and international projects aimed at integrating H, into energy
systems, with countries like Germany and Japan allocating billions toward H; infrastructure
and production incentives [5]. Studies analysing market trends in renewable energy
technologies, along with the current state of green H; [6], demonstrate an exponential
increase in Hy production. Thus, electrolysis technology is poised to become a key player
by 2050, as shown in Figure 1.
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Figure 1. Global hydrogen (H;) production projections (all technologies), highlighting the rapid
growth of electrolyser-based (green) H; [6].

This method is expected to drive significant growth in H; availability as countries
focus on reducing reliance on fossil fuels. The integration with renewable energy sources
further decreases carbon intensity, making it a promising option for achieving low-carbon
H; production. Projections indicate rapid adoption and expanding use of green H; across
sectors, positioning it as a key player in the transition towards sustainable energy solu-
tions. By examining factors such as production costs, operation expenses, and lifecycle
analyses, these studies offer valuable insights into the economic viability and long-term
sustainability of green H; production methods [7,8]. However, despite increasing atten-
tion, several research bottlenecks remain. Most studies on H; production from marine
renewables focus on offshore wind integration [9], while wave-driven systems are less
explored due to the complexity of wave profiles and limited full-scale demonstrations.
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Consequently, the feasibility of coupling wave energy with H, production remains under-
investigated, particularly along the western European coastline, where previous work has
mainly examined nearshore single-chamber oscillating water column (OWC) systems. The
present study extends this research by evaluating a dual-chamber OWC configuration
that demonstrates higher overall conversion efficiency and improved techno-economic
feasibility under comparable regional conditions.

Thus, green H, remains the most environmentally sustainable form of Hj, although it
faces higher production costs and efficiency losses compared to blue or grey Hy, especially
due to the intermittency of renewable energy inputs [10]. H; demand is expected to
reach 75 MT by 2030 to achieve the emission-free energy system targets, with an estimated
660 MT by 2050 [11]. The European Commission has spearheaded a comprehensive Hj
strategy, outlining ambitious objectives, including installing at least 40 GW of electrolyser
capacity by 2030 to produce 10 MT of Hj from renewable energy sources [12]. According
to the IEA’s Global Hydrogen Review, the production of low-emission Hy by 2030 will
exceed 20 Mt, assuming all the announced projects in electrolysis and fossil fuels with
CCUS are realised. Approximately 50% of the H, produced from these projects will emerge
from feasibility studies, and about 45% will come from projects still in the early stages of
development [11].

Integrating H, production with wave energy combines the benefits of two sustainable
technologies, offering a pathway to produce H, with minimal environmental impacts.
By harnessing wave energy to power electrolysers, coastal regions can generate green Hp
locally, reducing fossil fuel dependency and lowering carbon emissions. This study presents
a comprehensive techno-economic feasibility assessment that extends beyond conventional
LCOE and levelised cost of hydrogen (LCOH) calculations by incorporating three key
dimensions. To address the research gaps, this study adopts a multidimensional approach
that integrates spatial, techno-economic, and design-based evaluations. The framework
combines (i) spatial mapping of wave resources across Western Europe, (ii) expert-validated
technology cost and performance analysis, and (iii) evaluation of a dual-chamber OWC
wave energy converter (WEC) concept to determine LCOE and LCOH.

Secondly, instead of adopting a conventional approach that focuses on a single region
or a predetermined country, such as limiting the analysis to Portugal, this study undertakes
a much broader spatial assessment, encompassing the entire western European coastline.
Furthermore, wave resource availability along the western European coast has been widely
characterised as both consistent and high intensity. Lavidas and Venugopal explored the
nearshore wave power potential across the Atlantic-facing regions of Scotland and Portugal,
identifying long-period swell waves as a dominant contributor to energy availability during
winter months [13]. This characteristic enhances the predictability and regularity of energy
production, especially when paired with robust seasonal analysis. Importantly, these areas
are influenced by westerly wind regimes, which support wave growth and sustain high
energy fluxes over extended periods. Long-term datasets, such as those from Reguero [14],
have further demonstrated that interannual and decadal variability in wave power is
more pronounced in the Northern Hemisphere, yet within acceptable ranges for stable
infrastructure investment. These insights underscore the resilience of wave energy projects
in Western Europe, despite the region’s inherent climate fluctuations. This regional-scale
evaluation considers variations in wave power potential, infrastructure accessibility, and
maritime activity, enabling a more nuanced understanding of the geographical feasibility
of integrating wave energy with green H, production. By evaluating multiple locations
rather than a single case study, the findings of this research are more widely applicable and
adaptable to different regulatory, economic, and environmental contexts.
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Thirdly, this study introduces a novel Wave-To-Energy WEC design featuring a dual-
chamber OWC, which improves primary energy conversion efficiency. Unlike conventional
OWCGs, the dual-chamber configuration provides additional space to house the H, systems,
enhancing wave energy capture and leading to greater energy extraction before conversion
losses occur in the pneumatic chamber. This increased efficiency is critical for H, production,
as it ensures more energy is available for electrolysis, reducing overall LCOH. By integrating
this advanced WEC technology, the study demonstrates a significant improvement in the
feasibility of offshore H, production compared to traditional single-chamber OWCs.

Finally, the study integrates these insights into a detailed LCOE and LCOH analysis,
systematically linking spatial, technical, and economic parameters. This holistic approach
ensures that the cost assessments reflect not only the direct capital and operational expendi-
tures but also the broader site-specific factors that influence the economic viability of green
H; production from wave energy. By combining technical feasibility with economic consid-
erations and geographic evaluation, this research provides a well-rounded perspective that
can inform future policy, investment decisions, and the strategic deployment of offshore
H, production facilities.

The present work is structured as follows: Section 2 addresses the main application of
this solution; Section 3 presents the methodology used to develop the framework of the
techno-economic model; Section 4 analyses the techno-economic model, breaking down the
factors that affect the LCOE and LCOH; Section 5 presents the model'’s results, highlighting
the main outcomes of the optimised simulations; and finally, Section 6 draws the main
conclusions of the study.

By aligning H; production with key maritime pathways, this study connects wave
energy resource assessments with the practical requirements of green fuel deployment.
It thereby strengthens the link between coastal renewable resources and decarbonisation
pathways for the shipping sector, contributing to the broader transition towards sustainable,
low-carbon energy solutions.

2. Hydrogen Application in Decarbonising Maritime Transport

Building upon this context, maritime shipping remains one of the most challenging
sectors to decarbonise, primarily due to its reliance on heavy fuel oil (HFO). This carbon-
intensive fuel also contributes to other forms of environmental pollution, such as sulphur
oxides and particulate matter. Shipping traffic contributes between 0.2% to 14% for PM2.5
(particulate matter with a diameter of less than 2.5 micrometres) in Europe and between 3%
and 9% in North America [15]. The exponential growth in trade and transportation has
further increased pressure on the maritime industry to transition to cleaner energy sources.
Recent studies have emphasised the integration of clean fuels, such as H, and ammonia,
into maritime supply chains as part of the response to increasingly stringent International
Maritime Organisation environmental regulations [16]. Green H; is emerging as a key
alternative fuel in marine transportation, an area with significant untapped potential
for decarbonisation. According to the IEA, the use of Hj fuel in transport increased by
45% in 2022 compared to 2021. By the end of 2022, there were 58,000 fuel cell electric
vehicles (FCEVs) globally, with the majority in South Korea, the United States, and China.
Additionally, the demand for Hy-powered buses and trucks is growing, alongside other
advanced green Hj solutions [17].

Green Hj is emerging as a significant alternative fuel in transportation, particularly in
the marine industry, and is becoming one of the largest untapped markets for decarbonisa-
tion. The global sustainable marine fuels market, which includes green H;, was valued at
7.50 billion euros in 2023 and is projected to reach ca. 440 billion euros by 2033 [18]. One
study has demonstrated the feasibility of integrating wave energy with water electrolysis
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and has been proposed to ensure continuous renewable energy availability [19]. Green H,
offers an alternative to the typically used marine heavy fuel oils (HFO). According to a
techno-economic optimisation study, H, presents a promising alternative to heavy fuel oil
due to its lower lifecycle GHG emissions, especially when produced through renewable
pathways. However, transport-related challenges, such as boil-off gas and cost, remain
key constraints [16]. It boasts a higher energy density than HFO, enhancing efficiency and
range while reducing the carbon footprint [20]. In high-energy wave zones in the coastal
regions of Europe, hybrid systems coupling Wave Dragon WECs with onshore electrolysis
have demonstrated LCOH values as low as 3.6 €/kg under optimised conditions [21].

Green Hj for maritime travel is already being utilised in various projects worldwide.
Alternative fuels, such as green H, and ammonia, offer varying pathways to decarbonise
the maritime sector, although each presents trade-offs in terms of infrastructure readiness,
energy density, and emissions potential [22]. In-depth comparative assessments have
demonstrated that green Hy, and ammonia offer substantial reductions in GHG emissions
compared to LNG and conventional marine diesel, with well-to-propeller emissions being
30-60% lower, depending on the production method and onboard systems [23]. According
to the IEA, the European Union adopted a new regulation, FuelEU Maritime, in July 2023
to increase the use of low-carbon fuels in shipping, offering incentives for those making the
switch. Norway introduced the world’s first liquid Hj ferry, the MF Hydra, in 2023, with
plans for two more vessels by 2024 [24,25]. The United States launched the first commercial
Hy-powered maritime vessel, the Sea Change, and a Hy-powered barge was launched in
the Netherlands. The global momentum to replace traditional HFO with Hj is gaining
traction, paving the way for a cleaner future.

Wave-powered H, production could serve as an integrated solution for remote coastal
and island locations. Such decentralised H; production models could reduce dependence
on long-distance fuel supply chains, supporting resilience and energy autonomy in coastal
regions. However, system-wide integration would require advances in Hj storage and
distribution, including liquid H, and ammonia-based carriers, which are being actively
investigated in current international projects [5].

Green Hj has the potential to drastically reduce the carbon footprint of maritime
shipping. However, while its renewability is well-documented, its practical application
requires careful economic assessment. Studies, such as those by Huertas-Fernandez et al.,
have demonstrated that Hy production from wave energy can be viable when integrated
with financial models to evaluate its long-term feasibility [18]. A comparative life cycle
assessment (LCA) of Hy, ammonia, and LNG marine fuels reveals that green H, achieves
the greatest reduction in well-to-wake CO;-equivalent emissions, provided the electricity
used is entirely generated from renewable sources [23]. The results from their study suggest
that site-specific considerations, including wave energy availability and infrastructure costs,
are critical in ensuring economic success. Huertas-Ferndndez et al. highlighted that prior
research on Hy production from wave energy in port areas demonstrates its feasibility
in practical applications [19]. From a policy standpoint, alongside the technical aspects,
the adoption of H, as a maritime fuel is advancing through emerging fuel standards and
port initiatives. The International Maritime Organisation (IMO) is developing greenhouse
gas intensity regulations for marine fuels, expected to take effect by 2028, which will
promote low-carbon alternatives such as Hy [26]. However, infrastructure readiness remains
limited: only a small number of ports, including Rotterdam, Valencia, and Trondheim, have
initiated Hy bunkering or refuelling projects, while most global ports still lack the necessary
storage and handling capabilities [27]. Coordinated regulatory frameworks and targeted
port-side investments will be critical to enable large-scale deployment.
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To effectively address the challenge of decarbonising the maritime shipping industry,
it is essential to develop a comprehensive and well-structured methodology, followed by a
detailed techno-economic analysis. The following methodology will guide the exploration
of the technical aspects necessary to successfully integrate green H, with wave energy.

3. Methodology

This section presents the entire research process, covering the data collection, system
configuration, performance simulation, and cost modelling required to assess the feasibility
of wave energy-to-hydrogen systems. The study employs a mixed-methods approach to
analyse the integration of wave energy with H; production and storage. This study inte-
grates techno-economic, spatial, quantitative, and qualitative analyses to assess feasibility,
as shown in Figure 2.

Mixed-Methods Methodology with Techno-Economic Assessment

Techno-Economic
Assessment (TEA)

Quantitative Analysis

Qualitative Analysis

Spatial & Multi-Criteria
Decision Analysis (MCDA)

Engineering

Simulation:

Expert Interviews: insights, validate findings, and inform Thematic Analysis:

This includes cost estimation, NPV,
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» Data Analysis:

locations.
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themes and expert opinions that
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and Qualitative Data: comprehensive assessment. on techno-economic outcomes.

Figure 2. A process combining quantitative analysis, expert interviews, and spatial decision analysis
to assess system viability across locations, culminating in an integrated evaluation with sensitivity
and uncertainty analysis.

The techno-economic assessment framework was adopted to evaluate both the tech-
nical performance and cost-effectiveness of the proposed wave-to-hydrogen system. The
approach integrates technical modelling with cost indicators through the LCOE and LCOH,
capturing the full conversion chain from wave energy to H; storage. LCOE reflects the
discounted cost of electricity generation over a 30-year lifetime, while LCOH translates this
into the equivalent cost of Hy, including electrolysis, compression, and storage. The techno-
economic assessment follows established IEA, IRENA, and DOE guidelines, providing a
structured and comparable basis for assessing renewable H, pathways. The quantitative
analysis utilises simulation tools, such as Python 3.10, to evaluate the system’s performance
across geographically diverse locations. The qualitative analysis involves interviews with
industry experts to gain insights into the feasibility, challenges, and opportunities associ-
ated with the system. The spatial analysis involved evaluating thousands of locations based
on criteria such as resource availability, economic factors, and logistical considerations.
These locations were ranked and prioritised using both quantitative and qualitative data



Fuels 2025, 6, 92

7 of 43

inputs. Finally, the quantitative simulation results and qualitative insights from the experts
were integrated to provide a comprehensive assessment along with a sensitivity analysis to
evaluate the robustness of the results under varying assumptions.

Data Collection

In addition to conducting a comprehensive literature review on wave energy and
H, production, an extensive data collection process was undertaken by directly engaging
with relevant industry companies. To respect confidentiality agreements, the names of
these companies and employees have been kept anonymous, as some of the information
provided was sensitive and not intended for public disclosure. Table 1 provides an insight
into the different companies and their respective area of expertise.

Table 1. Companies considered, along with their respective locations and specifications.

Company Location Area of Expertise
A Portugal Wave Energy Converters
B Scotland Wave Energy
C Norway Onshore H; Production
D France Onshore H; Production/Storage
E Germany Offshore Hy Production/Storage

Company A provided the schematics for the WEC that will be used in this research.
The WEC they supplied is a sophisticated floating double-chamber oscillating water column
system designed to optimise wave energy capture and conversion. The detailed design
and functionality of this WEC will be thoroughly discussed in the following section of the
study, as it forms the core technology around which the analysis is built.

Company B offered a comprehensive analysis of WECs. Their report delves deeply
into the various types of WECs, providing a robust evaluation of the economic factors
to consider when developing a wave energy farm. The report has been instrumental in
informing the cost estimation for this study’s LCOE analysis. Many financial assumptions
and values used in the LCOE calculations were derived from the detailed data and insights
presented in this document [16].

Together, the contributions from these two companies have been crucial in shaping
the technical and economic framework of this research. Company A’s advanced WEC
design, combined with the in-depth economic analysis from Company B, has provided a
solid foundation for exploring the viability and potential of wave energy as a sustainable
power source.

Company C specialises in H, production through advanced electrolyser technologies
and plays a pivotal role in guiding the selection process for the most suitable electrolyser
technology for integration with the WEC. Their expertise provided valuable insights into
the advantages and limitations of different electrolyser types, particularly in the context of
variable power inputs characteristic of wave energy systems.

Alkaline electrolysers, while well-established, are less suited to handle the fluctuations
in current density that occur with wave energy. These systems require a more gradual
ramp-up and ramp-down process, meaning they cannot quickly adjust from 0 to 100%
power. Instead, they must increase in stages, such as from 0-15% over 15 min, then from
15-30% over the next 15 min, and so on. This stepwise approach limits their efficiency in
environments where power input can change rapidly.

On the other hand, proton-exchange membrane (PEM) electrolysers offer better ramp-
ing capabilities, allowing for quicker adjustments to changing power levels. However,
according to Company C, solid oxide electrolysis cells (SOEC) represent the most promising
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technology for use with WECs. SOECs are particularly well-suited to handle rapid fluctua-
tions in power, efficiently managing the quick ramp-up and ramp-down scenarios common
in wave energy applications. Despite this, SOEC technology is still in the developmental
stage and has not yet been fully commercialised, presenting a challenge for immediate
large-scale deployment.

Company C’s expertise extends from the transformer rectifier to the compressor,
covering everything in between, but it does not encompass H; storage solutions. They
focus on the production and initial compression stages, ensuring that the H, generated is
ready for subsequent storage or transportation by other systems.

Company D also specialises in water electrolysis, although they are more reserved
about sharing detailed information. However, they did mention that several relevant
projects are being developed by other companies, such as the CrossWinds Prototype, a
1 MW offshore H;, production platform that could provide valuable insights and potential
benchmarks for similar endeavours. This reference to CrossWinds suggests there are
emerging efforts in the industry to explore offshore H, production, which could offer
lessons or synergies for the current project.

Beyond this, most of the technical details provided by Company D were consistent
with the information already confirmed by Company C, particularly regarding the strengths
and limitations of various electrolysis technologies. While Company D’s reluctance to fully
disclose details limited the depth of its contribution, their mention of ongoing projects, such
as CrossWinds, underscores the growing interest and activity in offshore H, production,
indicating a broader industry trend towards exploring and validating these technologies in
real-world settings.

Company E specialises in offshore H, production, primarily through the use of floating
wind turbines. One innovative technology that stood out was their method of reusing
waste heat from water electrolysis and liquid organic hydrogen carriers (LOHC) systems for
storing Hjy. This approach demonstrates significant potential, particularly in the company’s
broader mission to decarbonise industries such as steel and glass, where LOHC is used as
an efficient Hy storage method.

However, despite its promise, LOHC technology is unsuitable for maritime fuel appli-
cations in this project. The primary reasons are its current technological immaturity and the
challenges associated with integrating it seamlessly into existing shipping infrastructure.
Unless shipping vessels are specifically designed or retrofitted to accommodate LOHC
storage, adopting this technology would likely face significant hurdles.

While the concept of utilising waste heat for desalination is relevant and could theo-
retically be applied, the energy required for the desalination process within this project’s
scope is relatively low. As a result, the potential benefits of implementing a waste heat
recovery system do not justify the additional complexity and costs. Consequently, although
the technology is innovative and has clear applications in other contexts, it was not pursued
further for this particular maritime-focused project.

The insights and documentation provided by these companies were invaluable, sig-
nificantly influencing the strategic decisions made throughout the project. Each company
offered unique perspectives and technical expertise that helped refine the understanding of
the available technologies and their applications within the context of wave energy and
H, production. Their contributions were relevant and critical in guiding the selection of
the most suitable technology solutions. Following the data acquisition phase, the method-
ology moved on to the practical design and implementation of the system model. This
phase included evaluating device-level configurations, selecting suitable electrolysers, and
integrating this information into a working system architecture.
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The implementation stage of the methodology involved translating the qualitative
and technical inputs into a structured model. Specific technology types were selected
based on expert input and feasibility alignment. The study then advanced into detailed
techno-economic modelling using standardised equations for LCOE and LCOH. These com-
putations account for system lifetime, CAPEX, operational expenditure (OPEX), efficiency
ratios, and localised energy inputs. This combined approach enabled the construction of
a realistic, spatially informed techno-economic model, aligning system architecture with
location-specific wave resources and real-world deployment constraints.

4. Framework

This section aims to provide a model of the project, reviewing the various components
that need to be addressed and the sub-factors of each that require further examination.
Figure 3 illustrates a breakdown of the project’s components, along with the factors that
need to be considered for each major component. The analysis begins with a location
assessment, identifying optimal sites for wave energy conversion based on factors such as
wave power density and accessibility. A detailed examination of wave energy technology
is then conducted, focusing on the operational efficiency and key components of WECs.

Techno-Economic Model

Hydrogen Hydrogen

Storage

Wave Energy

Converter Production

Storage Technology and

Literature Review

Component Configuration

Electrolyser Technology

Capacity

Data Collection

Costs and Considerations

Space Availability

Compression and
Liquefaction

Location Identification

LCOE Calculations Desalination System Refuelling Method

Figure 3. A breakdown of the sequence followed in the present study, along with the different factors
assessed for each phase.

The study explores the process of Hy production, emphasising the integration of
electrolysis systems powered by wave energy. The methodologies for H, storage are
reviewed, considering various technologies that efficiently manage the produced H; and
provide the best fuel source for shipping vessels. Finally, the methodology includes the
calculation of the LCOE and LCOH, providing a comprehensive economic analysis. These
calculations are crucial for determining the overall cost-effectiveness and scalability of
producing Hj. By systematically addressing each of these areas, the methodology aims to
provide a robust framework for assessing the potential of wave energy as a sustainable and
economically viable source for H, production.

4.1. Location Analysis

An in-depth analysis of the project’s location was first conducted. This involved a
thorough literature review, scanning for high wave power density locations worldwide,
while also considering storm conditions and other challenges that could adversely affect
the WEC. The optimal placement of WECs is largely determined by dynamic tidal currents
and the energy density of coastal regions. Coastal nations, particularly those nearer to
the poles, can harness wave energy’s high density and inexhaustible nature to meet their
energy needs. Regions such as the west coast of Europe, the western coast of the United
States, New Zealand, and Japan are notable for their concentration of wave energy projects.
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Portugal stands out in Europe due to its significant wave energy potential, which has
attracted commercial ventures.

When selecting a site for the project, it is crucial to consider the frequency and intensity
of storms and natural events. Ideal locations should have high energy density and fewer
occurrences of severe weather to minimise the risk of infrastructure damage and ensure
consistent operational efficiency. While higher wave power densities can contribute to
increased energy production, they do not always guarantee better energy conversion
efficiency. Extreme sea states may lead to frequent shutdowns due to safety concerns,
reducing the WEC's effective operational capacity over its lifetime [28,29]. Additionally,
higher wave conditions can result in excessive air pressure fluctuations within the device’s
air chambers, decreasing turbine efficiency and, consequently, the overall energy conversion
rate. For this reason, locations were selected not solely based on wave power density but
also on their ability to provide stable and reliable energy output over time. The coast of
Portugal was initially chosen as a prime location for this project due to its consistently
high wave power densities and established reputation in wave energy, exemplified by
projects such as the commercial CorPower C4 farm. Portugal’s advantageous position
along the Atlantic Ocean, coupled with relatively few severe storms compared to other
coastal regions, makes it a prime candidate for wave energy and H, production projects.

Leveraging data from ResourceCode, two distinct algorithms were also developed
to assess potential sites along the Portuguese coast and the broader western European
coast [30]. These codes incorporated water depth data and wave power density from
the past 10 years to identify optimal locations. The analysis identified 18 sites with the
criteria of high wave power density and relatively shallow water depths, which are crucial
factors in minimising the cost of mooring lines for the WEC. However, in addition to these
considerations, milder but stable wave climates were also taken into account. Deploying
the device in extreme conditions could lead to higher maintenance costs, increased down-
time, and accelerated structural wear, ultimately affecting the overall economic viability.
Therefore, a balance was sought between energy availability and operational feasibility to
ensure that the chosen locations would support long-term H; production at a competitive
cost [31]. To further refine the site selection, these points were overlaid with shipping
route maps, allowing for the identification of locations that offer both high energy potential
and strategic advantages for mid-ocean refuelling. Figure 4 illustrates the approximately
1500 nodes analysed within the Portuguese region, along with their corresponding depths.

While the Portuguese coast was selected as the reference site due to its favourable
wave resource profile, maritime infrastructure, and ongoing wave energy development, the
methodology is designed to be transferable. The techno-economic assessment framework
can be applied to other coastal regions by substituting local wave, depth, and cost data.
Economic outcomes, such as LCOE and LCOH, will naturally vary with geographic and
climatic conditions, since factors like storm frequency, installation depth, and accessibil-
ity influence capital and operational costs. Therefore, although Portugal offers an ideal
case study due to its balance between high resource potential and moderate sea states,
the approach remains universally applicable to coastal areas with similar characteristics.
Similarly, Figure 5 presents the same parameters for the western coast of Europe. These
depth maps are crucial for cost calculations, as depth significantly influences the expenses
related to mooring lines and anchor cables.

4.2. Wave Energy Converter (WEC)

This study adopts a dual-chamber OWC system, equipped with two turbines and
two generators, optimised to harness wave energy more efficiently. Figure 6 illustrates
this configuration.
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Figure 5. (A) The nodes along the Western Coast of Europe analysed in the code, and (B) the selected
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each designed to maximise energy absorption in different ways. The device features

The double-chamber OWC device captures wave energy using two specialised cham-

7

both fore and rear chambers, which are integral to the WEC. The fore chamber faces the
incoming waves directly and operates similarly to a conventional OWC system [32]. As

points against a depth map of the region.
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waves enter this chamber, they cause the water inside to move up and down, compressing
and decompressing the air above the water surface. This fluctuation in air pressure drives
a turbine, which converts the energy into mechanical power, and then into electrical power
via a generator.

Barrier and Buoyancy

Module
M.

Wave Direction \)
-/\/—> /

Buoyancy Module

P
~

/
/
/

Fore (First) Chamber / Rear (Second) Chamber

#

Figure 6. Schematic of the double-chamber oscillating water column device featuring a fore and rear
chamber [32].

The rear chamber, positioned behind the fore chamber, interacts with the wave energy
that passes through the front chamber. This chamber is designed with a configuration akin
to a Backward Bent Duct Buoy (BBDB), allowing it to effectively capture the remaining
energy from the waves that have already interacted with the fore chamber. The rear chamber
also converts this energy into pneumatic power, which is used to operate a second turbine.

Unlike traditional WEC designs, which primarily focus on electricity generation, this
system leverages its additional internal space to directly integrate electrolysis and Hj
storage processes within the device. To the authors” knowledge, no other WEC currently
features this capability, making it a unique advancement in offshore H;, production. This fea-
ture not only enables decentralised H; generation but also supports strategic applications,
such as refuelling next-generation ships, unmanned underwater vehicles, long-endurance
drones, and ocean observation systems.

At this stage of research, the focus remains on evaluating the feasibility of a single-
device configuration. However, future deployments could explore WEC arrays, where
H, production and storage could be centralised on selected units, reducing infrastructure
costs while optimising energy conversion efficiency. By integrating both power generation
and H; production within the same system, this approach offers a scalable and efficient
pathway for offshore green Hj supply.

The study also considers the mooring lines that secure the WEC to its location, the
control systems, and the steel housing. The mooring lines must be designed to withstand
harsh marine conditions and ensure the stability of the WEC, while the control systems
are crucial in maintaining optimal energy conversion efficiency by adapting to varying
wave conditions. Additionally, the steel housing must be robust enough to protect against
corrosion and mechanical wear, thereby ensuring the device’s longevity and safety.

Alongside the primary components that contribute to the CAPEX of the WEC, the
balance of plant costs is also accounted for. Within the context of this project, the BoP
encompasses a wide array of elements required to support the WEC's operation, such as
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the cost of project development, monitoring systems, electrical infrastructure installation,
installation labour, anchor systems and marine transportation.

Marine transportation is a substantial cost calculated based on detailed assumptions
about the time and resources required to transport components from the shore to the
deployment site, as well as the time needed for installation activities. An Anchor Handling
Tug Supply (AHTS) vessel, commonly used in the offshore oil and gas industry, is employed
for the mooring installation and transportation of large components [33]. These vessels are
equipped to handle the demanding task of positioning and securing the moorings, which
are vital for the stability of the WECs.

Routine dry docking and maintenance planning are incorporated into the OPEX model
to preserve structural integrity. Dry docking involves removing vessels from the water
and placing them in a specialised dry dock facility, where the water is drained to expose
the entire hull of the vessel. This process is essential for conducting maintenance, repairs,
inspections, and cleaning tasks that cannot be performed while the vessel is afloat.

While the WEC is designed to operate efficiently under a range of sea conditions,
extreme wave environments can pose operational challenges. High-energy sea states may
result in more frequent shutdowns due to safety considerations, ultimately reducing energy
production over the device’s service life. Additionally, turbulent wave conditions can cause
excessive air pressure fluctuations within the air chambers, decreasing turbine efficiency
and reducing the overall energy conversion performance. As a result, while the WEC
can withstand harsh conditions, deploying it in excessively energetic sea states may not
always yield the best economic or operational outcomes. Instead, balancing wave energy
availability with operational stability is key to optimising overall efficiency and minimising
lifetime costs.

The project was evaluated over a 30-year lifetime, with a discount rate of 5% applied to
account for the time value of money. Decommissioning costs were identified as a significant
component of the OPEX for the wave energy system integrated with H, production. These
costs, which include the removal of equipment, restoration of the site, and safe disposal
of materials, have a considerable impact on the overall financial viability of the project,
emphasising the need for careful planning and budgeting throughout the system’s lifecycle.
This thorough examination of the wave energy system and its associated components high-
lights the intricate balance required between technological design, operational efficiency,
and cost management. By examining these elements in detail, the review aims to provide a
comprehensive understanding of how each component contributes to the LCOE, a critical
metric in evaluating the economic viability of renewable energy projects.

4.3. Hydrogen Production

Several Hy production technologies were reviewed, and when considering integrating
these technologies onboard a WEC, several critical factors must be addressed to ensure the
system’s efficiency and viability. The primary challenge lies in selecting technology that
can endure the relentless motion of the waves while efficiently utilising the limited space
available within the WEC structure.

Three primary water electrolysis technologies are commonly employed for H, pro-
duction: proton exchange membrane (PEM) water electrolysis, alkaline water electrolysis
(AWE), and solid oxide electrolysis cells (SOEC). Each technology is distinguished by its
operational temperature range, significantly impacting its energy efficiency and power
consumption. A summary of their operational ranges and energy efficiencies is provided
in Table 2. Although SOEC can be more energy-efficient per kilogram of H, produced, its
overall energy consumption is heavily influenced by the need to maintain higher operating
temperatures. This energy demand for SOEC is often offset by utilising waste heat from
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nearby factories and industrial processes, a strategy not feasible in this project, given its
offshore location in the middle of the ocean. Table 2 highlights the differences between the
three main types of electrolysers used today, including the energy consumption by each
system [34].

Table 2. Water electrolysis technology comparison [34,35].

Characteristic Alkaline Water Proton Exchange Solid Oxide
Electrolysis Membrane Electrolysis Electrolysis Cell
Efficiency (%) 60-80 80 >90
Operating Temperature (°C) 60-90 50-90 700-1000
Energy Consumption (kWh/kgH>) 50-75 50-83 40
Lifetime (h) 40,000-60,000 60,000-90,000 20,000-40,000
Technology Maturity Commercially Mature Commercially Mature Emerging

PEM electrolysis is particularly advantageous in offshore environments due to its
rapid response time and high efficiency under fluctuating power inputs. Its compact design
and ability to operate at higher pressures without needing an external compressor make
it a more practical solution for integration with a wave energy system. However, PEM
electrolysers require expensive materials, such as platinum group metals (PGMs), which
increase the capital cost. In contrast, AWE, one of the oldest and most commercially estab-
lished H; production technologies, benefits from lower material costs and long operational
lifetimes. Despite these advantages, AWE systems are less suited for offshore applications
due to their slower response time to dynamic power inputs and lower efficiency at partial
loads [36].

Recent advancements have been made in the realm of SOEC technology, particularly
by Doosan, which has developed an innovative solid oxide fuel cell (SOFC) stack capa-
ble of operating at lower temperatures with higher efficiency [37]. This technology has
demonstrated considerable promise, particularly in marine environments, where it has
passed rigorous environmental tests, proving its durability and performance even under
harsh conditions. Traditionally, SOECs are coupled with SOFCs to create a complete energy
storage and conversion solution within a single unit. While recent advancements in SOFC
technology, particularly in microstructural optimisation and low-temperature operation,
have shown promise in improving efficiency and durability, these developments remain
primarily relevant for stationary energy storage and conversion applications. Notably,
recent studies have explored the optimisation of electrode porosity, pore size, and grain
structure to mitigate degradation and enhance performance at lower operating temper-
atures (600-650 °C). However, despite these improvements, SOFCs still require stable
high-temperature conditions and remain impractical for dynamic offshore and marine Hp
applications [38].

Despite these advancements, SOEC technology remains an emerging solution and
is not yet as commercially mature as PEM and alkaline electrolysers, both of which are
more widely deployed for H, production. Although SOEC’s higher operating temperatures
are being gradually reduced with new material designs, they still pose challenges related
to material degradation and system longevity. As a result, its large-scale adoption is
contingent on further improvements in durability and cost-effectiveness. Furthermore,
SOEC technology is highly reliant on industrial waste heat recovery, an unfeasible approach
in this project’s context.

Given these constraints, PEM technology emerges as the most efficient and practical
choice for offshore applications. Its viability is further demonstrated by its adoption in
concurrent offshore energy projects, such as Energy Observer’s Odyssey, which also utilises
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PEM electrolysis. PEM electrolysers operate efficiently under dynamic load conditions,
making them well-suited for integration with wave energy systems where power avail-
ability fluctuates. It is important to consider the recent upward trend in electrolyser costs.
Although many studies and research papers suggest that the cost should decrease as the
technology matures and its utilisation increases globally, recent reports indicate a price
rise [39]. This cost trend emphasises the importance of ongoing research and development
to achieve cost-effective solutions for green H, production.

Space availability is another critical consideration, especially in the confined environ-
ment of a WEC. In this context, Bosch’s compact PEM electrolysis stack provides a robust
solution, measuring a volume of 85 cm x 100 cm x 153 cm, and is capable of producing
23 kg Hy /h [40]. This stack comprises numerous finely tuned cells that deliver 1.25 MW of
power while operating at pressures exceeding 30 bar. This eliminates the need for costly
auxiliary units in various applications. The stack demonstrates impressive efficiency, with
a beginning-of-life (BOL) efficiency of 65.3% and a peak efficiency of 76.3%, displaying its
prowess in energy conversion.

Another important process involved in the production of H; via seawater electrolysis
is desalination. As the electrolysers are made of precious materials such as PGMs (platinum
group metals), the water must be pure and desalinated before it can be converted into Hj.
Impurities commonly found in untreated water can severely damage these components,
decreasing efficiency and increasing operation costs.

Reverse osmosis is the most used method for desalinating seawater. The process
involves forcing water through a semipermeable membrane, which filters out salt and
other impurities, producing pure water suitable for electrolysis and leaving behind a
concentrated solution. Reverse osmosis typically operates at high pressures of up to
80 bar. The lifespan of reverse osmosis membranes typically ranges from three to five years,
necessitating periodic replacements, which add to the maintenance costs [41]. Furthermore,
operational costs are increased by the need for chemicals such as antiscalants, biocides,
pH-adjusting chemicals, and disinfectants to maintain the membrane and ensure the purity
of produced water.

The location of the WEC module can significantly influence the rate at which the
desalination system degrades, as different oceanic regions contain varying concentrations
of sediments and salts. These geographical differences in water quality must be carefully
considered when designing and deploying reverse osmosis systems to optimise their
efficiency and longevity. This could be further studied for the specific region of the Western
Coast of Europe, as it has not been done so here.

Direct seawater electrolysis has been considered a potential alternative to reduce
energy consumption in the desalination step. However, this method introduces additional
complications due to the degradation of the PGM materials in the electrolyser and the
production of unwanted byproducts. Seawater contains a complex mix of ion species,
sediments, microorganisms, and salts such as magnesium and calcium, which can accelerate
wear and tear on the electrolyser’s components and affect the purity of the H, produced.

For this project, reverse osmosis remains the chosen method for desalination. This
decision is based on the current technological readiness and the need to ensure the longevity
and efficiency of the Hy production system. While direct seawater electrolysis offers a
promising avenue for reducing energy use, technological and material challenges currently
limit its practical application. Further research and development could potentially make
this method more viable in the future, thus reducing the energy overhead associated with
H, production from WECs.

Integrating H, production technology onboard a WEC presents unique challenges
and opportunities. By carefully selecting the appropriate electrolysis technology and
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considering factors such as space availability, cost trends, and operational efficiency, it is
possible to develop a robust and efficient system that harnesses the power of the ocean to
produce green Hj, contributing to a sustainable energy future.

4.4. Hydrogen Storage

Various Hj storage technologies were reviewed based on their suitability for offshore
integration with WEC systems. Figure 7 illustrates the main categories of H, storage
types available, along with their corresponding technologies [21]. Storage systems were
evaluated for their resilience to marine motion and the space constraints inherent to offshore
deployment. Additionally, during peak wave conditions, when the WEC operates at
maximum capacity, Hy production may be suspended, similar to the measures taken by
energy production components during storms.
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Figure 7. Categorised hydrogen (H;) storage technologies into physical storage (CGHj,, LH;, CcHy)
and chemical storage (absorption with various metal hydrides).

H; storage falls into two main classes: physical storage and chemical storage. Physical
storage involves compressing the H, gas into compressed gaseous H, (CGHy), cooling the
gas into liquid H; (LHy), or a combination of both, known as cryo-compressed H, (CcH).
Physical storage often poses spatial challenges in compact marine settings. An alternative
approach is to utilise highly porous materials, such as activated carbon or metal-organic
frameworks, to physically adsorb H; gas at cryogenic temperatures (60-77 K).

Regarding chemical storage, Hy can be chemically absorbed into metal hydride mate-
rials, a particularly compelling option due to its space efficiency and compatibility with the
dynamic operational conditions of a WEC. By leveraging metal hydride storage, the Hp
storage system can be designed to optimise space utilisation while maintaining operational
robustness in the face of wave-induced motions. Metal hydrides provide compact and
vibration-resistant alternatives to traditional physical storage methods.

While specific metal hydrides have shown considerable promise for H; storage, it
is important to acknowledge that no material currently meets all the targets set by the
United States Department of Energy for onboard vehicular applications or at a relatively
high technology readiness level. Ongoing research and development efforts are focused
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on synthesising metal hydrides with favourable thermodynamics, fast reaction kinetics,
and high gravimetric Hy storage capacities to meet the stringent requirements for Hj
storage in intense motion structures and vehicular applications. Despite these advances,
no ideal metal hydride solution for these specific applications, including intense motion
structures like WECs, has been identified. Continued development is required before
marine deployment is feasible. Table 3 provides a brief overview of these technologies and
their respective gravimetric and volumetric capacities, offering insight into the decision-
making process for selecting the storage type [42]. Gravimetric capacity refers to the mass
fraction of Hj that can be stored relative to the total system mass, indicating how much
H, a storage medium can hold per unit weight. Higher gravimetric capacity values are
desirable, as they enable lighter storage systems and improve energy density by weight.
Volumetric capacity represents the amount of Hj stored per unit volume, reflecting how
compact the storage system is. Higher volumetric capacity values are also favourable,
since they allow more H; to be stored in a smaller space, which is critical for maritime and
large-scale storage applications.

Table 3. Comparison of typical H; storage technologies [42].

Technology Metal Hydrides LH, CGH,@350 Bar CGH,@700 Bar
Operating Variable on type —253°C Ambient Ambient

temperature

Gravimetric capacity
(Wt.%) 1-2 8-10 4-6 5-7
Volumetric capacity 100-150 70-100 2440 2845
(kg/m”)
. Mature and used in Mature and Mature and
Maturity level Less developed o o . .
specific applications =~ commercially used commercially used

Furthermore, the practical application of metal hydrides for H; storage involves
complex conversion methods. Upon heating, the stored hydrogen within the crystal lattice
structure is released in a gaseous state. This requires subsequent compression to achieve
liquefaction, a process that demands significant energy input. As a result, the efficiency
and economic viability of the solution are compromised.

Given these challenges, physical H; storage is the optimal storage medium for the
refuelling station onboard the WEC. It facilitates seamless transfer to passing ships and
compatibility with existing fuelling protocols. Liquid Hj is a more energy-dense fuel source
than compressed gas Hp; however, it is important to acknowledge the logistical challenges
associated with LH, storage. Liquid H; is considered an option due to its use on some
current Hy-powered ships. Hy’s extremely low boiling point of —252.87 °C necessitates
maintaining cryogenic conditions, which requires substantial energy input to sustain over
time. Due to the offshore location of the WEC, where ambient temperatures are lower, the
energy required to maintain Hj in its liquid state could be reduced, warranting further
investigation [43].

Liquid H; also has a wider flammable limit range, a lower boiling temperature, and
a lower flash temperature, leading to higher risks of fire and explosion. Therefore, it is
imperative to consider these characteristics when determining the fuel source for ships [44].
In theory, LH; can address longer-range limitations; however, currently, its production
capacity is low, and there is a lack of fuel infrastructure [45]. Boil-off losses from cryogenic
storage require mitigation strategies. In that case, some gaseous H, may need to be vented
to prevent pressure buildup, a process known as boil-off. However, various systems are
used to minimise this H, loss.
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In another scenario, the use of compressed Hj is also considered. This analysis aims
to examine the advantages and drawbacks of each method, primarily because the majority
of the transport industry using Hj, including cars and trucks, utilises compressed Hy. The
comparison is crucial because the technology readiness level for liquid H; storage remains
relatively low, while compressed H, technology has been well-established and mature for
many years. Storage tanks in vehicles must withstand high pressures and be able to store
H; without leakage; typically, FCEVs store Hj at either 350 or 700 bar.

Similar to the liquefaction process used to achieve LH;, H, must undergo compression
to achieve a higher pressure, which is then used as fuel for FCEVs. Again, this process takes
energy, although not on the same scale as liquefaction. Hy produced from a PEM electrolyser
is typically at low pressure, between 1-30 bar, and must be significantly compressed to
reach 350 bar or 700 bar, the pressures used for CGH,. This compression begins with multi-
stage compressors, such as reciprocating or diaphragm compressors, which gradually
increase the Hy pressures in stages. In the first stage, Hj is typically compressed to a
pressure of around 100-150 bar. Since compressing H, generates heat, the gas is cooled
between each stage using intercoolers to improve efficiency and prevent overheating. The
H, then undergoes further compression stages, with each stage incrementally increasing
the pressure. For 350 bar, H; typically passes through 3 to 5 stages, while reaching 700 bar
may require up to 7 stages. Compressing to 700 bar is more energy-intensive and requires
more sophisticated equipment that can withstand the stresses of high-pressure H;. After
compression, the Hj is stored in high-pressure tanks made of advanced materials, such as
carbon fibre composites, designed to safely contain the high-pressure gas. CGHj is highly
flammable and requires stringent safety measures for handling and storage, similar to LHp;
however, the technology already has safety standards in place to mitigate these risks.

Although this study qualitatively discusses H, storage safety, boil-off losses, and
compression energy requirements, a quantitative risk analysis was not performed. Such an
assessment would require probabilistic modelling of leak events, ignition scenarios, and
lifecycle safety costs, which falls beyond the present techno-economic scope. Future work
could incorporate these aspects to estimate risk-adjusted costs or safety indices for different
storage methods.

This project selected three Hj storage technologies for further exploration: liquid Hy,
compressed gas Hj at 350 bar, and compressed gas H; at 700 bar. These options were chosen
based on their technical maturity and compatibility with maritime applications. Metal
hydrides, while considered a promising technology for H, storage, have been excluded
from this analysis due to current limitations for maritime use. By focusing on LH,, CGH,
at 350 bar, and CGHj; at 700 bar, this project aims to evaluate the most viable options for
decarbonising maritime transportation.

4.5. Proposed System, Levelised Cost of Electricity (LCOE), and Levelised Cost of Hydrogen (LCOH)

LCOE and LCOH are calculated separately. The need for a clear, step-by-step evalua-
tion of each system component drove the decision to separate the calculation of the LCOE
and the LCOH. By first calculating the LCOE independently, the cost factors associated
solely with wave energy conversion could be isolated, providing a detailed understanding
of the energy production’s economic dynamics. This separation ensures that the energy
input cost is accurately reflected when determining the LCOH, allowing for a more precise
analysis of the H, production process. Additionally, this approach provides a better focus
on the specific costs, efficiencies, and technological factors unique to each stage of the
system, ultimately enhancing the clarity and accuracy of the overall economic assessment.

Figure 8 provides a comprehensive overview of the various scenarios meticulously
considered within the analysis. It presents the detailed flow of the process from wave
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Figure 8. The proposed system with the different storage technologies considered.

The evaluation of the LCOE and the LCOH was a comprehensive process that involved
detailed data collection and analysis. This assessment included gathering information on
CAPEX related to the WEC components, water electrolyser, storage tanks, desalination
system, and either the liquefaction or compression systems. OPEX and energy output data
were also meticulously compiled to assist in these calculations.

The approach involved separating the system’s energy conversion to first calculate
the LCOE for the wave energy conversion process, which was then used as an input for
calculating the LCOH. This method allows focusing on the energy cost as a distinct aspect
of the system before incorporating it into the total Hy production cost, ensuring clarity
in assessing each component’s contribution. While alternative approaches exist, such as
calculating the LCOH for the entire system at once, separating the energy production and
H; production processes allows the cost factors to be specific to each stage.

The annual energy production was estimated using key parameters obtained from
the location analysis, such as wave power density and water depth at each proposed site.
This figure was crucial in calculating the LCOE, which is derived by summing the CAPEX
and OPEX and then dividing these by the annual energy output. This resulting LCOE
value was subsequently used as a crucial input in the LCOH calculations. For the LCOH,
the combined CAPEX, OPEX, and LCOE totals were calculated specifically for the Hy
production process.

Several critical factors influence the LCOH, including the type of storage technology
employed, the pressure levels managed by the electrolyser system, and the duration of Hp
storage. Each factor has significant implications for the electrolyser’s power class and the
required sizes of the storage tanks.
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An additional critical aspect of this analysis was the breakdown of energy require-
ments. To effectively allocate power for H, production and determine the optimal size
for the electrolyser, a detailed analysis of energy demands for each component of the Hp
process was conducted. This analysis considered the energy needed for initial H, produc-
tion, daily storage, the liquefaction or compression processes, and the desalination system,
which varied significantly based on the chosen storage type. The distribution of energy
dedicated to Hy production varied across different storage solutions. Liquid H, systems
typically left the least amount of energy available for production, while CGH; at 350 bar
provided the most.

By integrating these detailed financial and technical evaluations, the study provides
a nuanced understanding of the economic and operational dynamics associated with
integrating H, production into wave energy systems. This comprehensive approach
ensures that all relevant costs and energy factors are considered, paving the way for
informed decision-making regarding the deployment of these technologies.

5. Techno-Economic Assessment

This section provides a comprehensive economic assessment of the system, evaluating
both capital and operational expenditures to determine the cost-effectiveness of integrating
wave energy with H, production. The analysis considers key financial metrics, including
the annual energy production of the WEC system, the OPEX required for maintenance
and system operation, and the energy consumption necessary for H, production. By
systematically assessing these factors, the study determines the LCOE as a foundation
for understanding the financial feasibility of wave-to-hydrogen conversion. The insights
gained from this analysis are then extended to the calculation of the LCOH, ensuring that
both the economic and technical aspects of the system are holistically evaluated.

5.1. LCOE Assessment

The CAPEX for the WEC are predominantly driven by the costs of its components.
Detailed in Table 4, the breakdown of these costs reveals significant investments, partic-
ularly due to the design choice of a dual-chamber oscillating water column. This design
incorporates two turbines and two generators, thereby inherently increasing the overall
financial outlay.

The turbines employed in this project are impulse turbines. However, accurately
estimating the cost of these turbines is challenging due to the proprietary nature of the
technology, which many manufacturers prefer to keep confidential. For this analysis, the
turbine cost estimation was derived from a similar project involving an offshore wind
farm, as documented by Hill et al. [9]. Their research suggested that a turbine costs
approximately 1400 €/kW, meaning the 1 MW WEC in this project would cost 1.4 ME€.
This analysis considered a 1 MW WEC instead of a larger farm to focus on understanding
the Hy production potential at the individual unit level. This approach enables a detailed
assessment of the Hy generation potential using the proposed WEC system, providing
a foundational understanding of its economic and operational viability before scaling
up to larger arrays or farms. As this is a double-chamber oscillating WEC, the double-
impulse turbines are included in the projected cost. Another way to estimate the cost of
the turbines is to use hydropower turbines. According to a study conducted by Paish, the
expenses for small hydro projects tend to range from 2500 to 3000 €/kW [46]. Although this
scenario presents a higher cost, it provides a conservative estimate for financial planning.
However, since this range is considerably higher and may seem excessively costly for
impulse turbines, the lower value from the offshore wind farm analogy was ultimately
used for more pragmatic calculations.
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Furthermore, the costs associated with the generators and control systems were es-
timated using data from the 2022 Renewable Energy Power Generation Costs report by
IRENA [47]. According to this report, a medium-range generator would cost approximately
600 €/kW, totalling 600,000 € for the necessary generator capacity. Additionally, the costs
for mooring lines and steel housing were calculated based on information provided in a
report by Wave Energy Scotland, which outlines the expenditures for large-scale WECs.

Table 4. Capital expenditures (CAPEX) regarding the dual-chamber wave energy converter (WEC).

Component Costs Unit Source
Impulse Turbine 1,400,000 € /turbine [9]
Generator (600 €/kW) 600,000 €/generator [47]
Mooring cost per metre 200 €/m [33]
Control System 400,000 € [47]

Steel Cost per Tonne 3000 €/tonne [33]

Total Steel Housing 900,000 € authors’ estimation

The financial analysis of the BoP components for the WEC is crucial in understanding
the total capital requirements for deploying a 1 MW capacity WEC. This analysis method-
ically breaks down the costs associated with project development, monitoring systems,
installation labour, and turbine installation, all calculated on a cost-per-kilowatt basis to
provide a standardised approach to financial planning and budgeting. These calculations
are based on the same study by Hill et al., which estimates the costs for wind turbine
installation, as shown in Table 5 [9].

Table 5. Balance of plant cost estimates for the WEC [9].

Factor Cost (€/kW)
Project Development 252
Monitoring System 63.2
Installation Labour 772
Anchor (€/unit) 15,000

Following the core component costs were the expenditures related to the anchoring
system, comprising the anchor itself and the anchor cable. The cost of the anchor was
estimated based on an assumption of its weight at 6 tonnes, priced at 2.5 €/kg. This
assumption was based on standard industry practice for similar marine installations,
where a 6-tonne anchor is considered sufficient to ensure stability under the expected
environmental loads, such as currents and wave forces. For the anchor cable, calculations
were premised on a diameter of 0.1 m. Using the density of steel and the specific water
depth, a formula was applied to determine the additional cable length required beyond
the direct distance. This extra length serves as a safety measure, allowing for some slack
to accommodate movement and prevent the anchoring system from snapping under
tension, thereby ensuring its integrity and durability. The calculated cost for the steel cable
considered these factors to arrive at a total projected expense.

Marine transport expenses were derived from models and data provided by Wave
Energy Scotland. For operational planning, the speed of the AHTS vessel, which is 5 knots,
ca. 10 km/h, was considered. The total travel time to the installation site was estimated
by dividing the journey’s distance by the vessel’s daily travel capacity, resulting in an
estimated number of days required for transit. To this figure, two days were added as
a buffer to account for potential delays during the installation period. The total number
of days calculated for the round trip was then multiplied by the daily operational cost
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of the AHTS. Additionally, an extra 10% was factored into the overall costs as a weather
contingency to accommodate potential delays or operational adjustments due to adverse
marine conditions. This approach yielded a comprehensive estimate of the total cost for
marine transportation, encompassing both the logistical and financial planning required to
ensure the timely and efficient delivery and installation of the WEC components at the site.
In addition to the initial setup and operational components, the CAPEX for the WEC
also encompass transportation and decommissioning costs. According to research con-
ducted by Guo et al., these costs are quantified in €/kW [48]. Specifically, the decommission-
ing costs are estimated at € 420/kW, accounting for approximately 10% of the total CAPEX.
It is important to note that these costs vary based on the project’s location, as different
environments and logistical challenges can significantly influence overall expenditure.
Regarding OPEX, insights from a report by Michael O’Connor highlight that wave
energy projects typically incur an OPEX of 24 €/kW per year [49]. Applying this standard
rate to the specific WEC project results in an estimated operational cost of € 720,000 over the
project’s expected lifetime (Table 6). This estimation provides a baseline for budgeting the
regular costs associated with operating the WEC, including maintenance, management, and
routine repairs, which are essential for ensuring the installation’s longevity and efficiency.

Table 6. OPEX breakdown of the WEC.

Parameter Cost (€) Source
Dry Docking 1,000,000 [50]
WEC OPEX 720,000 [49]
Decommissioning Costs 420,000 [48]

Alongside other expenses, the costs associated with dry docking are a significant
consideration. Based on a study by Agamemnon et al., the cost of a dry-docking operation
in 2007 was approximately 370,000 €, which, adjusted for inflation, amounts to about
700,000 € today [50]. However, it is important to note that this figure pertains to much
larger shipping vessels than those involved in this project. Agamemnon et al. primarily
focused on container ships with capacities of 1000 TEU, each TEU being a standard unit with
internal dimensions of 20 feet long, 8 feet wide, and 8 feet tall [44]. Given the smaller scale
of this project, a tailored estimation is required for dry docking costs. Therefore, the cost
was adjusted downward to more accurately reflect this vessel’s size and scope, estimating
the dry-docking cost for a small vessel in this project to be approximately 200,000 € per
operation. Over the project’s lifetime, this equates to a total of around 1 M€. Although
this may still represent an overestimate, it provides a conservative figure that ensures
financial prudence and buffers against unforeseen expenses, offering a safer approximation
for financial planning and budgetary allocations.

Calculating the annual energy production (Equation (1)) is a pivotal element in deter-
mining the LCOE for the WEC. A thorough understanding of the wave power density at
the specific deployment location is crucial to this calculation. Cabo da Roca in Portugal was
initially identified as a potential site due to its favourable marine conditions. According
to an extensive literature review, the wave power density in this region is estimated to
be approximately 35-40 kW /m. This metric reflects the power available per metre of
wavefront and is vital for assessing the WEC's total annual energy output.

Hours

E = Poutput X Width X Ef ficiency x (1)

Year

Within Equation (1), Pousput is the wave power density (45 kW /m). The width of the
WEC is based on the dimensions provided by Company A, which is 25 m [51]. The primary
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efficiency of the WEC is 70%, reflecting the efficiency of wave energy capture and conversion
to pneumatic power (compressed air energy confined within the chambers of the OWC
device) by the system before any power conditioning or electrical conversion processes
occur. The Power Take-Off (PTO) efficiency, which refers to the combined efficiency of the
turbine and electric generator, is 55% in this study. This PTO efficiency encapsulates the
turbine’s capability to convert the pneumatic power of the air trapped inside the chambers
into rotational energy, and the generator’s ability to convert this rotational energy into
electrical energy. Additionally, the exploitation factor, which represents the operational
availability and reliability of the WEC, accounting for downtime due to maintenance,
suboptimal sea conditions or other natural phenomena, is 95%. Consequently, the total
overall efficiency of the WEC system, which combines these factors, is calculated to be
36.6%. Capacity factor, another critical performance metric, further contextualises these
efficiencies within the operational environment of the WEC. It is defined as the ratio of
the actual energy produced over a period to the energy that would have been produced at
continuous full power operation during the same period. As highlighted in studies such
as those conducted on the Mutriku wave farm, the capacity factor significantly influences
the overall energy output and economic viability of wave energy systems, underscoring its
importance in assessing WEC performance alongside other efficiency metrics [52].

It is also worth mentioning that, in addition to factors such as the need for maintenance
operations, sub-optimal or survival conditions that cause energy production interruptions
and affect the capacity factor of WECs, specific concerns exist for OWCs, including the
effects of air humidity, which can further reduce system performance and suppress annual
energy production. According to Medina-Lopez [52], air humidity can significantly impact
energy output under certain conditions. This effect has not been explicitly accounted for in
the estimated annual energy production of the FOWC device in this study, as it requires a
dedicated investigation to accurately assess its impact. However, general considerations of
factors such as maintenance operations and the effects of air humidity on energy production
have been incorporated through an assumed capacity factor of 0.95. In this context, future
studies may possibly be conducted to refine this estimation, ensuring a more precise
capacity factor and a more accurate assessment of annual energy production.

There are 8760 h in a year. This calculation yields an annual energy production
of 3604 MWh/year (44 x 25 x 0.70 x 0.55 x 0.95 x 8760). To determine the average
hourly energy output, this value is divided by the total number of hours in a year
(365 days x 24 h = 8760 h), resulting in an average energy production of 411 kWh per
hour. This final value accounts for all efficiency adjustments, including the capacity factor,
conversion losses, and downtime considerations.

To calculate the total energy produced by the WEC over its 30-year project lifetime,
the annual energy output (in kWh) was first estimated based on the WEC’s operational
parameters. This annual energy was then multiplied by 1000 to convert into watt-hours,
ensuring unit consistency. To account for the time value of energy production over the
project’s lifespan, a discount rate of 5% was applied. The total lifetime energy is then
calculated using Equation (2) [53].

—n
Total Energy Over Lifetime = Annual Energy x (1(1:—7/)> )

Finally, the LCOE for the project was calculated to provide a comprehensive financial
assessment of the WEC’s viability. The LCOE is then calculated using Equation (3),

Total CAPEX + Adjusted Annual OPEX

LCOE =
co Total Energy Over Lifetime

)
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where r is the discount rate (i.e., 5%) and n is the project lifetime (30 years) [9]. This formula
effectively discounts future energy outputs to their present value, similar to how financial
costs are adjusted in economic evaluations. Using this method, the total energy output over
the project’s lifetime is accurately represented, taking into account the diminishing value of
future energy production due to the 5% discount rate.

To calculate the LCOE, the model incorporates both the CAPEX and the OPEX over the
project’s lifecycle, typically set at 30 years. To accurately sum these costs, the time value of
money is accounted for using a discount rate, ensuring that future costs are represented in
present-value terms. The total OPEX is spread across the 30-year project lifespan. To achieve
this, the annual OPEX is adjusted using Equation (4), which considers the discount rate.

—n
Adjusted Annual OPEX = Annual OPEX x (1(1;”)> @

This approach ensures that OPEX costs are represented as a present value sum, ad-
justed for the effects of time and the discount rate. The adjusted OPEX is then added to the
CAPEX to compute the total cost over the project’s life. This sum is then divided by the
total energy output over 30 years to derive the LCOE. By using this method, both CAPEX
and OPEX are appropriately accounted for over the project’s lifespan, allowing for a more
accurate representation of the levelised cost, which reflects the influence of time, OPEX,
and the discount rate on the overall economic analysis. In the case of Cabo da Roca, the
total CAPEX was calculated to be 6,980,332 €.

The LCOE encapsulates the average cost per unit of electricity generated, factoring in
all costs associated with the project from inception through decommissioning, divided by
the total energy output. This metric is crucial for evaluating the economic viability of the
wave energy project in comparison to alternative energy sources and for making informed
decisions about investment and development in renewable energy technologies. The result
of this calculation will inform future strategies regarding project scaling, potential return
on investment, and competitive pricing in the energy market.

5.2. LCOH Assessment

Following the computation of the LCOE, the LCOH was calculated. Several foun-
dational assumptions were required, including the project’s projected lifetime and the
applicable discount rate. While the project’s lifetime is expected to span 30 years, that
does not necessarily apply to the electrolyser system, which necessitates its own specific
lifetime assessment.

Full load hours refer to the time an electrolyser operates at its maximum rated capacity
over a specific period, in this case, a year. According to Agora, the electrolysers for green
H; production should operate at about 3000-4000 h per year, as they rely on electricity from
inexpensive renewable energy [54]. For the calculations of this project, 4000 h are taken as
the full load hours.

The stack lifetime of PEM electrolysers typically ranges from 60,000 to 80,000 h [55].
This range is supported by industry reports, such as the IEA Global Hydrogen Review
(2023), which indicates that modern PEM electrolysers, particularly when operated un-
der optimised conditions and with proper maintenance, can achieve lifetimes of up to
80,000 h [11]. The cost of replacements is 35-45% of the total system capital costs (referring
only to the Hy production in the water electrolyser and not the whole WEC module). This
estimate aligns with industry and academic studies, which indicate that stack replacement
costs typically constitute 30-40% of electrolyser CAPEX, depending on technology type
and degradation rates. Reports support these cost assumptions, reinforcing the significance
of stack replacement expenditures in long-term Hj production economics [11]. Assuming a
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stack lifetime of 80,000 h, the stack would need to be replaced every 15 years with a full load
of 4000 h, meaning it would be replaced once during the 30-year project lifetime. Table 7
provides the initial parameters used in the analysis, including the discount rate, project
lifetime, stack lifetime, energy consumption and stack replacement costs as a percentage of
the electrolyser system’s CAPEX.

Table 7. Key assumptions for the hydrogen (H;) system.

Parameter Value
Discount Rate (%) 5.00
Project Lifetime (years) 30
Lifetime Stack (hours) 80,000
Specific Energy Consumption (kWh/kgH;) 55
Full Load Hours (hours) 4000
System Pressure (bar) 1 to 30
Compressor Efficiency (%) 80
Stack Replacement Costs (% of CAPEX) 35

Furthermore, the specific energy consumption of the electrolyser is significantly influ-
enced by its operational pressure. It is crucial to specify the system pressure, as operating
conditions below 30 bar can introduce inefficiencies, including higher overpotentials, in-
creased bubble resistance, and suboptimal membrane conditions, all of which increase
energy consumption. Conversely, operating the PEM electrolyser above 30 bar can mitigate
these issues, enhancing the system’s overall efficiency and reducing the specific energy
consumption to an assumed optimal value of 55 kWh/kgH,. Equation (5) depicts the
energy consumption when the inlet pressure is below 30 [38].

L_HCR) 1

cx T P, (Trcx
E _ amb inlet ] 27
nergy Consumed Total Ef ficiency X <P0utlet x 0.000278 )

The parameters used to calculate energy consumption for pressures below 30 bar are
as follows: the outlet pressure is 30 bar, the heat capacity ratio (HCR) is 1, and the system’s
total efficiency is 80%. The ambient temperature (T,py) is 298 K, and the heat capacity
(c) of Hy is 14 k] /kgH,. With an inlet pressure of 1 bar, the energy demand increases by
2.4 kWh/kgHy, resulting in a total of 57.434 kWh/kgH,.

The assumed system efficiency of 80% corresponds to the nominal performance of a
PEM electrolyser operating under stable conditions. In practice, however, the efficiency of
electrolytic Hy production varies with the intermittency of renewable power and tends to
decline gradually due to membrane and catalyst degradation. Studies indicate that long-
term degradation can reduce efficiency by approximately 0.5-1% per year, while variable
loading from fluctuating wave energy can lower the lifetime-averaged efficiency to around
73-76% [56]. A constant efficiency was therefore adopted here to maintain consistency
across scenarios and isolate the effects of wave resource variability on cost. Nevertheless,
incorporating a lifetime-averaged efficiency would likely increase the overall LCOH by
4-7%, a refinement recommended for future dynamic modelling efforts.

The H; system’s CAPEX was then procured by adding different components, including
EPC costs, compressor costs, storage costs, reverse osmosis system costs, and electrolyser
costs. According to Hill et al., a PEM electrolyser costs ca. 2000 €/kW [9]. All these costs
are detailed in Table 8. The resulting CAPEX was dependent on the storage type and the
system’s pressure, all of which were taken into account by the model itself.
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Table 8. CAPEX costs of H, systems.

Component Value Source
Engineering, Procurement, Construction Costs (% of CAPEX) 30 [54]
Compressor Costs (€/kW) 1000 [54]
LH, Storage (€/kgH>) 1500 [11]
CGH; 350 bar Storage (€/kgH>) 300 [57]
CGH; 700 bar Storage (€/kgH5) 600 [57]
Reverse Osmosis System (€) 8000 [58]
Electrolyser System (€/kW) 2000 [9]

The cost of desalination is based on a small-scale system. According to data
from EST Water Products, a compact reverse osmosis system capable of processing
approximately 5000 gallons (or 18,927 L) per day measures 30 in x 38 in x 47 in
(76.2 cm x 96.52 cm x 119.38 cm) and has a maximum price of about 6900 € [54]. Al-
though the maintenance and chemical cleaning requirements of reverse osmosis systems
can represent a notable share of OPEX in large desalination plants, their contribution here
is minimal due to the small feed-water demand. The maximum freshwater requirement
for Hy production is about 3 m3/day, corresponding to a maintenance and chemical cost
of only 0.05-0.15 € m 3 [59,60]. This equates to roughly 50-100 €/yr, or less than 0.01% of
the total annual operating costs, confirming that desalination maintenance has a negligible
influence on overall techno-economic results.

While this system is designed to produce a volume of water that exceeds the needs
of a1 MW PEM electrolyser, it provides a useful benchmark for setting a maximum price
threshold in the LCOE analysis. It is important to note that the capacity required for
this project’s electrolyser will likely be less than 500 kW. This consideration enables the
appropriate scaling of the desalination system, ensuring that investment in capacity aligns
with operational requirements.

This strategic sizing not only helps optimise the investment in infrastructure but also
aligns the operational output with the project’s energy production capacities. Budget
management can be effectively controlled by using the cost of a relatively larger system as a
price cap, potentially driving down the CAPEX if a smaller, less expensive desalination sys-
tem that meets the project’s needs can be identified. Such financial prudence is essential to
maintaining the project’s overall economic viability, ensuring that the desalination process
contributes positively to the sustainability and efficiency of the H, production operation.

Following the CAPEX calculations, the OPEX had to be calculated. This encom-
passes several critical components, each contributing to the overall cost structure of the
H, production process. The general OPEX for the H; production system is estimated at
51 €/kW per year [9]. This cost covers the routine operation and maintenance of the Hp
production equipment, including the electrolyser and associated systems. It reflects the
ongoing expenses required to keep the H, production process running efficiently over the
project’s lifespan. This figure is crucial for calculating the overall LCOH and ensuring that
the project remains economically feasible.

Beyond the base OPEX, specific costs are associated with the liquefaction and com-
pression of Hy, depending on the chosen storage method. The liquefaction process, which
converts gaseous Hj into its liquid form to increase storage density, incurs a cost of
3 €/kgH, [11]. Additionally, the storage cost for maintaining Hj in its liquid state over
a year is 0.364 €/kgH,. While not as impactful on OPEX, it must still be included in the
overall financial calculations to ensure a comprehensive cost assessment.

Compression costs also vary depending on the required storage pressure. The cost of
H, compressed to 350 bar is 1.5 €/kgHj,, while the compression to 700 bar, which requires
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more sophisticated equipment and a higher energy input, is 2 €/kgH, [57]. Furthermore,
each compression level incurs its respective annual storage costs, 0.004 €/kgH, for 350 bar
and 0.013 €/kgH, for 700 bar [61]. Again, although these additional storage costs are
relatively small, they are important to include in the overall OPEX to provide an accurate
and complete financial picture of the Hy production system.

Finally, the LCOH is calculated, integrating the CAPEX, OPEX, and electricity costs, all
expressed in €/kgH,. Equation (6) displays the total OPEX calculation specifically tailored
to the chosen storage technology and system pressure [53]. It is essential to note that while
the LCOH is determined per kilogram of Hj, the total Hy demand and, consequently, the
required storage volume will be assessed later to ensure they fit within the available space
of the WEC. This spatial consideration is not factored into the current LCOH calculation.

Gen.OPEX x SEC + Storage Costs < Cr ©)
Full Load Hours lig/ comp

Total OPEX = (

The general OPEX is multiplied by the SEC (specific energy consumed) and added to
the storage costs, which are then divided by the full load hours to distribute the annual stor-
age costs over the total amount of H, produced during those operational hours, ensuring
that the cost per unit of H, accurately reflects the operational capacity of the system. The
liquefaction and compression costs (Ciig/comp) are not divided by the full load hours because
these costs are typically variable and directly proportional to the amount of H, produced,
rather than fixed annual costs like storage infrastructure expenses. This distinction enables
an accurate breakdown of costs based on their nature (fixed vs. variable) and their impact
on Hj production economics.

The electricity costs are derived by multiplying the LCOE by the specific energy
consumption associated with the system’s operating pressure. This figure is then combined
with the CAPEX and OPEX to arrive at the final LCOH for the given location, as shown
in Equation (7) [53]. Electricity costs constitute the largest portion of the total cost of
Hj production, underscoring the critical role of energy efficiency in the project’s overall
economic feasibility. In the case of Cabo da Roca, the OPEX costs amount to 2.23 €/kgHo,
the CAPEX sums to 0.46 €/kgH,, and the electricity costs are 8.70 €/kgH,, resulting in a
total LCOH for Cabo da Roca of 11.39 €/kgH,.

LCOH = Total OPEX + Total CAPEX + Total Electricity Costs (7)

An essential aspect of this analysis is determining the H, demand to assess how much
Hj can be stored within the WEC. This step is crucial for understanding the storage capacity
requirements and ensuring that the system design can accommodate the necessary volume
of Hy. However, it is important to note that this storage capacity evaluation does not
directly impact the LCOH. The LCOH is calculated per kilogram, providing a holistic view
of the cost of H, production regardless of the total volume stored. This approach allows
for a clear understanding of the economic viability of H, production, independent of the
specific storage capacity constraints of the WEC.

Another complexity of integrating the Hy production system with the WEC is the
effective distribution of the energy produced by the WEC across the H, subsystems. This
distribution is influenced by the type of H; storage used and the duration for which the
H, is stored. For instance, in the case of liquid Hj, a significant portion of energy must be
allocated not just for liquefaction but also for maintaining the H in its liquid state. Figure 9
illustrates the energy and water flow across the WEC and Hj systems, with power being
distributed to the desalination system, electrolyser system, storage, and either compression
or liquefaction.
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Figure 9. Flow diagram of a WEC system powering desalination and Hj production, with subsequent
H, systems, with green representing energy flow and blue representing water flow through the
system. Depending on the type of H, storage, energy can be directed to either liquefaction and
cryogenic storage or compression and maintained pressure storage.

A baseline energy allocation has been set for the control, emergency, and communi-
cation systems, which are critical for the safe and efficient operation of the WEC. These
allocations are fixed at 5% and 1% of the total energy output, respectively, leaving 94% for
the remaining subsystems.

The energy requirements for each storage system have been calculated based on data
extracted from an extensive literature review. The energy calculation is particularly detailed
for desalination, essential for ensuring the purity of water used in H, production. It is based
on the assumption that desalination consumes approximately 3.5 kWh for every cubic metre
of water processed. Considering that one cubic metre equals 1000 L and that only 9 L of
water are required to produce one kilogram of Hj, the energy expenditure for desalination
translates to a mere 0.0315 kWh/kgH,. Table 9 presents the breakdown of each component
of the H, system and its corresponding energy requirements per kilogram of H.

Table 9. Required energy (in kWh/kgH,) for each component of the H; system.

Component of H, System Energy Consumed (kWh/kgHj>) Source
Production 55.0 [62]
LH, Storage per Day 0.0119 [61]
Liquefaction 13.3 [63]
Compression 350 bar 2.23 [61]
350 bar Storage Per Day 0.460 [61]
Compression 700 bar 4.00 [64]
700 bar Storage Per Day 1.38 [61]
Desalination 0.0315 [65]

Table 10 below provides a detailed breakdown of the energy allocation for each
H, storage type, along with its respective components. 94% of the energy produced,
excluding that allocated to control and emergency systems, is further divided according
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to the specific energy requirements for each storage type, as outlined in the previous
table. This distribution strategy ensures that each component of the H, production process
receives an adequate amount of energy to function efficiently while also accounting for
the varying demands of different storage types. Notably, LH, storage systems allocate the
least amount of energy for production due to the high energy demands of liquefaction
and maintaining H; in a liquid state. In contrast, CGH, systems have the most energy
available for production, reflecting their lower energy requirements for compression and
storage. This tailored approach to energy allocation is designed to optimise the overall
efficiency of the Hy production system and maximise the output from the energy harvested
by the WEC.

Table 10. Energy distribution between the three storage types (LH,, CGH; at 350 bar, and CGHj at
700 bar).

Liquid H, CGH; at 350 Bar CGH, at 700 Bar
H, Production 75.65% 90.29% 87.58%
CGH,; Storage - 0.0007% 0.0021%
Compression - 3.66% 6.37%
LH,; Storage 0.02% - -
Liquefaction 18.29% - -
Desalination System 0.04% 0.05% 0.05%
Control System 5.00% 5.00% 5.00%
Emergency & 1.00% 1.00% 1.00%

Communication System

Finally, after determining the amount of energy allocated to Hp production, the next
step is calculating the appropriate power class for the electrolyser and the maximum H
output in kilograms. This calculation is based on the capacities of current PEM electrolysers,
specifically referencing data from the Handtmann 1 MW electrolyser datasheet [66]. The
daily Hy production can be accurately estimated using a straightforward proportional
relationship between the energy input and the electrolyser’s capacity.

Once the daily H; production rate is established, the next consideration is the storage
requirement, which varies depending on how long Hj needs to be stored. Three storage
scenarios are considered: 2 weeks, 1 month, and 2 months. The size of the H; storage
tanks will be directly influenced by these periods. The longer the storage duration, the
larger the tank capacity needed to accommodate the cumulative H, production over that
period. This approach ensures that the system is designed with flexibility in mind, allowing
for the storage of adequate H, volumes based on specific operational needs and periods,
while also optimising the efficiency and cost-effectiveness of the overall H, production and
storage system.

The H; demand is calculated using the following parameters: 311.3 kWh of energy
is dedicated to Hy production, assuming the storage technology is LHj, and the energy
produced from Cabo da Roca is 411.5 kWh. The power class of the electrolyser is 400 kWh,
determined by rounding the energy dedicated to H; to the nearest 100. A 1 MW PEM
electrolyser can produce 528 kg of Hy per day, based on Handtmann, and it is proportional
to the lower power classes of electrolysers, so for this specific configuration, 211.2 kg of Hp
per day will be produced [66].

Given that the WEC allocates a 10 m x 10 m x 5 m space (500 m?) for H, production
systems, it is essential to calculate the remaining space available for H, storage after
accounting for the required equipment. This includes the dimensions of the electrolyser,
desalination system, compression system, and liquefaction system. Conversion values were
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used to determine the volume of Hj, based on the storage technology, with the compressed
gas calculated using the ideal gas law.

The calculations for determining space availability for the storage of CGH, and LH,
are based on the following parameters: the electrolyser (1 MW) occupies 1.16 m? [40], while
desalination requires 0.88 m> [58], and compression takes up 0.48 m® [67]. The liquefaction
system dimensions were not specified but were assumed to be 1.5 m x 1.5m x 1.5m for
safety calculations.

After allocating space for the necessary systems, the remaining volume available for
H, storage is 497.48 m® for compressed H, and 494.58 m? for liquid H,. Converting these
volumes into the equivalent kilograms of H, can give a clearer understanding of the storage
capacity for each technology at each location. This calculation is crucial for determining
how much Hj can be stored within the WEC, ensuring that the design accommodates the
necessary storage requirements while optimising the overall efficiency and functionality of
the Hy production system.

Evaluating the techno-economic feasibility of integrating wave energy and H; produc-
tion requires a structured approach that accounts for multiple interdependent parameters.
Instead of utilising a fully automated computational optimisation algorithm, this study em-
ploys a systematic manual evaluation model to iteratively assess LCOE, LCOH, and system
design feasibility. Given the complex interdependencies between site selection, infrastruc-
ture costs, electrolyser operating conditions, and H; storage methods, a purely algorithmic
optimisation would struggle to capture the full scope of design trade-offs effectively.

Following the calculation and organisation of LCOE and LCOH values in an Excel-
based model, a structured, systematic evaluation was applied to further refine the analysis.
This model incorporated multiple data points, each representing a different location with
specific water depth and wave power density, as identified in the location analysis. The
primary objective of this process was to identify the most advantageous sites for wave
energy conversion, balancing the cost of electricity and H, production against local en-
vironmental conditions. Decision variables, such as location selection, water depth, and
wave power density, were systematically assessed. Constraints were applied to exclude
sites exceeding 2000 m in depth, where mooring and installation costs would become
prohibitively expensive.

By integrating numerical filtering techniques with a stepwise feasibility assessment,
the model ensured that site selection was guided by technical requirements, cost con-
siderations, and energy efficiency metrics. This iterative feasibility approach allowed
for a comprehensive comparison of LCOE and LCOH values across multiple locations,
providing a structured framework for identifying the most cost-effective and energy-
efficient deployment options. The process ensured that selected sites met the technical
requirements for WEC deployment while maximising the project’s economic viability and
operational efficiency.

6. Results and Discussion

This section presents and discusses the results for the selected location, including the
LCOE and LCOH for each site. From over 4500 points analysed, only 16 were suitable for
the imposed restrictions. As mentioned, eight points were selected within the Portuguese
coast, and eight were selected within the European Western Coastal region. Two additional
points were considered, just off the coast of Cabo da Roca and the Azores Islands in the
Portuguese territory. The Azores were chosen for their strategic positioning within the
Atlantic Ocean for shipping routes; however, the main challenge is that there is no recorded
data for that specific region. As of now, it is considered within the LCOE and LCOH
analysis with an estimated depth of 300 m. Again, the remaining points were selected
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based on their depth below 2000 m and high wave power density. As a result, many of the
points fall within the same areas. Figure 10 shows the points selected within the European
Coastal region, excluding the Azores islands.

Input Coordinates on the Western Coast of Europe Wave Power Density on the Western Coast of Europe
1°W  10°W  8°W7eW 60°N 80

Wave Power Density (kW/m)

12°w  10°wW 8°W7°W

8'w 6°'w

(A) (B)

Figure 10. (A) Locations selected in red dots for the WEC with the lowest LCOE and LCOH within
the two regions. (B) Wave power density is mapped across the whole region.

Using the data sourced from ResourceCode, the wave power density across the whole
western coast of Europe is presented in Figure 11. This visualisation provides an initial
indication of how the LCOE and, consequently, the LCOH might be distributed across
the region. The areas with higher wave power density are expected to result in a lower
LCOE, as more energy can be harnessed per unit of wavefront. However, it is essential to
consider that higher wave power density may potentially lead to increased maintenance
requirements for the WEC and Hj systems due to the greater mechanical stresses involved.

Thus, Figure 11 presents a detailed analysis of LCOE along the Portuguese coast
and the European Coast. The results indicate consistent values across the region, with
most locations offering competitive LCOE figures. In this study, LCOE values exceeding
0.8 €/kW were disregarded from consideration due to their limited feasibility, as the most
cost-effective renewable energy projects typically achieve LCOE values below 0.2 €/kW.
Similarly, for the European coast, the analysis revealed that the region northwest of the
Scottish coast offers the lowest LCOE values, making it an ideal candidate for wave energy
and Hj production.

The corresponding LCOE values, along with their respective wave power densities
and water depths, are detailed in Table 11, highlighting the region’s strong potential for
cost-effective energy generation. The table uses colour coding to distinguish between the
different regions analysed: the red entries represent data points from the Portuguese coast,
while the green entries correspond to locations in the northwest of Scotland.
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Figure 11. (A) Colour map of LCOE along the Portuguese coast and the Western Coast of Europe
with the Floating Dual Chamber Oscillating Water Column Device. (B) LCOE calculations for each
selected point, along with their respective annual energy production based on wave power density

and water depth.

Table 11. LCOE calculations for each selected point, along with their respective annual energy

production based on wave power density and water depth.

Location Distance to Wave Power Annual
Name Latitude Longitude Nearest Water Densit Energy LCOE
. 8 Depth (m) Y Production  (€c/kWh)
(Node Point) Port (km) (kW/m)
(kWh)

NI: E:go da 38.884408 —10.953589 157.88 200 35.55 325.05 18.83
N2: Azores 37.004186 —22.20096 317.88 300 45.00 411.47 15.33
N3 42.936459 —11.998958 279.95 1642 47.32 432.70 16.79

N4 43.186459 —11.998958 288.35 1999 48.08 439.64 17.11

N5 43.118237 —11.760653 267.54 1908 47.93 438.25 17.01

N6 42911205 —11.664474 252.89 1701 47.19 431.52 16.94

N7 42.867661 —11.828926 264.59 1069 47.25 432.05 15.87

N8 42.998676 —11.818981 267.76 1401 47.59 435.17 16.30

N9 43.096104 —11.900826 277.46 1777 48.00 438.94 16.77
N10 42.811459 —11.998929 276.70 1836 46.99 429.62 17.23
N11 58.248558 —11.673246 538.70 1736 79.86 730.22 10.28
N12 58.056549 —11.701195 524.61 1886 79.87 730.33 10.42
N13 58.111565 —11.864402 535.78 1863 79.94 730.93 10.39
N14 58.208336 —11.82726 541.80 1767 79.87 730.31 10.31
N15 57.985085 —11.847041 525.31 1863 80.02 731.66 10.38
N16 58.046482 —11.82128 528.91 1863 79.93 730.85 10.39
N17 57.987732 —11.713585 519.79 1915 79.90 730.56 10.45
N18 57.860298 —11.849504 516.01 1836 79.85 730.17 10.38
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The final analysis of the LCOH was conducted across two distinct regions, beginning
with the Portuguese region. Figure 12 provides a visual representation of the LCOH for
each Hj storage technology under consideration, assuming that the electrolyser system
operates at a baseline pressure of 30 bar. Among the three technologies analysed (LHj,
CGH; at 350 bar, and CGHj at 700 bar), it is evident that CGH; at 350 bar emerges as the
most economically viable option.

Liquid Hydrogen CGH2 at 350 bar CGH2 at 700 bar

43°N 23.78

22.24
42°N
20.71
pak 19.18 ©

)

40°N 17.65 £
-

o
16.12
39°N 3
14.59
38N 13.06

37°N 11.53

10.00

11°W10°W 9°W 8°W 7°W 11°W 10°W 9°W 8°W 7°W 11°W 10°W 9°W 8°W 7°W

(A)

(B) ©

Figure 12. LCOH for (A) liquid Hy, (B) compressed gas H; at 350 bar, and (C) compressed gas Hj at
700 bar for the Portuguese Coast.

In addition to its economic advantages, CGH, at 350 bar aligns well with existing
and emerging maritime infrastructure. This pressure level is already used in several pilot
projects for port-side H; refuelling and storage, such as those in Rotterdam, Trondheim,
and Valencia [26,27]. It is compatible with standard composite cylinder technologies and
modular container systems that can be transported by truck or barge without specialised
cryogenic equipment, thereby reducing logistical complexity. Shipboard storage at 350 bar
has also been demonstrated in smaller Hy-powered vessels and service crafts, providing a
proven pathway for near-term deployment. However, large-scale bunkering and integra-
tion into conventional port supply chains still require harmonisation of refuelling standards
and safety protocols under IMO and ISO frameworks, which are under active development.

Conversely, LH, proves to be the least cost-effective, while CGH; at 700 bar, although
less expensive than LHj, still presents high costs. A closer examination of the LH,; map
reveals that the costs are higher across most of the region, particularly in the southern
parts of Portugal. This pattern suggests that the energy-intensive processes required for
liquefaction and cryogenic storage render LH, a less favourable option in these areas.
However, the northwest region shows slightly lower LCOH values, although still higher
than those of other technologies, reinforcing the conclusion that liquid H; storage may not
be the most cost-effective solution.

The map illustrating CGH, storage at 700 bar presents a cost scenario comparable
to or slightly lower than the LH, map. Despite this, the costs associated with 700 bar
compression remain high, primarily due to the increased energy required for compressing
Hj to such high pressures.

Finally, the middle map, which shows CGH, storage at 350 bar, highlights this tech-
nology as the most economically feasible. The costs are noticeably lower across the region,
making 350 bar compression a more attractive option for H; storage in Portugal. This
analysis highlights the relationship between LCOE and LCOH, where lower energy costs
directly translate into more favourable H, production costs, supporting the viability of
CGH,; at 350 bar as the preferred storage method in the region.
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Similarly, the LCOH analysis was conducted along the Western Coast of Europe, as
shown in Figure 13, and the results closely mirror those found in the Portuguese region.
Once again, the storage technology for LH; emerges as the most expensive option, while
CGHj; at 350 bar proves to be the most cost-effective solution.

Liquid Hydrogen CGH?2 at 350 bar CGH2 at 700 bar
57°N 57°N 23.78
22.24
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Figure 13. LCOH for (A) liquid Hj, (B) compressed gas H; at 350 bar, and (C) 700 bar along the
Western Coast of Europe.

As observed with the Portuguese coast, the areas in the northwest of the region exhibit
the lowest LCOH values. This outcome is primarily due to the high wave power density
in these locations, which contributes to a significantly lower LCOE. Since LCOE is a key
determinant in the overall LCOH, regions with higher wave energy potential benefit from
reduced H, production costs.

The consistency of these findings across both regions reinforces the conclusion that
CGHj; at 350 bar is the most economically viable option for H; storage in areas with high
wave power density. It also highlights the critical role that renewable energy sources, such
as wave power, play in reducing the costs of sustainable Hy, production. This analysis
underscores the importance of strategically selecting locations with favourable energy
dynamics to maximise the cost-effectiveness of green H; as a maritime fuel.

The scalability of the proposed dual-chamber WEC design remains uncertain in the
absence of pilot or large-scale validation. While our modelling indicates strong potential,
real deployment must demonstrate long-term durability, control optimisation, and inte-
gration with Hj infrastructure. Moreover, alternative fuel pathways (e.g., wind-assisted
ships, biofuels, ammonia carriers) further complicate long-term demand for this particular
scaling route.
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The environmental benefit of adopting a wave-to-hydrogen system can be evaluated
through the avoided CO, emissions relative to marine diesel generation. Using a specific
fuel consumption of 169.4 g/kWh for marine diesel oil [68] and a combustion emission
factor of 3.206 kg CO, /kg fuel [69], conventional diesel generation emits approximately
0.54 kg CO, /kWh of energy produced. Replacing this with H, generated from renewable
electricity, which has near-zero operational emissions, results in significant reductions
in emissions. For instance, a 1 MW WEC operating 4000 h per year would generate
4000 MWh/yr, avoiding roughly 2170 tonnes CO,/yr compared with diesel use. Even
when life cycle impacts such as equipment manufacture and electrolysis losses are con-
sidered, the net reduction remains above 85-90% relative to fossil-based systems. These
results demonstrate the strong decarbonisation potential of integrating wave energy into
maritime Hj production.

Table 12 presents the detailed figures from the LCOH analysis for each storage type.
These distinctions highlight the geographical variations in LCOH, clearly comparing the
cost implications for each H; storage technology across the different regions. Again, the
red entries represent data points on the Portuguese coast, and the green entries correspond
to locations in northwest Scotland.

Table 12. LCOH Calculations for each location, comparing the liquid Hy, compressed gas H; at
350 bar and compressed gas Hj at 700 bar.

LCOH for LH, LCOH for CGH, LCOH for CGH; at

Location Name Latitude Longitude (€/kgH,) 350 Bar (€/kgH,) 700 Bar (€/kgH,)
NI 15(‘;":;0 da 38.884408 ~10.953589 14.49 12.98 1348
N2: Azores 37.004186 ~22.20096 12.68 11.19 11.75
N3 42936459 —11.998958 13.49 12.05 12.49
N4 43.186459 —11.998958 13.73 12.16 12.67
N5 43.118237 ~11.760653 13.61 12.12 12.61
N6 42911205 —11.664474 1357 12.07 12,57
N7 42.867661 —11.828926 12.98 11.48 11.98
N8 42.998676 —11.818981 13.22 11.72 12.22
N9 43.096104 ~11.900826 13.48 11.98 12.48
N10 42.811459 ~11.998929 13.73 12.23 12.73
N11 58.248558 ~11.673246 10.17 8.81 9.31
N12 58.056549 ~11.701195 10.25 8.89 9.39
N13 58.111565 —11.864402 10.23 8.87 9.37
N14 58.208336 ~11.82726 10.19 8.82 9.32
N15 57.985085 —11.847041 10.23 8.87 9.37
N16 58.046482 ~11.82128 1023 8.87 9.37
N17 57.987732 ~11.713585 10.26 8.90 9.40
N18 57.860298 —11.849504 10.23 8.86 9.36

One key reason the Portuguese coastal points remain under consideration is their
strategic proximity to major shipping routes. Figure 14 illustrates this by overlaying the
identified points with shipping routes sourced from shipmap.org [70]. The figure clearly
shows the dense network of shipping routes along the western coast of Europe, and the
locations highlighted in white on the left side of the map.

The eight locations identified along the Portuguese coast stand out as particularly
advantageous due to their proximity to these critical maritime pathways. This proximity is
not just a geographical convenience; it is a crucial factor in the context of this project, which
focuses on decarbonising the shipping industry. By utilising Hy production and storage
facilities near these well-travelled routes, the project can more effectively supply green Hp
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Figure 14. Shipping routes, categorised by ship type, overlapped onto the (A) Portuguese Coast and
(B) the Western Coast of Europe, with the selected points presenting the lowest LCOE and LCOH
in white.

This alignment between strategic location and shipping activity underscores the
importance of considering both energy production costs and logistical efficiency in planning
and implementing sustainable maritime fuel solutions.

Although this study focuses on Western Europe, the techno-economic framework is
inherently transferable to other coastal regions worldwide. The model’s structure relies on
fundamental physical and economic parameters, such as wave power density, bathymetry,
distance to shore, infrastructure accessibility, and local cost factors, that can be replaced
with region-specific datasets. Consequently, the methodology can be adapted to locations
with different wave climates, such as the Pacific coasts of Chile or Australia, by updat-
ing the input resource and cost data. However, resulting LCOE and LCOH values will
vary according to local conditions, including resource intermittency, installation depth,
and supply-chain maturity. This flexibility demonstrates the global applicability of the
framework while acknowledging the regional dependence of economic performance.

7. Sensitivity Analysis

A sensitivity analysis was conducted to evaluate the impact of variations in CAPEX
and OPEX on the system’s LCOH. The study was performed for two specific locations:
Cabo da Roca (N1) and N11, which were selected due to their low LCOE among the
sites considered. The objective was to understand how cost changes associated with
different project components could influence the overall economic feasibility. The analysis
considered various scenarios in which the CAPEX for both wave energy conversion and
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Hj production systems was adjusted independently and simultaneously within a range
of £20%. Additionally, changes in OPEX were included to account for fluctuations in
ongoing operational costs. By systematically altering these cost parameters, the sensitivity
analysis aimed to identify key cost drivers for the LCOH and determine the system’s most

economically resilient configuration (Figure 15).

o Both CAPEX (—20% OPEX) WEC CAPEX (—20% OPEX) H2 CAPEX (—20% OPEX)
(A) N1 LCOH Sensitivity Analysis —— Both CAPEX (Reg OPEX) —— WEC CAPEX (Reg OPEX) —— H2 CAPEX (Reg OPEX)
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Figure 15. (A) Sensitivity analysis on N1 with changes in the WEC CAPEX, H, CAPEX, and both
simultaneously, along with OPEX change in dashed, and (B) sensitivity analysis on N11 with the
same format. Dashed lines represent £20% variations. The upper dashed line corresponds to +20%
and the lower dashed line to —20%.

Figure 15A illustrates the sensitivity analysis for Cabo da Roca (N1). The red line
shows the impact of varying the WEC CAPEX from 80% to 120%, revealing a noticeable
linear increase in LCOH as the WEC costs rise. The green line represents the effect of
changing only the H, production CAPEX over the same range. Interestingly, this line
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remains relatively flat, indicating that the LCOH at N1 is less sensitive to fluctuations in Hp
production CAPEX compared to the WEC CAPEX.

The blue line depicts the scenario where both WEC and H; production CAPEX are
adjusted simultaneously. As expected, this line demonstrates the steepest incline, reflecting
the cumulative impact of changes in both cost components on the LCOH.

The dashed and faded lines surrounding each of the main lines illustrate the £20%
variation in OPEX. For each scenario (WEC CAPEX, H, CAPEX, and combined), the
upward and downward shifts caused by changes in OPEX suggest that operational costs
play a significant role in the overall LCOH. Notably, the baseline LCOH values for N1
range from approximately 13.0 to 17.5 €/kg Hy, indicating a relatively high sensitivity to
CAPEX changes, especially in the WEC component.

Figure 15B presents the sensitivity analysis for N11, the location with the lowest
LCOE. Similar to N1, the red line indicates how the LCOH changes with variations in
the WEC CAPEX, displaying a linear increase. The green line illustrates the changes in
LCOH when only the H; production CAPEX is adjusted. As observed with N1, the Hp
CAPEX has a smaller impact on the LCOH, exhibiting a relatively flat slope, which indicates
reduced sensitivity.

The blue line shows the effect of varying both WEC and H; production CAPEX simul-
taneously. This line’s incline suggests a more pronounced impact on the LCOH compared
to adjusting each CAPEX individually. However, the overall range of LCOH values in
this figure (approximately 9.0 to 13.0 €/kg Hy) is lower than that of N1, highlighting the
economic advantages of the N11 location.

Again, the dashed and faded lines represent the +20% OPEX variations for each
scenario. These shifts demonstrate that while OPEX changes affect the LCOH, the lo-
cation’s overall lower cost base makes it less sensitive to operational cost fluctuations
compared to N1.

In addition to the CAPEX and OPEX variations already analysed, other assumptions,
such as liquefaction system size and desalination costs, were also examined qualitatively.
Liquefaction contributes a modest share of total costs, so even moderate variations in its
parameters would change the final LCOH by only a few percent. Additionally, desalination
has an almost negligible influence because the water demand for H, production is low
compared to typical desalination plant capacities. Consequently, uncertainties in these
auxiliary components are unlikely to alter the overall economic conclusions, which remain
primarily driven by electricity price, wave energy availability, and electrolyser performance.

8. Conclusions

This study provides a techno-economic assessment of offshore H, production us-
ing wave energy, evaluating LCOE and LCOH across multiple locations along the Por-
tuguese coast and the broader western European coastline. Site selection was based on
water depth and wave power density, both of which significantly impact economic fea-
sibility. Results showed that northern Portuguese sites offered the lowest LCOE values
(ca. 0.10-0.11 €/kWh), while southern and central offshore locations presented higher
costs due to reduced wave power availability. Similarly, LCOH values were lowest for
northern Iberian nodes with strong wave resources, highlighting the role of geography in
optimising production.

Among the three storage technologies analysed (liquid H; (LH;), compressed gas
H, (CGH3) at 350 bar, and CGH, at 700 bar), CGH, at 350 bar emerged as the most cost-
effective option, whereas LH; proved to be the least viable due to its high liquefaction and
storage costs.
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While wave energy-powered H; production is not yet the most cost-competitive so-
lution for large-scale decarbonisation, it represents a promising step towards integrating
renewables into the maritime sector. Technological improvements are anticipated through
advances in dual-chamber OWC design, turbine efficiency, and control algorithms, which
together could reduce conversion losses by 10-15% and lower structural costs as deploy-
ment scales. Most commercial WEC concepts are currently at a technology readiness level
of 6-7, with pilot arrays expected within the next 5-10 years, suggesting that near-term
progress could substantially enhance economic feasibility.
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Abbreviations

The following abbreviations are used in this manuscript:

AHTS  Anchor Handling Tug Supply
AWE Alkaline Water Electrolysis
BBDB Backward Bent Duct Buoy
BOL Beginning of Life

BoP Balance of Plant

c Heat Capacity

CAPEX Capital Expenditure

CGH; Compressed Gas Hydrogen

EPC Engineering, Procurement, Construction Costs
FCEV Fuel Cell Electric Vehicle
H, Hydrogen

HCR Heat Capacity Ratio

HFO Heavy Fuel Oil

1IEA International Energy Agency
LCOE Levelised Cost of Electricity
LCOH  Levelised Cost of Hydrogen
LH, Liquid Hydrogen

OPEX Operational Expenditure
OWC Oscillating Water Column
PEM Proton-Exchange Membrane
PGM Platinum Group Metals
SOEC Solid Oxide Electrolysis Cells
SOFC Solid Oxide Fuel Cells

Tamb Ambient Temperature

TEU Twenty-Foot Equivalent Unit
WEC Wave Energy Converter
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