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ABSTRACT

Offshore wind energy has emerged as a key component of Europe's decarbonization, with
significant advantages over onshore wind. Offshore sites often benefit from higher and more
consistent wind speeds, resulting in higher capacity factors and energy harvesting. Furthermore,
the reduced constraints on space occupation allow for the installation of larger-scale wind farms,
avoiding the problems that onshore projects usually face. Their installation away from densely
inhabited regions also mitigates concerns about visual and acoustic impacts, fostering public
acceptance. The North Sea represents the European standard for large-scale offshore wind
deployment due to its shallow waters, good wind conditions, and favourable legislative and
infrastructure frameworks. These elements have facilitated the rapid construction of cost-
effective offshore wind farms, which not only provide competitive power to the grid but also
pave the way for sector coupling, particularly through the production of green hydrogen.

In contrast, despite being surrounded by major industrial and urban areas, the Mediterranean
Sea remains far behind in terms of offshore wind deployment. This basin owes its strategic
importance to its proximity to energy-intensive industries such as steel, cement, petrochemicals,
and port operations, all of which are under increasing pressure to reduce carbon emissions.
Developing offshore wind in the Mediterranean will thus not only provide clean power but also
allow for the direct provision of energy vectors such as green hydrogen to local companies,
reducing reliance on imported fossil fuels and improving regional energy self-sufficiency.
Furthermore, the Mediterranean region contains extensive unexploited maritime areas close to
key demand spots, which could overcome the issues related to land constraints that sometimes
hinder large-scale renewable deployment onshore. However, the reasons behind the
underexploitation of this basin are twofold. On the one hand, the deep seabed of most
Mediterranean areas excludes the fixed-bottom solutions successfully adopted in the North Sea,
making floating offshore wind turbines (FOWTs) the only viable option. Additionally, the
moderate wind regimes result in lower capacity factors, which require tailored technological
improvements to maximize energy yield. On the other hand, the integration of variable offshore
generation into regional grids represents an additional challenge. Electrical networks of
Mediterranean countries, in fact, often suffer from high congestion and curtailment rates, which
make them unsuitable to accept large punctual installations. These issues underline the urgent
need for dedicated research to adapt and optimize offshore wind development to Mediterranean
conditions. Besides the strategic relevance of the Mediterranean Sea, the scientific literature on
offshore wind in this basin remains scarce and fragmented.

Moving from this background, this thesis investigates three distinct techniques for ensuring
the techno-economic viability of Mediterranean offshore wind farms. The first strategy
emphasizes the employment of low-specific-power FOWTs. The reduced specific power resulting
from increased rotor swept areas leads to the turbine's power curve shifting toward lower wind
speeds. This approach enhances energy capture in sites with moderate wind speed and offers a
competitive solution when the velocity distributions are pushed to the lower range of the Weibull



curve. The second option tackles grid integration issues by mitigating curtailment impact via
energy storage and conversion systems. During the network congestion, the excess energy that
would otherwise be lost is stored in batteries or converted into hydrogen. In the case of batteries,
electricity can be reinjected into the grid after the curtailment phase, offering temporal flexibility
and increasing overall system efficiency. In the hydrogen pathway, curtailed energy is used to
power electrolyzers, which produce hydrogen that can be sold as a secondary product. Finally,
the third scenario takes hydrogen as the main product of offshore wind farms. In this setup, all
electricity output is employed in electrolyzers in a hydrogen-driven configuration. The green
hydrogen produced is then used by energy-intensive industries. This approach not only provides
a renewable option to decarbonize hard-to-abate sectors such as steel, cement, and chemicals,
but it also overcomes the issue of grid congestion by requiring no direct connection to the
electricity transmission system, since the electrolysis facility can be placed close to the electricity
point of delivery. The results obtained have been compared to those of the North Sea scenario,
revealing both the technological promise and the economic constraints unique to the
Mediterranean setting.

To this end, the study combines a critical examination of the current state of the art with the
creation of novel simulation and optimization tools. Python-based electrolyzer and battery
detailed models have been developed to capture the dynamic interactions with fluctuating wind
supply, while open-source tools such as PyWake and TopFarm have been used to optimize and
simulate wind farms. The comparative examination of electrolysis technologies, such as alkaline,
proton exchange membrane, and anion exchange membrane systems, enhances the techno-
economic assessment by taking into account efficiency, scalability, and operational flexibility.

This thesis proposes a complete framework for offshore wind development in the
Mediterranean Sea by combining novel design techniques with modelling tools. It seeks not only

to close the gap with the consolidated North Sea case but also to identify specific initiatives that
might unlock the region's latent potential, fostering Europe's offshore energy transition.

Keywords: Offshore wind, Hydrogen, Curtailments, Li-ion batteries, floating wind
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PROPOSITIONS

Motivation (max 2)

= The decarbonization of the European energy system requires a massive expansion of offshore
wind power, yet the Mediterranean basin remains underexploited due to resource,
technological, and grid constraints.

= Unlocking the potential of floating offshore wind and sector coupling solutions in the
Mediterranean is essential to ensure regional energy security, economic competitiveness,
and alignment with EU climate targets.

Original contribution (max 4)

= Comprehensive comparative analysis between the North Sea and the Mediterranean
offshore wind contexts, highlighting techno-economic drivers and bottlenecks for large-scale
deployment.

= Novel assessment of low-specific-power turbine configurations for floating wind farms under
moderate wind conditions, demonstrating improved energy capture and system
performance.

= Integrated evaluation of curtailment mitigation strategies, combining advanced and second-
life storage solutions with hydrogen production as a flexible demand-side option.

= Techno-economic comparison of leading electrolysis technologies (ALK, PEM, AEM) under
realistic Mediterranean offshore wind profiles, providing design guidelines for optimal
integration.

Open questions (max 4)

= How can the long-term reliability and lifecycle sustainability of second-life batteries be
quantified and ensured in offshore energy applications?

= What is the most effective regulatory and market design framework to incentivize hydrogen
production from offshore wind in regions with constrained grids?

= How can future multi-vector energy systems (electricity, hydrogen, storage) be optimally
coordinated to maximize the value of offshore wind in the Mediterranean basin?
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SYNOPSIS

Offshore wind energy represents a key component of Europe's decarbonization strategy,
thanks to its higher capacity factors and steadier power outputs with respect to onshore
alternatives. The less strict constraints on space occupation and distance from inhabited areas
also foster the deployment of large-scale wind farms while mitigating concerns about landscape
and noise, hence enhancing social acceptance. Among European seas, the North Sea has served
as the benchmark for large-scale offshore wind deployment, combining favorable wind sources,
shallow waters, and supportive regulatory frameworks that have enabled rapid development of
cost-competitive farms. Moreover, the proximity to energy-intensive industries has enabled
offshore wind in this region to create a strong link with sector coupling, especially through green
hydrogen production.

On the other hand, the Mediterranean Sea, despite its closeness to industrial clusters and
port operations, remains largely unexplored. This gap is of particular concern considering the
strategic importance of this basin: offshore wind here could both provide clean power to local
grids and directly supply renewable energy carriers such as hydrogen to industrial users, thereby
reducing reliance on imported fossil fuels. At the same time, large maritime areas close to major
demand centers offer opportunities to overcome onshore land-use conflicts. The reasons for the
delayed uptake of offshore wind in the Mediterranean are, however, twofold. On the one hand,
the deep seabed of most areas rules out the fixed-bottom technology successfully adopted in the
North Sea, leaving floating offshore wind turbines (FOWTs) as the only viable alternative.
Moderate wind regimes further exacerbate this technological challenge, as they reduce capacity
factors. On the other hand, the integration of large offshore wind farms into Mediterranean grids
is hindered by poor electricity grids, highlighting the need for complementary storage or
conversion pathways to mitigate curtailments. Despite these pressing issues, the scientific
literature on Mediterranean offshore wind development remains scarce and fragmented.

Moving from this background, the present thesis investigates different strategies to enhance
the techno-economic viability of offshore wind deployment in the Mediterranean Sea. To this
end, open-source libraries such as PyWake and TopFarm were employed for the simulation and
optimization of wind farm layouts under Mediterranean conditions, coupled with dedicated
Python-based dynamic models for electrolyzers and batteries to mimic the interactions with
fluctuating wind power supply. Specifically, these tools were developed and employed in multi-
fidelity analyses to address the three main issues currently associated with wind farm
deployment in the Mediterranean Sea:

1. Challenging bathymetry and moderate wind sources. This thesis focused on the adoption
of low-specific-power FOWTs to overcome the issues related to the unconventional
characteristics of the Mediterranean Sea. First, an extensive review of existing scientific
and industrial literature, aimed at collecting techno-economic data on both
aerogenerators and floating platforms, has been conducted. Given the lack of relevant
data, a set of cost and mass scaling functions has been derived, enabling the extrapolation
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of turbine and floater characteristics depending on rotor diameters. The developed
correlations have been subsequently implemented into the TopFarm optimization
framework, allowing for the optimization of floating wind farm layouts specifically
tailored to Mediterranean conditions. The results were then compared, providing insights
into the techno-economic trade-offs of rotor upscaling. In particular, the analyses
highlighted how larger rotors increase both energy capture in moderate wind regimes
and the expenditures related to turbines and substructures. Through this approach, the
thesis delivers a quantitative and generalizable framework for assessing the viability of
low-specific-power FOWTs in the Mediterranean context. The methodology not only
compensates for the lack of consolidated cost data in the literature but also establishes a
set of design guidelines that can support the optimization of future floating wind farms in
the region.

2. Unsuitable electricity grid. To address the issue of the limited capacity of regional
electricity grids, two complementary strategies aimed at mitigating the impact of
curtailment while enhancing the overall techno-economic performance of offshore wind
farms have been implemented. The first approach considered the integration of large-
scale battery energy storage systems (BESS). A dedicated Python-based dynamic model
has been developed to simulate the interaction between fluctuating offshore wind
generation, curtailment events, and Li-ion battery operation. The model enabled the
quantification of benefits associated with shifting curtailed electricity to later reinjection
into the grid, thereby providing temporal flexibility and reducing energy losses. Both
brand-new and second-life storage have been compared in order to estimate the trade-
offs between economic and environmental effectiveness. The second strategy focused on
the conversion of curtailed electricity into green hydrogen. For this purpose, a dynamic
electrolyzer model for alkaline technology has been implemented to capture transient
performance under variable load conditions. Both approaches have been integrated into
the simulation framework and evaluated under realistic Mediterranean grid conditions.
The analyses enabled a techno-economic comparison of storage versus hydrogen-based
pathways, highlighting the contexts in which each option proves advantageous.

3. Green Hydrogen cost competitiveness. In order to tackle this challenge, offshore wind
dedicated electrolysis configurations have been explored, where the entire wind farm
output is converted into green hydrogen through electrolyzers. By decoupling power
production from the electricity grid, this approach fully circumvents the issue of network
congestion and simultaneously enables the direct supply of green hydrogen to hard-to-
abate sectors. Despite its potential, the main limitation of this configuration lies in the
high cost of green hydrogen, which currently prevents large-scale competitiveness with
fossil-based alternatives. To examine whether offshore wind in the Mediterranean could
contribute to bridging this cost gap, the thesis analyzed the impact of low-specific-power
turbines on hydrogen production economics. Given the enhanced energy capture under
moderate wind regimes, their integration into hydrogen-driven plants has been assessed
as a potential solution to reduce the production costs and to narrow the gap with
benchmark projects in the North Sea. The analysis combined the wind farm optimization
framework with detailed electrolyzer models for alkaline, proton, and anion exchange
membrane technologies. Each system has been evaluated in terms of efficiency,
scalability, and operational flexibility under variable wind power inputs. Finally, to deal
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Summary

with the considerable uncertainties related to hydrogen supply chains, the thesis carried
out an extensive uncertainty analysis on both electrolyzer performance and cost
projections. By applying scenario-based projections up to 2030, a broad envelope of
possible levelized costs of hydrogen outcomes has been established for Mediterranean
hydrogen-driven farms.

Results from these studies have been benchmarked against the established North Sea
scenario, highlighting both the opportunities and the constraints of Mediterranean offshore
wind. In particular, the findings show how tailored turbine designs, combined with flexible
storage and hydrogen production strategies, can significantly improve the competitiveness of
Mediterranean projects despite less favorable wind conditions and grid limitations.

In conclusion, this thesis provides a comprehensive framework for adapting offshore wind
development to the specific challenges of the Mediterranean Sea. By integrating innovative
turbine design, energy conversion strategies, and advanced modelling tools, it identifies a set of
pathways capable of unlocking the region’s untapped potential, thereby contributing to Europe’s
broader offshore energy transition.

Thesis outline

Chapter 1 introduces offshore wind energy in comparison to onshore installations,
highlighting the specific advantages of offshore sites in terms of capacity factors,
scalability, and social acceptance. The chapter contrasts the well-established North
Sea model with the current underdevelopment of the Mediterranean basin, providing
the motivation for the research and framing the technological and infrastructural
challenges to be addressed.

Chapter 2 defines the North Sea benchmark, with particular emphasis on the role of
offshore wind in green hydrogen production. In this section, the implementation of
the adopted model is reported in detail along with the obtained results. Different
scenarios have been evaluated, varying distance from shores, electrolysis
technologies, and economic parameters, in order to define the costs of hydrogen
production that will be used for comparisons.

Chapter 3 presents the first approach to promote Mediterranean installations,
focused on low-specific-power FOWTs. The chapter details the derivation of cost and
mass scaling correlations for turbines and floating platforms based on an extensive
literature review, their implementation into the TopFarm optimization framework,
and the comparative analysis of different farm layouts under Mediterranean wind
conditions.

Chapter 4 addresses the issue of grid congestion and curtailment, introducing two
complementary mitigation strategies: battery energy storage systems and hydrogen
conversion. The chapter describes the Python-based dynamic models adopted for
both technologies, their integration with offshore wind simulations, and the
comparative techno-economic evaluation of the two pathways.

Chapter 5 explores the hydrogen-driven configuration, in which all wind farm output
is directly converted into hydrogen. The chapter discusses the techno-economic
implications of this grid-independent approach, the role of low-specific-power
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turbines in reducing the levelized cost of hydrogen, and the comparative performance
of alkaline, PEM, and AEM electrolyzers. An extensive uncertainty analysis on cost and
efficiency projections up to 2030 is presented to assess the future viability of
Mediterranean hydrogen-driven offshore wind farms.

Chapter 6 concludes the thesis by summarizing the main contributions of the research,
outlining the conditions under which offshore wind in the Mediterranean can achieve
techno-economic viability, and identifying future research directions to further unlock
the basin’s renewable energy potential.



1 INTRODUCTION

1.1 Offshore wind energy

Figure 1.1: rendering of onshore vs offshore wind turbines.

Offshore wind energy has rapidly become crucial for global renewable energy strategies,
emerging as a response to the limitations of onshore wind systems and the rising demand for
low-carbon electricity. Onshore developments are constrained by limited land availability,
difficulties in transporting and installing increasingly large turbines, and public concerns over
visual and noise impacts. These issues have pointed the focus on offshore deployment, where
the resource potential and site availability are significantly greater [1-3].
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A major advantage of offshore wind lies in the higher average wind speeds available at sea.
Offshore sites, in fact, benefit from stronger and more consistent wind sources, which not only
increases the capacity factors (CF) but also improves the proficiency of the technology. The higher
CF achieved by offshore wind farms compared to their onshore counterparts contributes to
greater system reliability [4,5]. In addition, while photovoltaic (PV) plants or onshore wind
projects compete with agricultural production, urban expansion, or terrestrial ecosystems, one
of the offshore turbines’ key benefits is the relative absence of land-use conflicts. Furthermore,
locating installations at sea also reduces visual and acoustic disturbances, which are frequently
cited as causes of local opposition to onshore projects [3].

Beyond technical benefits, offshore wind supports economic growth and job creation.
According to the International Renewable Energy Agency (IRENA), the sector could provide nearly
900,000 jobs globally by 2030, spanning manufacturing, engineering, marine transport,
construction, and long-term maintenance. For coastal regions, particularly those with histories
of offshore oil and gas activity, the expansion of offshore wind presents new opportunities for
skilled employment and industrial diversification [6,7]. By relying on domestic wind resources,
countries can also reduce dependence on imported fossil fuels, thereby improving energy
security and resilience to price volatility [5].

Nevertheless, the sector faces significant challenges. Offshore projects remain capital-
intensive, with high costs related to site permitting, installation, operation, and maintenance.
Harsh marine conditions demand corrosion-resistant materials, advanced foundation designs,
and specialized vessels, all of which contribute to higher expenses compared with onshore wind.
Additional concerns include potential undersea cable infrastructure requirements, and
uncertainties surrounding substructure decommissioning and material recycling [8-10].
Environmental impacts also require careful management. Offshore wind farms may affect seabed
habitats, bird migration, and marine fauna, but they can also provide ecological benefits by
creating artificial reef structures and restricting certain types of commercial fishing [11,12].

In Europe, combining the expansion of offshore wind with marine protection objectives is an
emerging priority. Spatial planning plays a critical role in balancing renewable energy
development with conservation goals, fisheries, and maritime transport. The EU’s Offshore
Renewable Energy Strategy emphasises a flexible, ecosystem-based approach to maritime spatial
planning to mitigate conflicts and ensure sustainability [5,13]. This includes not only scaling up
production but also addressing cumulative environmental pressures, stakeholder engagement,
and long-term circular economy considerations in turbine decommissioning [3,14].

The resource potential of offshore wind is considerable. Technological innovation,
particularly in floating wind systems, is giving access to deeper waters and expanding the viable
deployment area beyond the continental shelf [15,16]. This makes offshore wind a cornerstone
technology in national and regional strategies for decarbonisation, including the EU’s legally
binding 2030 target of at least a 55% reduction in net greenhouse gas emissions [5,17]. To meet
these goals, Europe is planning an expansion from 19.38 GW of installed offshore wind capacity
in 2023 to 111 GW by 2030 and 317 GW by 2050 [18,19].

Globally, onshore wind remains the dominant form of wind power deployment, although
offshore wind is growing much faster in relative terms. By 2022, total installed wind capacity
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reached around 900 GW, of which 93 % was onshore and only 7 % offshore [20]. In absolute
terms, this corresponds to roughly 59 GW of offshore wind across 292 projects, after a record 8.4
GW was added that year, a 16.6 % increase from 2021 [21]. China led these new offshore
installations with 5.7 GW, followed by the UK (1.4 GW), France (0.5 GW), Germany (0.3 GW), and
Vietnam (0.3 GW). By the end of 2022, China accounted for 46 % of global offshore capacity,
surpassing the UK’s 23 %, while Germany, the Netherlands, and Denmark made up 13.5 %, 5.1
%, and 3.9 % respectively. Regionally, offshore wind capacity is still concentrated almost entirely
in Europe (51 %) and Asia (49 %), with North America holding just 0.1 % [21].

While onshore wind continues to dominate due to its lower costs and easier deployment,
offshore wind holds distinct advantages in terms of scale and efficiency. Capacity factors for
offshore projects typically range between 45-50 %, compared with 25-35 % for onshore farms
[20]. This means that each megawatt of offshore capacity delivers significantly more electricity
than the same capacity installed onshore. In addition, offshore projects can often be developed
at larger scales—such as the UK’s 3.6 GW Dogger Bank project—whereas most onshore projects
are smaller [20]. The International Energy Agency estimates that offshore wind could
theoretically generate more than 18 times the world’s current electricity demand if fully
exploited [20], highlighting its long-term strategic role.

Europe provides a good illustration of the current dynamics. In 2024, the continent installed
16.4 GW of new wind capacity, of which 84 % (13.8 GW) was onshore and only 2.6 GW offshore
[18]. Germany led the way with 4 GW of new capacity, followed by the UK (1.9 GW) and France
(1.7 GW), each expanding both onshore and offshore. By the end of 2024, Europe’s installed base
reached 285 GW, made up of 248 GW onshore and 37 GW offshore—meaning offshore
represented about 13 % of the total [18]. Looking forward, Europe is expected to install 187 GW
of new capacity between 2025 and 2030, bringing the total to around 450 GW. If the current
trend of roughly 15 % offshore share continues, offshore capacity would reach about 65 GW by
2030. However, stronger policies and auctions push could increase this share up to 19 % (84 GW)
by the same date [18].

Extrapolations at the global scale emphasize these trends. According to DNV, total wind
capacity is projected to grow from about 1.0 TW in 2023 to 1.8 TW in 2030 and 6.3 TW by mid-
century [22]. Offshore wind is expected to gain momentum during this period. Today, onshore
generation outpaces offshore by a ratio of about 9:1, but by 2050, DNV expects this to narrow to
3:1[22]. Given offshore’s higher CF, this would imply that offshore capacity will rise to around 17
% of the total by 2050, providing roughly one-quarter of total wind generation. Translated into
installed capacity, that would correspond to about 1.0 TW of offshore wind and 5.2 TW of
onshore by mid-century [22]. This implies offshore capacity could grow at an annual average rate
of around 9 % from 2030 to 2050, compared with about 6 % for onshore.

Regional patterns show contrasting trajectories. China has established itself as the global
leader in offshore deployment, aided by industrial scale, supportive policies, and lower cost
inflation than in Europe and North America [21,22]. Europe remains the pioneer in offshore
development and is expected to lead the emerging floating offshore segment, especially in the
North Sea [22]. By contrast, North America is still starting from an almost negligible offshore
base, though new policy incentives and supply-chain investments are beginning to shift
momentum [21].
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Cost dynamics are also shaping the pace of the onshore—offshore shift. Offshore projects
remain significantly more expensive to build and finance than onshore farms. In 2023, the global
levelized cost of electricity (LCoE) for fixed-bottom offshore wind averaged about 133 S/MWh,
more than double onshore’s 49 S/MWh [22]. Costs for offshore rose sharply post-2020 due to
supply chain disruptions, higher capital costs, and inflationary pressures. However, by 2050, DNV
expects offshore LCoE to decrease by about 7 S/MWh, while onshore declines further to around
8 S/MWh [22]. These projections suggest offshore will remain more costly per unit of energy but
will become increasingly competitive given its higher output per turbine and proximity to coastal
demand centers.

In short, onshore wind remains the backbone of current global wind deployment but offshore
is growing much faster and will play an increasingly important role in the energy mix. By 2030,
offshore wind is likely to account for around 10 % of global installed capacity and up to 19 % in
Europe. By 2050, offshore is expected to represent about 17 % of global capacity but closer to 25
% of generation, reflecting its higher efficiency and larger project scale [18,20-22].

1.2 Floating offshore wind turbines

The evolution of offshore wind substructures reflects both the technological maturity of
bottom-fixed foundations and the growing necessity to access deeper waters. Fixed-bottom
foundations have historically dominated the offshore wind sector, benefiting from simpler design
principles, established installation practices, and cost-effective manufacturing supported by
standardized global supply chains [21]. According to the NREL reports [21], fixed-bottom
technologies comprised the large majority of offshore projects in 2022, with monopiles alone
accounting for 60.2 % of installations, followed by jackets (10.4 %), suction bucket (8.6 %), tripods
(1.8 %), and gravity-based structures (1.4 %). This portfolio illustrates the maturity and reliability
of fixed-bottom solutions in water depths up to 60 m.

FIXED

Gravity Base Suction Bucket Monopile Tripod Jacket
Monopile

T

Figure 1.2: Rendering of the most common foundations for bottom fixed wind turbines.
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Figure 1.2 illustrates the adaptability of fixed-bottom systems to varying seabed conditions
and water depths, while also highlighting the limitations that motivate the development of
floating alternatives. The main existing design can be described as follows:

Gravity-based foundations transfer loads through self-weight and large base contact
areas. They are generally constructed from reinforced concrete and require seabed
preparation to ensure stability.

Suction bucket consists of steel cylinders that penetrate the seabed under applied
suction pressure, providing both vertical and lateral resistance.

Monopiles are large-diameter steel piles driven into the seabed, offering a
straightforward design and rapid installation.

Tripods employ three-legged structures extending from a central shaft, distributing
loads across multiple pile foundations and enhancing stability in intermediate water
depths.

Jackets are multi-leg frameworks anchored by piles at each corner. Their high stiffness
makes them suitable for deeper waters and larger turbines, albeit at higher fabrication
and installation costs.

Despite the dominance of fixed-bottom technologies, several constraints are expected to
limit their long-term applicability. The continuous upscaling of wind turbines increases structural
demands, while soil conditions and environmental restrictions can reduce the feasibility of pile-
driven foundations. Furthermore, the scarcity of shallow-water sites has led to the expansion of
project locations farther offshore and into deeper waters. To meet future decarbonization
targets, the industry therefore requires access to larger offshore resource areas, a shift that
cannot be achieved with fixed-bottom technologies alone [21]. This trend is highlighted by Figure
1.3, where the light blue dots show that projects are increasingly located further from shores and
in installation sites with higher sea depths. This would enable access to larger wind farm
capacities, as depicted by the larger dot sizes.

140
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Figure 1.3: offshore wind energy projects classified by bathymetry and distance to shore [23].
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In response, attention has increasingly shifted toward floating offshore wind technologies,
which enable deployment in water depths far beyond the limits of bottom-fixed systems. Floating
substructures, as depicted by Figure 1.4 are typically categorized into four main types: semi-
submersibles, spars, tension-leg platforms (TLPs), and barges. Current statistics indicate that
semi-submersibles dominate the market, representing around 80 % of floating projects due to
their favorable stability, shallow draft, and port-based assembly that eliminates the need for
heavy-lift vessels [23]. Spar platforms, accounting for 9 % of projects, provide stability through
deep ballasted cylinders but are restricted to sites with sufficient port depth [23]. TLPs (6 %) offer
minimal seabed footprint and suitability for large-scale deployment, though their installation
complexity remains a barrier. Barges, at 4 %, distribute buoyancy across a large platform but face
hydrodynamic challenges that limit their competitiveness [23].

FLOATING ASSETS

Tension Leg Semi-submersible

Figure 1.4: Rendering of the most common platforms for floating wind turbines.

The market trajectory underscores this transition: while floating platforms accounted for just
0.2 % of substructures in 2022, projections suggest they could represent more than 30 % of future
installations [23]. Several international programs are accelerating this shift. Portugal’s WindFloat
Atlantic project, commissioned in 2020, marked the world’s first semi-submersible floating wind
farm [24]. In parallel, the U.S. government launched the Floating Offshore Wind Shot initiative in
2022, targeting a 70 % reduction in costs, down to 45 S/MWh, along with the deployment of 15
GW of floating capacity by 2035 [25]. Achieving these goals requires industrial-scale production,
standardization of designs, and the transfer of knowledge from fixed-bottom offshore wind,
which has already demonstrated steep cost reductions [21].

Looking forward, forecasts consistently highlight the critical role of floating technologies in
scaling offshore wind. The DOE projects cumulative offshore wind capacity to surpass 182 GW by
2028, with floating wind reaching nearly 8 GW by the same year and expanding to 39 GW by 2030
[21]. Complementary estimates from BloombergNEF (BNEF) [26] and 4C Offshore [27] predict
global offshore wind capacity between 379 and 394 GW by 2032, with Europe, China, and
emerging Asian markets as key drivers. Within these scenarios, floating wind alone could grow
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from 10 GW in 2030 to 300 GW by 2050, supported by cost reductions, technological innovation,
and supply-chain maturity [21]. Delving deeper into details on the installations per substructure
type, Table 1.1 gives an idea of the state of the art in offshore wind and the projections to 2030.
It is apparent how, despite the dominance of bottom fixed technologies, floaters such as
semisubmersibles will play a key role in the next decade.

Table 1.1: Global offshore wind substructure capacity (MW) for various substructure types installed in
2022 and projects to 2030 [23].

Column 1 2022 [MW] Projections to 2030 [MW]
Monopile 35502.3 52659.7

Jacket 6152.2 16244.4

Tripod 1060.0 -

Gravity Base 815.5 5229.9

Suction Bucket 4.3 -
Semisubmersible 80.7 28216.4

Spar 37.9 3277.8

Tension Leg Platform - 1972.7

Barge 5 1542.0

Regarding energy costs, floating offshore wind is expected to follow the cost trajectory of
fixed-bottom technology, moving from early-stage demonstration toward competitive large-
scale deployment. Current estimates place the LCoE for U.S. floating projects between 82 and
255 S/MWh in 2022, with reductions to 66—-128 S/MWh expected by 2030. These improvements
are anticipated through a combination of turbine scaling, wake management, component
reliability, modular design, and advances in manufacturing methods such as additive production
and automation [21,28].

Taken together, the literature emphasizes that fixed-bottom foundations will remain the
most efficient option in shallow waters, but floating substructures are essential to unlock deep-
water resources and expand global offshore capacity. Their accelerated deployment is central to
achieving long-term decarbonization goals and diversifying the technological base of the offshore
wind industry.
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2 BENCHMARK DEFINITION:

THE ROLE OF OFFSHORE WIND IN
GREEN HYDROGEN PRODUCTION
IN THE DUTCH NORTH SEA

2.1 Introduction

The North Sea region hosts a large wind energy potential. The European Union, Norway,
and the UK have a combined 2050 target of nearly 500 GW of offshore wind in the North Sea
[29]. The Netherlands alone aims to expand its offshore wind capacity to 50 GW by 2050 and
to 70 GW by 2070 [30]. These ambitious targets for offshore wind energy may necessitate
partially converting the produced electricity to hydrogen offshore to efficiently deliver this
wind energy to onshore demand locations [31], although the desired ratio between offshore
hydrogen and electricity remains the subject of debate [32,33].

Green hydrogen will be required to decarbonize hard-to-abate sectors and industries [34].
For the production of low-emission hydrogen, water electrolysis is the most anticipated and
promising conversion method [35,36]. Key challenges arise in increasing the capacity of
electrolyzers to GW-scale and developing the upstream supporting infrastructure. Moreover,
there are difficulties in financing the projects [37].

Against this background, this study provides a comprehensive framework to explore the
economic characteristics and operational dynamics of different offshore wind-based
hydrogen production system configurations. The three analyzed configurations include:

1. Onshore centralized electrolysis (C-ON): Offshore wind-based hydrogen production
occurs entirely onshore, with wind-generated electricity transported via high-voltage
cables to shore.

2. Offshore centralized electrolysis (C-OFF): This approach involves offshore hydrogen
production at a single centralized platform where electricity from nearby turbines is
converted to hydrogen and piped to shore.
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3. Offshore decentralized electrolysis (D-OFF): Each offshore wind turbine platform
hosts an individual electrolysis system, producing hydrogen locally and eliminating the
need for offshore electricity transmission infrastructure.

The D-OFF system configuration may have five major advantages over the two centralized
alternatives. Firstly, Timmers et al. [38] conceptually showed that it is possible to modify wind
turbine (WT) power systems to minimize the number of power conversion steps, i.e., by
bypassing one conversion step (direct current (DC)-alternating current (AC)) and using less
electric transmission infrastructure to reduce conversion losses. This approach may reduce
power conversion losses since the WT and electrolyzer are at the same site [39,40] and may
both operate on the same DC-voltage level. Secondly, offshore decentralized electrolysis
replaces all electrical export infrastructure (inter-array (IA) cables, high voltage (HV)AC/DC
cables, substations, and converter stations) with pipeline transmission infrastructure [39,40],
which may result in lower costs and lower transmission losses. Thirdly, decentralized brine
disposal has a lower environmental impact and lower costs [39]. Fourthly, the WT and
electrolyzer can be integrated into a single modular system [39,40], rather than using two
independent systems. Fifthly, Ibrahim et al. [39] state that D-OFF has more manageable
failure events due to the modular system, and there is no need for additional support
structures.

In this context, the aim is to answer the following research question: How do different
offshore wind-based hydrogen production system configurations in the Dutch North Sea
region affect the Levelized Cost of Hydrogen (LCoH), considering the effects of operational
behavior, energy flows, and production rates under intermittent wind energy inputs?

An innovative modular simulation, time-dependent model based on a Python
environment that allows analyzing the hydrogen production systems with multiple levels of
detail has been introduced. It enables quasi-steady state modelling, analysis of operational
dynamics, energy flows, material flows, and economic assessments. The model combines
high-detail modules for the main system components (the wind farm (PyWake) [41] and
electrolyzer (physically accurate electrolyzer model) [42]) and the lower-detail modules for
the modelling of other system components. The higher detail level modules are required for
conducting a detailed analysis of the D-OFF configuration, as it captures the unique dynamics
driven by direct connections to individual wind turbines. As these results will illustrate, this is
crucial for examining the impacts of wind energy fluctuations and intermittency on system
performance, hydrogen production rates, and overall efficiency.

To feed this framework, at first, an extensive technoeconomic dataset, validated by
industrial and scientific experts, has been compiled for the full upstream hydrogen system
spanning from the wind farm to injection into the onshore Dutch hydrogen backbone, which
is expected to be developed in the upcoming years [43]. Second, a comprehensive economic
analysis has been performed by determining the LCoH for different scenarios across three
system configurations. Third, the operational dynamics and time-dependent energy flows
have been assessed and analyzed for each system configuration, including start-stop
frequency, degradation rates, and minimum load thresholds, to provide critical insights into
the lifetime and efficiency of electrolyzers under different conditions.
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2.1.1 Contribution

First, a validated dataset incorporating projected costs and technological advancements
from 2030 onward has been compiled, ensuring alignment with current knowledge. Expert
validation of economic data for key components enhances the reliability and relevance of the
cost modelling.

Second, this research presents a detailed analysis of the system costs for a range of
scenarios for both centralized and decentralized offshore hydrogen production systems. A
total of 432 scenarios based on lower, mean, and higher bounds for input parameters are
included to address the wide range of potential future costs and technological developments.
Typically, the literature relies on single-point estimates as input data, overlooking the
inherent uncertainty in both economic and technological parameters, particularly for future
systems. This comprehensive simulation tool has been used for extrapolating the behavior of
auxiliary components, such as compressors and desalination units, in terms of weight on
LCoH for the forks presented afterward.

Third, the presented framework is, to the best of the author’s knowledge, the most
comprehensive open-source framework to date. In contrast to many existing approaches in
the literature [40,44,45], this study incorporates a detailed assessment of energy production
at the individual wind turbine level, integrating the effects of wind speed variability, wake
losses, and other spatiotemporal factors. This approach enables a more time and location-
specific evaluation of wind energy generation, addressing limitations in prior studies that
often rely on aggregated or simplified assumptions. Existing studies often exclude [40,44,46—
48] or only partially incorporate [49-52] detailed electrolyzer operations. In contrast, this
study fully considers operational dynamics and component interdependencies of the
hydrogen production system. By providing outputs on interconnections, energy flows, and
costs, along with flexibility in time steps from annual to 10-minute intervals, the model
captures the effects of intermittent energy inputs.

2.2 Literature review and knowledge gaps

P1.

Table 2.1 presents an overview of the literature on system simulation models for offshore
wind-powered hydrogen production, highlighting several omissions in the literature. In contrast,
in this study, wake losses and per-turbine energy production, minimum load thresholds for
electrolyzers, detailed component representation, and comprehensive modelling of component
interactions are key aspects to analyze and compare the system configurations in cost and
operational performance. To capture these key aspects, a detailed geographical and temporal
resolution is required. In many existing studies [40,44,45,47,48], few of these aspects are
incorporated or are not combined, as their primary aim is not to analyze the consequences of the
operational-level interaction between the different components on the performance and cost of
the systems.

Firstly, most studies utilize an hourly temporal resolution and incorporate either actual or
empirical wind data [48-53] or data derived from existing models or datasets [40,44,47]. Despite
the reliance on real-world wind data, few studies account for production per WT considering
wake losses and other aspects [46,52]. This is crucial for D-OFF, given expected interactions with
operational characteristics of the electrolyzer [39,45].
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Table 2.1: State of the art of techno-economic simulation models of offshore wind-based electrolysis.

Measured Production Detailed .
Source Tempo.ral wind data per wind electrolyzer Stack. Economies
resolution . . . degradation of scale
input turbine operation
This study 10 min v v v v v
Rogeau et al. [40] Annual X X X X X
Egeland and Sartori [49] Hourly v X Partly X X
Komorowska et al. [44] Annual X X X X x
Vu Dinh et al. [46] Hourly v v X X X
Singlitico et al. [53] Hourly v X V4 V4 V4
Hill et al. [50] hourly v X Partly X X
Calado et al. [51] Hourly v X Partly X X
Jang et al. [45] Annual X X v v v
Song et al. [47] Hourly v X X X X
Zhuang et al. [48] Hourly v X X X X
Mehta et al. [52] Hourly v v Partly X X
Rezaei et al. [54] Hourly v V4 Partly V4 V4

Secondly, some studies detail electrolyzer operations [45,53], while others partially address
this by including minimum load requirements [49,52] or operating temperature considerations
[50,51]. However, stack degradation is rarely included. Kojima et al. [55], Kuhnert et al. [56], and
Nguyen et al. [57] have studied the effects of intermittent power input on electrolyzers, finding
that degradation rates can drastically increase for both Alkaline (ALK) and Proton exchange
membrane (PEM) types.

Thirdly, only Singlitico et al. [53], Jang et al.[45], and Rezaei et al. [54] consider the economies
of scale for the electrolyzers, which refer to the cost benefits associated with centralized large-
scale electrolytic hydrogen production over a decentralized approach, consisting of multiple
facilities with smaller capacities.

The work by Singlitico et al. [53], Jang et al. [45], and Rogeau et al. [40] is closest to the analysis
presented in this work. These authors analyze comparable system configurations and consider
the North Sea region for hydrogen production. Here, is discussed how they address key modelling
challenges central to this work: the dynamic behavior of wind farms and electrolyzers over time,
the influence of geographic conditions, the role of economies of scale, and comprehensive cost
estimation. Together, they provide a strong foundation for comparison and help clarify how the
approach adopted advances the current state of the art.

The study by Singlitico et al. [53] provides a cost estimation of three system configurations in
the North Sea region. Their analysis includes dynamic modelling of the wind farm and the
electrolyzer. The study highlights the strong influence of economies of scale, particularly for small
electrolyzer capacities that incur higher specific costs. However, the study employs two operating
strategies: a ‘hydrogen-driven’ operation mode, where the electrolyzer is operated at a fixed
power rating, and an ‘electricity-driven’ operation mode, where only excess electricity is used for
hydrogen production. In contrast, the dedicated wind-based hydrogen production systems are
herein addressed. Furthermore, the study relies on an hourly temporal resolution, which may be
insufficient for capturing the operational dynamics of D-OFF. This work addresses this by using a
finer temporal resolution (10-minute timesteps) to enhance modelling accuracy. In this study, a
more advanced wind farm model is adopted, improving Singlitico et al.’s electrolyzer model [53]
to represent the dynamic interaction between these key components. Singlitico et al. [53]
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highlight the strong influence of economies of scale, i.e., small electrolyzer capacities exhibit
higher specific costs.

Jang et al. [45] assess C-ON, C-OFF, and D-OFF configurations to estimate the LCoH and net
present value (NPV). Their study includes a detailed cost breakdown that incorporates fixed
operating cost assumptions and a predefined, static capacity factor. While this approach provides
clear cost comparisons across system configurations, it limits the representation of operational
dynamics by not accounting for temporal fluctuations in wind power generation or electrolyzer
operations. As a result, system constraints on dynamic operations and real-time performance are
underrepresented. Nonetheless, the study confirms that electrolyzers for D-OFF system
configuration face higher specific costs, due to their smaller capacities at each turbine, which
underscores the anticipated cost disadvantage associated with reduced economies of scale in
decentralized configurations.

The North Sea region is also the focus of the study by Rogeau et al. [40], which presents a
detailed techno-economic analysis of C-ON, COFF, and D-OFF configurations for the years 2020,
2040, and 2050. Their work offers an in-depth breakdown of the cost components across the
entire value chain, including turbines, substations, pipelines, and infrastructure. However, the
study does not apply the same level of detail to the operational side of hydrogen production
adopted in the present analysis. Hydrogen yields are based on fixed conversion efficiencies and
predefined loss factors, without considering the dynamic behavior of the electrolyzer or the
variability in wind generation.

Across all three studies, only a single set of input data is used. While they include sensitivity
analyses to illustrate the influence of individual components on overall cost estimates, they do
not incorporate a broader range of data points that could better reflect the uncertainty
surrounding future costs of key technologies such as wind turbines and electrolyzers. In contrast,
this study integrates a wide set of input parameters drawn from both scientific literature and
industry data. However, even with more comprehensive input data, there remain notable gaps
in how these systems are modelled.

Several authors indicate knowledge gaps related to the modelling of the costs of these system
configurations. Rogeau et al. [40] state that a harmonized comparison of onshore electrolysis
considering HVAC and HVDC export and offshore electrolysis, including both centralized and
decentralized configurations, is lacking. Komorowska et al. [44] highlight that a detailed
consideration of geographical effects for offshore wind locations is (often) not (fully) included in
the cost assessment. This is also acknowledged by Vu Dinh et al. [46], who emphasize that there
isa gap in the literature for a technically rich, location-dependent cost model for green hydrogen
production. Hill et al. [50] point out that there is limited consideration of dynamic electrolyzer
operation and its impact on efficiency, as well as a lack of focus on offshore wind farms as a
primary energy source for hydrogen production. Additionally, few studies examine the lack of
reliable data on the cost of offshore renewable hydrogen production projects.

2.3 Methodology

This section outlines the modelling approach, the description of the main system
components, the economic assessment framework, and the data collection process. The
simulation framework presented in this work is available open-source on GitHub [58].
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Figure 2.1: Simulation model workflow.
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An engineering model to assess the performance and costs of electrolytic hydrogen
production from dedicated wind farms is developed. This framework describes the operation of
the different hydrogen production configurations, starting from components that comprise the
system, focusing on energy and physical flows, such as hydrogen and water, resulting from an
intermittent power input. This engineering model forms the heart of the model workflow (Figure
2.1). After the estimation of the energy and physical flows, the LCoH is calculated, considering
the production of hydrogen and costs over the lifetime of the assets.

Delving deeper into details, the engineering model can be described as follows: after
calculating the gross wind farm power production, the model estimates the electricity
transmission losses to evaluate the power available to the electrolyzer per timestep. The
hydrogen that can be fed into the hydrogen grid is then calculated through a detailed module of
the electrolysis facility that reproduces the behavior of the stack and the auxiliary systems. For
the wind farm and the electrolysis facility, detailed simulation models are utilized, but
components such as pipelines, electric transmission infrastructure, and auxiliaries such as
compressors and the desalination unit are handled with a simplified method. This assumption is
justifiable based on the minor impact of these components on the system’s behavior at the
adopted time scales.

As shown in Figure 2.1, physical and energy flows represent the interconnections between
the components. The output of each module is utilized as input for the next. Regarding the time
resolution for the simulations, 10-minute-based wind speed and direction data have been
selected. This resolution allows modelling the operation of the electrolyzer, including
degradation and temperature effects, and variability of offshore wind energy. This time step size
allows for analyzing the effects of cold startup time for the electrolyzers. Additionally, wind
power curves provided by wind farm manufacturers are typically averaged over 10-minute
intervals [59]. A coarser time resolution would have led to overestimating the production [60].

Each component is sized to the peak output of the upstream component. As such, the
definition of the wind farm installed capacity determines the size of all the components of the
electrolysis facility and the hydrogen production potential. The wind farm’s characteristics, such
as the layout and the WT type, and the component costs, are set as boundary conditions.

2.3.1 System components

This section describes the assumptions and the modelling approach adopted for each
component.
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2.3.1.1 Wind power production

PyWake [41] has been utilized to assess the wind farm’s performance due to its large adoption
in the design, development, and evaluation processes of wind projects. PyWake is an open-
source and Python-based wind farm simulation tool that is capable of computing flow fields and
the power production of a wind farm. The main potential of this tool is the ability to calculate the
wake interactions within a wind farm for a range of steady-state conditions with a low
computational cost. This enables the integration of different Python-based modules, such as the
electrolysis facility and the transmission infrastructure, within the same numerical model using
the wind power output to model the interfaces. Moreover, it allows for time-dependent analyses
to evaluate the power production of the single wind turbines within the wind farm.

In PyWake’s architecture, the primary object is the Wind Farm module, which includes two
key components: a site and a wind turbine object. The site object defines local wind conditions
based on given turbine positions, reference wind speed, and reference wind direction. The wind
turbine object, defined for each turbine type and effective wind speed, provides the power curve,
thrust coefficient curve, hub height, and rotor diameter of the wind turbines. Upon calculation,
the Wind Farm module generates the results in terms of the calculated effective wind speed,
power production, and thrust coefficient for each turbine.

Concerning the wake effects, the N.O.J. wake deficit model [61], based on the assumption of
a linearly expanding wake diameter with a constant wake decay coefficient, has been adopted.
In order to deal with the marine environment of the Dutch North Sea, the DTU guidelines for
offshore installations have been adopted, neglecting factors such as surface roughness and
orography due to the offshore site [62].

2.3.1.2 Electrolyzer

To account for the effects of intermittent power input, time-dependent hydrogen production
requires a model that can provide a variable efficiency of the component depending on power
inputs, temperature, and load hours for the different electrolyzer technologies considered in this
study—ALK and PEM. The approach proposed in Superchi et al. [42] has been adopted and
expanded to include PEM electrolysis. This module mimics the electrolyzer stack in terms of
hydrogen production through the implementation of the polarization curve of the cell. This curve
describes the relationship between the cell’s voltage and current, depicting the efficiency of the
component by including the system’s irreversibilities. Specifically, the actual operating voltage of
the cell consists of the thermoneutral voltage—the theoretical minimum voltage needed for
water splitting—and additional overpotentials. These overpotentials arise from three types of
losses: activation (due to reaction kinetics) that mostly affects the hydrogen production curve for
low power inputs, ohmic (due to resistance in the electrolyte and other cell components)
prevailing in the inner part, and, finally, concentration losses (due to mass transport limitations).
Together, these factors influence the efficiency and power requirements of the electrolysis
process [63]. Furthermore, this approach addresses the effects of the thermal variation of the
stack thanks to the computation of the heat generation and dispersion to the environment based
on the geometry of the electrolyzer itself.

Regarding the power source, this module enables addressing the impact of variable operation
on system productivity when connected to non-dispatchable power sources. The modelling
strategy mimics a management system that seeks to maximize the number of active modules
within the electrolyzer by distributing the minimum required power across as many modules as
possible.
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Figure 2.2(a) and (b) show the link between the voltage and the current density (i) of the
electrolyzer at different temperatures for the PEM [64] and ALK [42]. The control system of the
ALK allows a minimum power input of 20 % of the nominal power. The low-voltage region of the
operational curve is not modeled in the analysis, forcing the component to work in the linear part
of the polarization curve. On the other hand, the PEM also enables the operation in the area
affected mostly by activation overvoltages, which leads to strongly nonlinear behavior. To assess
the impact of the temperature variation, the modelling of this initial portion of the curve requires
a 3-D approach. While the ALK efficiency has been modeled with a linear curve—see Figure
2.2(b)-, the behavior of the PEM is reproduced with a surface, see Figure 2.2(a).

V [V] VIV]
1.4 1.6 1.8 2.0 2.2 1.7 1.8 1.9 2.0 2.1

BN |

a) PEM b) ALK

Figure 2.2: Polarization curve of the PEM electrolyzer (a) [64] and ALK electrolyzer (b) [42].

The impact of temperature on the stack efficiency can be observed in Figure 2.2. A decrease
in temperature due to heat losses leads to a shift of the curve towards higher voltages of 0.5 mV
[42] and 0.4 mV [64] per ° C for the ALK and PEM. This leads to a decrease in the efficiency of the
component. Adopting this modelling strategy thus leads to the assumption that the hydrogen
flow rate is proportional to the current density of the cell. An enhanced working voltage at the
same current density results in a higher power input needed to produce the same amount of
hydrogen. Finally, an efficiency degradation mechanism that accounts for the operating hours is
considered. A linear relationship between degradation and operating hours has been considered,
setting a constant increase in the overvoltage per working hour for both technologies. However,
although the intermittent operation of the electrolyzer strongly affects the lifetime of the
component itself [56,57,65], incorporating this aspect into a parametric model remains an
unresolved gap in the literature. To address this challenge, several degradation factors have been
tested, as extensively depicted in Section 2.4, to reproduce the mimic of a lower electrolyzer
lifetime on the revenues of the plant.

To quantify the variation of the voltage, Eq. 2.1 is employed per time step. Here, Vyp
represents the operating voltage, V;; the voltage of the new electrolyzer working at design
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temperature, 4V;;,. the time degradation overvoltage, h the cumulative number of operating
hours, AV, the thermal overvoltage, and T} 4t0q and T,; the design and working temperatures.

Vop = Vid + AVtime *h + AVT * (Trated - Tel) 2.1

As described in Superchi et al. [42], the operating voltage leads to the estimation of the
conversion factor (£2) and the heat generated by the component. 2 represents the link between
the power input to the component and hydrogen production. This coefficient is evaluated per
time-step through the ratio between the maximum hydrogen production (H, ;4) and the product
of the number of cells (n..;;), the operating voltage, and the ideal current (I;4), as shown in Eq.
2.2.

Hyia

0= 2.2
Neen * Vop * lig

Hydrogen production is estimated by multiplying 2 and the electrolyzer input power
provided by the renewable source. The definition of the correct working temperature is required
to match the correct operating point on the polarization curve. Heat generation (Qg;.,,) and
dissipation (Qp;ss) are estimated following the approach mentioned in the reference model [42],
adapting the geometries to the ones described in Tiktak [64] for PEM.

Regarding the electrolysis facility, a few assumptions have been made. Considering the
thermal model reproduces the heat exchange between the gas-liquid separator and the
environment (ALK), and between the whole stack and the environment (PEM), a realistic thermal
capacity should be set. For both electrolyzers, a reference size of 1 MW has been set for the
stack. This leads to the possibility of scaling up the whole electrolysis facility by adding 1 MW
modules, resulting in homogeneous heat generation and loss for each stack. Moreover,
considering a control strategy that keeps the temperature at a maximum value equal to the
nominal one to avoid overheating, the cooling required (Q¢,.;) is evaluated as shown in Eq. 2.3:

QCool = QGen - QDiss 2.3

This cooling requirement is then converted into the power required by the chiller by adopting
a coefficient of performance (COP), set to 3.5 [66].

Extended periods of no power input result in an electrolyzer temperature drop due to heat
dissipation, leading to reduced efficiency as indicated by the upward shift of the polarization
curve. 30 o C has been set as the target value at which the shutdown of the component occurs.
To restore the operation of the electrolyzer, an approach similar to Singlitico et al. [53] has been
adopted, considering a cold startup time of five and twenty minutes for the PEM and ALK, where
the power input to the electrolyzer is used to increase the temperature, and no hydrogen is
produced.

Thesimulation of the whole lifespan of the plant leads to the possibility of assessing the real
replacement time for the electrolyzer stacks. According to manufacturers, the component
replacement should occur when the cell voltage at nominal temperature exceeds 2.3 V for the
ALK stack [42]. Starting from this assumption, also for the PEM, a maximum voltage of 2.23 V,
equivalent to an increase of 21 % at rated temperature and current density, has been assumed.
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Therefore, by monitoring the increase in overvoltage induced by degradation, it is possible to
evaluate the component’s end of life.

2.3.1.3 Auxiliaries

Adopting a time-dependent approach allows for the evaluation of the energy availability of
the electrolysis facility powered by a specific wind farm. This is key for assessing the physical
flows, such as oxygen, brine, and heat production, or water feed. Auxiliary components such as
compressors and reverse osmosis units have been included in the analyses. However, due to the
minor role of these technologies, a simplified approach has been adopted, as described in [67].

2.3.2 Economic assessment

Hydrogen production cost assessments are typically conducted through techno-economic
assessments utilizing the LCoH as the main cost metric. This metric evaluates the annualized cost
of hydrogen produced at a specific installation site over its economic lifetime. The LCoH considers
the capital expenditures (CAPEX) of each component, the operational and maintenance costs
(OPEX), discount rates, and inflation. The LCoH is calculated following the approach shown in
Singlitico et al. [53] and Rogeau et al. [40]and depicted in the equation below.

CAPEX?°tal 4 OPEX]ote!

Z;:l y
LCOH = d+7) 2.4
n Hz,production
vl (T + 1)

The n in Eq. 2.4 represents the economic lifetime, y is the year, CAPEX,™% and OPEX, %!
represent the total system capital and operational expenditures for each y, and r is the discount
rate.

Economies of scale and scale factor. In the studies by Singlitico et al. [53] and Jang et al. [53],
the economies of scale benefit centralized configurations more than decentralized ones. Even
though electrolyzer stacks are modular, centralized system configurations consolidate all
electrolysis components at a single location. As Cooper et al. [68] highlight, larger electrolyzer
plants allow for a cheaper balance of plant—which is part of the CAPEX of the electrolyzer—
which reduces the specific cost as system size increases. A scale factor of 0.69 is introduced in
Travaglini et al. [60] based on scientific literature [69] and correspondence with industrial
experts, resulting in cost benefits for electrolysis, as shown by Eq. 2.5. Conversely, due to its
decentralized setup, the D-OFF configuration, which employs smaller electrolyzers distributed
across multiple wind turbines, does not realize the same cost advantages.

0.69

X
CAPEX iectrotyzer = Co * <X_) .
0

This equation shows how, taking a reference cost (C,) and size (X,), the CAPEX of the
electrolyzer can be scaled according to the actual size of the component (X). In this work, while
C, depends on the economic scenario, X, has been set to 15 MW.
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2.4 Case study

For each combination of system configuration and selected wind farm location in the North
Sea, different scenarios have been simulated. Both economic and technical data are gathered to
develop a large dataset. This is done by executing a desktop study on the existing literature from
academia and industry. The analysis focused on data for 2030 and beyond. The most recent data
were selected when projections were available for this period.

Based on interviews and communications with experts in the fields of wind energy,
electrolysis, hydrogen infrastructure, and electricity infrastructure, the data are validated for the
core components. For confidentiality reasons, most of the references are excluded. Together,
these values make up the benchmark scenarios for the combination of each system configuration
and the predefined location of the offshore wind farm.
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Figure 2.3: Available wind park sites in the Dutch North Sea.

Measured wind data are obtained for the Dutch North Sea region, more particularly for the
Nederwiek [70] and Ten Noorden van de Waddeneilanden (TNW) [71], located 100 and 50 km
from the assumed landing area. Additionally, to assess the robustness of the findings, the wind
resources in two additional sites have been included: Hollandse Kust Zuid (HKZ) and IJmuiden Ver
(JV) [71]. These offshore sites are located 20 km and 60 km from the assumed landing area.
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Data provided by the RVO are obtained with LIDAR measurements in different experimental
campaigns. The database provides the wind speed, wind direction, and air temperature at
different heights, completely defining the source in the area of interest. Figure 2.3 shows the
available installation sites in the Dutch North Sea.

The choice of the installation sites relied on two selection criteria: the distance from the shore
and the statistical wind speed distribution. While the “Hollandse Kust Zuid” (HKZ) is the closest
to the shores (n.2 in Figure 2.3), TNW, Nederwiek (NED), and lJmuiden Ver (lJV) provide a
comprehensive representation of the wind source in the site. Figure 2.4 shows the Weibull
distribution of the available wind sources. It is apparent that, while TNW experiences a low
average wind speed, the probability of having wind velocities higher than 20m/s is relevant. On
the other hand, NED experiences one of the highest average wind speeds in the selected sea
region. Finally, 1JV represents the site with the lowest source, despite its export distance
comparable to the TNW site. While for the analyses a time-dependent approach has been
adopted, to compare the wind sources, a strategy based on the statistical distribution and wind
roses has been introduced.

0.1

DDW
HKN

0.08

0.06

PDF

0.044

0.02

0 5 10 15 20 25 30
wind speed [m/s]

Figure 2.4: Weibull distribution of the available wind sources.

The Weibull curves shown in Figure 2.5 highlight a high shape parameter for the Nederwiek
farm that shifts the curve to higher average speed values. This is consistent with an enhanced
distance from the shores, which is associated with a lower impact of terrain orography and
morphology on the source and thus a higher average wind speed. The distributions shown in
Figure 2.5 represent the wind source at rotor height; therefore, no additional empirical models,
such as scalers based on wind shear, are needed. Finally, given the need to conduct analyses over
time horizons longer than the two years provided by measurements, with periods of interest
spanning twenty-five years in order to calculate a reasonable replacement time for the
electrolyzer, the estimated power dataset at ten-minute intervals is extended to achieve a length
equal to the plant lifetime. In detail, considering the peculiar behavior of wind in certain months
of the year, it was chosen to reconstruct the missing months by randomly shuffling the days from
those same months available in previous years. With respect to a simple repetition of the
available years to reach the required ten-year time span, this randomization allows for increased
variability in the repeated periods, while statistically respecting the seasonal variability of the
wind resource [72]. The evaluation of the operational degradation of the electrolyzer, by means
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of the increased overvoltage, leads to the assessment of the end of life of the stack, avoiding the
assumption of the 7-10 years usually adopted [42].
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Figure 2.5: Wind source in the chosen installation sites.

Real-life data with the required 10-minute timestep resolution for locations at 200 km from
shore are currently unavailable. Considering the reduced variation in the wind source for
distances from shores higher than 80 km, as depicted by the online database Global Wind
Atlas[73], the same wind speed and direction series as the 100 km case have been adopted.

Two different wind farms have been designed. As depicted in Figure 2.6, both wind farms
show a similar layout, obtained by the trade-off between wake losses and cable cost reduction,
characterized by IA turbine distances of 14 and 5 wind turbine diameters in along-wind and
crosswind directions. The dots in the plot represent the wind turbines, and the lines represent
the IA cables (centralized system configurations) or pipelines (decentralized system
configuration).

Figure 2.6: Wind farm layout and corresponding wind rose for the installation sites at 50 km (a) and
100/200 km (b) from the shore.
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The green square in the middle represents the centralized substation for electrical or
hydrogen transmission to shore.

Upon examination of the wind rose (Figure 2.6a and b), the prevalent wind direction at the
installation site is South-West for Nederwiek (a) and West-Southwest for TNW (b), considering
both wind frequency and energy. These directions have been adopted to define the wind farm
orientations to maximize the parks’ energy production. As HKZ and IJV experience a wind rose
similar to Nederwiek, as shown in detail in Supplementary Appendix C, the same wind farm layout
has been adopted. Figure 2.6a and b depict the relative positions between wind turbines and the
electrical scheme for the wind farms located at 50 and 20/60/100 /200 km from shore.

2.4.1 System configurations

For each system configuration, the offshore wind farm is composed of sixty-seven 15 MW
wind turbines, for a cumulative installed capacity of 1.005 GW. Is assumed that the electricity
produced is dedicated to hydrogen production and the auxiliary processes. The produced
hydrogen is transported via an onshore pipeline to an onshore hydrogen backbone network,
which is assumed to be situated 10 km inland. It is assumed that the backbone can accommodate
fluctuating hydrogen input, allowing this analysis to focus on the production aspect of the
hydrogen chain while excluding storage facilities.

The system configurations—C-ON, C-OFF, and D-OFF—differ in the electrolysis facility
location, resulting in different energy requirements, hydrogen production rates, and associated
costs. Several operational aspects of the electrolyzer, such as start-stop frequency, degradation
rates, and minimum load thresholds, affect each system configuration.

C-ON. This is the conventional system configuration, considering that the components in the
system have the highest TRLs and most are already commercially available on a larger scale or
are expected to be in the near future (Figure 2.7 top). The offshore wind farm is connected
through IA cables that lead to an HVAC or HVDC export infrastructure, depending on the distance
to the onshore landing area. At the landing area, the electrolyzer is located together with the
desalination unit and compressors, and it is connected to the national hydrogen grid. The
onshore compressor is assumed to be powered by the grid, and a cost of 100€/MWh is assumed
for the electricity.

C-OFF. Individual WTs are connected through IA cables (Figure 2.7 center). The IA cables are
connected to an offshore structure or platform where a centralized electrolysis plant is stationed,
including a seawater desalination system and a compressor. The hydrogen export infrastructure
requires offshore and onshore hydrogen compression. The onshore and offshore compressors
are connected to the power grid, assuming a cost of 100€/MWh and an additional cost per
km/MW for the offshore cables required to transmit the power to the compressor.

D-OFF. D-OFF is the most innovative configuration with the lowest TRL. Each WT powers an
on-site electrolyzer plant that is scaled to the WT power output (Figure 2.7 bottom). The D-OFF
configuration utilizes DC output at the turbine, reducing half of the conversion steps [38]. A direct
coupling between the wind turbine and the electrolyzer located on its foundation has been
considered, neglecting any potential interaction between other wind-electrolyzer configurations.
In this configuration, half of the losses are prevented, resulting in losses at the rectifier by 1 %
compared to the centralized system configurations [74]. A co-located desalination unit is present,
but it is assumed that an additional compressor per turbine is not required. IA pipelines
connected to a large export hydrogen pipeline deliver hydrogen to shore. Due to the simplified
modelling approach adopted for the pipelines, no mass flow interactions have been accounted
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for between the electrolyzers, which operate independently within the wind farm. Both offshore
and onshore compressors are required to increase the hydrogen pressure for hydrogen
transmission. The compressors are powered in a similar way to the C-OFF configuration.

2.4.2 Scenarios and databases

This study evaluates three system configurations across 432 scenarios. The scenarios consist
of the combination of data for economic and technical parameters. For each economic and
technical parameter, a lower, average, and upper bound are defined upon examination of the
literature. An additional value incorporates expert-validated economic data. Experts from
industry and academia provided validated economic data on the key system components. This
provides an extra economic scenario, resulting in a total of four economic configurations.

Key variables include electrolyzer type, pipeline options—new vs. repurposed—and distances
to shore. Each scenario was constructed as follows: One of the three different system
configurations is the basis: C-ON, C-OFF, and D-OFF. Each system configuration is evaluated for
three distances to shore (50 km, 100 km, and 200 km) and two types of electrolyzers (ALK and
PEM). For each combination, both economic and technical parameters are systematically
considered by applying three different scenarios (lower bound, average, and upper bound) for
cost and performance parameters. The economic data refer to projections for the year 2030 and
beyond [67]. An overview of the technical data for 2030 and beyond is presented in Table 2.2.

Table 2.2: Overview of the technical specifications of all components of the considered system
configurations [67].

ps o . Lower .
Component Specification Unit Average  Higher bound
bound
HVAC cables Transmission losses [%/1000km] 6.7 6.7 6.7
HVAC substation Conversion losses [%] 1 1 1
HVDC cables Transmission losses [%/1000km] 3.5 3.5 3.5
HVDC substation Conversion losses [%] 1 1.67 2
Energy Requirement [kWh/kg] 47 51.8 55.6
ALK plant .
Degradation [V/h] 4.00e-6 5.04E-06 6.85e-6
Energy Requirement [kWh/kg] 49 52.6 58.1
PEM plant .
Degradation [V/h] 4.29e-6 4.85E-06 6.60e-6
Desalination unit Energy requirement [kWh/m3] 3 3 3
H, pipelines Transmission losses [%/1000km] 0 0.03 0.05

2.5 Results

This section compares different system configurations in terms of cost and operational
performance. The economic analysis results in LCoHs spanning from 3.0 to 10.5€/kgH, with C-
OFF obtaining the lowest outputs and D-OFF the highest, as presented in Section 2.5.1. In this
case, technical results such as hydrogen production and energy efficiency have not been included
to evaluate the best configuration. The expert-validated scenarios show smaller ranges from 4.1
to 5.5€/kgH,. Additionally, offshore electrolysis offers lower costs due to the use of hydrogen
transmission infrastructure, centralized system configurations benefit from economies of scale,
and PEM outperforms ALK electrolyzers as presented in Section 2.5.1.
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Figure 2.7: Schematic representation of the C-ON, C-OFF, and D-OFF system configuration.
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On the other hand, although D-OFF has the highest LCoH for the different scenarios, it has
the highest annual production rate and system efficiency (Section 2.5.2.1). Therefore, when the
focus is on the technical performance, the decentralized configuration benefits from the lower
power losses. Additionally, the time-dependent analysis in Section 2.5.2.2 shows that PEM
electrolyzers benefit from a wider power range in comparison to ALK electrolyzers, resulting in
more hydrogen production.

2.5.1 Economic analysis of system configurations

For the C-ON configuration, a wide LCoH range is found (Figure 2.8): from 3.3€/kgH, —for
PEM electrolysis at 50 km, assuming lower bound economic costs, upper bound technological
input data, and repurposed onshore pipelines—to 10.1€/kgH,, which represents ALK electrolysis
at 200 km with upper bound economic costs, more conservative technological assumptions, and
new onshore pipelines.
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Figure 2.8: Range of LCoH found for each system configuration for three wind park sites (characterized
by their distance to shore).

The LCoH outcomes for C-OFF configurations span from 3.0€/kgH. —for PEM electrolysis at
100 km under lower bound economic costs, upper bound technology input, and repurposed
onshore pipelines—to 7.8€/kgH. for ALK electrolysis at 200 km, incorporating higher economic
costs, more conservative technological assumptions, and new pipelines.

The LCoH for D-OFF configurations ranges from 3.2€/kgH, —achieved with PEM electrolysis
at 100 km using lower bound economic conditions, advanced technology assumptions, and
repurposed pipelines—to 10.5€/kgH., for the scenario with PEM electrolysis at 50 km with upper
bound economic cost inputs, conservative technology assumptions, and new offshore and
onshore pipelines.

25



2 Benchmark definition

Figure 2.9 presents the LCoH breakdown for two benchmark scenarios—with expert-
validated costs and mean technology input data—for each system configuration: a 50 km
offshore distance using an ALK electrolyzer, and a 200 km offshore distance using a PEM
electrolyzer. Across all system configurations, the largest contributor to the LCoH is consistently
the wind farm, accounting for =60 to =80 % of the LCoH. Other components include the electrical
transmission infrastructure—notably in the C-ON configuration (~15-30 %)—and the
electrolyzers (~9 % for centralized configurations and up to =35 % for D-OFF). In contrast, the
hydrogen transmission infrastructure, both onshore and offshore, accounts for less than 1 % of
the LCoH for 50 km and around 3 % for distances up to 200 km.
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Figure 2.9: LCoH breakdown for two scenarios (under expert validated cost and mean technology input
data) for each system configuration: a 50 km offshore distance using an ALK electrolyzer, and a 200 km
offshore distance using a PEM electrolyzer.

Onshore vs. offshore electrolysis. C-OFF shows lower LCoH values than C-ON configurations,
especially for distances farther from shore, indicating that offshore systems may be more cost-
effective. This cost advantage is largely due to differences in transmission infrastructure costs.
The analyzed data reveal that the 36-inch hydrogen export infrastructure—which can transmit
15 GW of hydrogen—CAPEX ranges from 3.6 M€/km to 5.8 M€/km or about 0.24 to 0.39
M€/km/GW [75] for new pipelines and 0.36 M€/km to 1.09 M€/km [76] for repurposed pipelines.
In contrast, electricity export infrastructure costs are higher, with HVAC cable costs ranging from
3.0 M€/GW/km [77] to 6.8 M€/GW/km [78], HVDC cable costs from 0.8 M€/GW/km [77] to 6.8
M€/GW/km [79]. These values differ greatly, but the sources lack detailed explanations for their
selected cable costs. Additionally, expenses for substations and platforms contribute to the
overall cost. For C-ON, the increasing distance affects the LCoH linearly, resulting from the cost
per km of the HVAC or HVDC transmission infrastructure. This increase ranges from 3 % per 100
km to 10 % per 100 km.

This effect is less pronounced for C-OFF and D-OFF due to the low cost of the hydrogen
transmission infrastructure. Moreover, a decrease in LCoH is observed between 50 and 100 km
for all offshore system configurations of =4 %, attributed to higher wind speeds that boost
hydrogen production rates. This advantage, however, does not persist at distances of 200 km, as
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the modeled wind speeds reach their maximum beyond 100 km offshore [71,71]. Beyond 100
km, the LCoH increases by 2 to 3 % for both C-OFF and D-OFF configurations across all scenarios.

Centralized vs. decentralized. Across all distances and for both electrolyzer types, the C-OFF
configuration consistently demonstrates the lowest LCoH. Notably, it achieves the lowest LCoH
not only in the most lower-bound cost and upper-bound technology scenarios -3.0€/kgH. versus
3.5€/kgH, for both C-ON and D-OFF with PEM electrolysis at 100 km, but also in the mean and
upper-cost bound cases -7.4€/kgH. versus 9.0€/kgH, for C-ON and 10.1€/kgH. for D-OFF with
PEM electrolysis at 100 km. This is attributed to two major advantages: economies of scale and
minimal reliance on external electrical transmission infrastructure. Using the LCoH metric, C-OFF
outperforms other system configurations for dedicated hydrogen production.

In summary, the centralized configurations are likely the most cost-effective option. In the
conducted simulations, D-OFF is the least cost-effective system configuration in most scenarios.
While it benefits from fewer losses in transmission due to hydrogen production directly at the
turbine, it is more affected by minimum load requirements, particularly for ALK electrolysis, as
discussed in Section 2.5.2. The primary driver of its higher LCoH is the lack of economies of scale
[60].

To assess the effects of economies of scale, the same specific cost per unit size has been
assumed across all configurations, setting the scaling factor equal to one. This leads to LCoHs of
4.0€/kgH; for CON, 3.5€/kgH> for C-OFF, and a lowest of 3.3€/kgH> for D-OFF in the lower bound
cost and upper bound technology scenario (ALK, 200 km offshore). In worst-case scenarios,
LCoHs increase to 13.7€/kgH, for C-ON, 12.6€/kgH; for C-OFF, and 10.8€/kgH. for D-OFF. For D-
OFF configurations, the inability to exploit the benefits of scaling results in electrolyzer plant costs
three to four times higher compared to centralized systems under similar production rates for
both ALK and PEM electrolyzers. In other words, D-OFF can become the most cost-effective
solution for all scenarios, distances, and electrolyzer types only if cost scaling effects were not
available. However, as Cooper et al. [68] have pointed out, the balance of plant for the
electrolyzer facilities benefits from centralized setups for large-scale electrolytic hydrogen
production, resulting in a higher specific cost for decentralized over centralized configurations.

ALK vs. PEM. PEM electrolyzers consistently outperform ALK electrolyzers in terms of cost-
efficiency across all configurations and distances. For example, for the mean cost and technology
performance scenario at 50 km, the LCoH for C-ON PEM is 4.4€/kgH,, making it 6 % cheaper than
C-ON with ALK at 4.7€/kgH,.

While PEM electrolyzers have a higher CAPEX than ALK electrolyzers, they demonstrate
superior performance under intermittent operating conditions. This enhanced performance
results in lower degradation rates in most scenarios, subsequently reducing replacement costs.
Additionally, the wider operational load range of PEM electrolyzers facilitates increased
hydrogen production across all system configurations.

However, there is still a lot unknown about the degradation rate of electrolyzer stacks under
dynamic operational conditions, potentially leading to a higher degradation rate in comparison
to that under a stable power input [55-57]. To analyze the impact of the degradation of the
stacks, additional simulations were run for both PEM and ALK electrolyzers with degradation
rates twice as high as for scenarios visualized in Figure 2.8. At multiple distances, the LCoH
increases by 2—4 % for ALK electrolyzers under the lower bound and mean cost and technology
scenarios. For PEM electrolyzers, the LCoH rises more, with a 5—7 % increase, primarily due to
higher stack degradation rates. In higher bound cost and lower bound technology scenarios, the
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cost differences are more pronounced: ALK electrolyzers experience a 4—-8 % increase in LCoH,
while PEM electrolyzers face a rise of 10-15 %. This difference arises from the higher CAPEX of
PEM electrolyzers, meaning more frequent replacements have a greater impact on overall costs
than ALK electrolyzers. However, these analyses mimic the degradation of the electrolyzer per
hour of operation, disregarding the impact of dynamic loading.

Table 2.3 shows the average lifetime for each system configuration and technical scenario.
The higher bound cost and lower bound technology scenarios lead to a higher number of
replacements. The D-OFF configuration experiences a reduced lifetime compared to the
centralized setups if the ALK technology is deployed. This is due to the higher average capacity
factor of the electrolyzer, which is related to a higher number of hours of operation.

For all scenarios, PEM stacks require more frequent replacement than ALK stacks. This is due
to two reasons. First, as shown in Table 2.2, in the lower-bound technology scenarios, ALK has a
lower degradation rate (4.00e-6 V/h) than PEM (4.29e-6 V/h). However, this difference does not
hold in the mean and higher bound scenarios. The main reason for the higher replacement rate
of PEM is its higher number of load hours, resulting from its wider operational range (0-100 %)
compared to ALK (20-100 %). Consequently, the PEM stacks experience more degradation per
year due to the modelling approach adopted and must be replaced more often.

Table 2.3: Electrolyzer lifetime per technology and technical scenario.

Component C-ON C-OFF D-OFF Unit
Electrolyzer ALK PEM ALK PEM ALK PEM

Upper-bound scenario 15 10 15 10 14 10 Years
Mean scenario 12 9 12 9 11 9 Years
Lower-bound scenario 9 7 9 7 8 7 Years

The salvage value of the stacks has been excluded from the analysis. However, the residual
value of the stacks at the end of their operational life could contribute to lowering the LCoH. For
D-OFF employing ALK electrolyzers, the remaining lifetime extends at most to seven years,
representing 88 % of the total operational life. Accounting for its salvage value can lower the
LCoH by over €0.5/kg, bringing it to approximately 9€/kgH.. For C-ON and C-OFF systems using
ALK electrolysis, the remaining operational lifetime of the stacks is at most 11 years, exceeding
90 % of their total lifetime. When these salvage values are incorporated, the LCoH for C-OFF
systems decreases from 4.3-4.5€/kgH, to 4.2-4.4€/kgH,, and for C-ON systems from 4.7—
5.5€/kgH; to 4.7-5.4€/kgH,. The inclusion of salvage values can have a measurable effect on
reducing LCoH but does not change the relative order of the configurations.

2.5.2 Operational differences across configurations

Firstly, annual hydrogen production, efficiency, and the impact of wake effects is discussed
(Section 2.5.2.1). Secondly, the work describes how system configurations interact with the
operational limitations of electrolyzer technologies (Section 2.5.2.1).

2.5.2.1 Hydrogen production and system efficiency

Depending on the selected scenario, the yearly production ranges between 76.2 and 95.8
kton for C-ON, between 76.4 and 96.2 kton for C-OFF, and between 80.3 and 99.9 kton for D-
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OFF. Figure 2.10 shows the comparison between the different system configurations in the mean
technical scenario. PEM electrolyzers always result in higher hydrogen production, regardless of
distance from shore. This results in lower LCoH values for PEM compared to ALK (Section 2.5.1).

Focusing on the impact of the length of electrical and hydrogen transmission infrastructure,
Figure 2.10 shows how the increased distance from shore leads to more hydrogen delivered to
the backbone due to more favorable wind conditions, despite the losses related to energy and
hydrogen transmission. Note that this effect does not persist beyond 100 km offshore due to the
assumption of an unchanged wind source. The electricity transmission losses that affect the C-
ON result in a decreased energy input to the onshore electrolyzer, and thus less hydrogen
production. PEM electrolysis enables higher production rates. This is due to the higher efficiency
and large operating range of this technology, which allow for the exploitation of almost all the
available wind energy. The D-OFF experiences the highest production due to the higher overall
conversion efficiency compared to the other configurations.
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Figure 2.10: Annual hydrogen delivered to the backbone for C-ON, C-OFF, and DOFF for different
distances to shores and electrolysis technologies in the mean technical scenario.

The overall system conversion efficiency can be estimated as the energy content of the
produced hydrogen over by all the input energy (Figure 2.11). D-OFF experiences the highest
system efficiency—resulting from the lowest losses—while C-ON has the lowest production and
system efficiency. PEM is less affected by fluctuations in the wind energy source than ALK, as
highlighted by the light green bars in Figure 2.12(a). Finally, accounting also for the impact of
distance to shore on the conversion efficiency (Figure 2.12(b)), it is apparent how it adds at most
1 p.p. and does not affect the relative performance of configurations. Despite the higher amount
of produced hydrogen, an increase in the length of the cables or pipelines results in lower
efficiency due to the reduced exploitation of the available source. This effect is particularly
evident for the C-ON, which experiences the highest energy transmission losses, as depicted by
the comparison between Figure 2.12(a) and (b).
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Figure 2.11: Mean overall system efficiency across all scenarios and configurations.

Figure 2.12 shows the aggregated impact of the electrolyzer constraints, namely minimum
stable loads, cold startups, and power electronics on losses. These losses are estimated as the
ratio between the energy available to the electrolyzer and the energy converted to hydrogen.
While the D-OFF configuration has the highest curtailments due to the technical constraints of
the electrolyzer, it has the highest overall system efficiency (Fig. 8).
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Figure 2.12: Losses due to electrolyzer constraints (a) (minimum load requirements, cold startups, and
power electronics) and total losses (b) (including distance from shores) per system configuration.
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The centralized configurations experience lower system efficiencies due to losses in electricity
transmission and conversion. Increasing the distance to shore reduces the effects of minimum
loads and cold startups due to the improved wind resources. Finally, looking at the comparison
between electrolyzer technologies, PEM shows losses below 1 % compared to up to 3.5 % for
ALK, which is consistent with the higher hydrogen production shown in Figure 2.10.

To provide an overview of the system operation, the links between the components can be
depicted as energy flows in a Sankey diagram (Figure 2.13 and Figure 2.14). These two plots show
the differences in the operation of the system for the C-OFF configuration with the two
electrolyzer technologies, in terms of total yearly energy. Starting from the same wind farm
power production, the PEM offers a more efficient solution.

Fewer curtailments occur due to the component constraints, leading to about 447 GWh per
year of additional energy available to the electrolyzer. Furthermore, despite the higher stack
conversion efficiency of the ALK—testified by the ratio between produced hydrogen and losses
of the stack—the scenario with PEM provides a higher amount of hydrogen and, hence, an
increased system efficiency. In the D-OFF configuration, the loading of each electrolyzer varies
based on its position in the wind farm due to wake effects. This is illustrated via the electrolyzers’
capacity factors (CF), estimated as the ratio between the produced hydrogen and the nominal
capacity of the electrolyzer.

Electricity losses 313.6GWh

Hydrogen 2888.7GWh

Stack 4559.2GWh

Wind farm 5542.4GWh
Electrolysis facility 5228.8GWh

lossess 1670.5GWh

Reverse Osmosis 351.0GWh|
I €ooling 318.7GWh
Grid 183.9GWh i | Compressor 183.9GWh
Figure 2.13: Sankey diagrams for the ALK electrolyzer in the C-OFF system configuration.

Electricity losses 158.9GWh

Hydrogen 2949.7GWh

Stack 4752.5GWh

Wind farm 5542.4GWh
Electrolysis facility 5383.5GWh

lossess 1802.8GWh

Reverse Osmosis 358.4GWh |

I Cooling 272.6GWh
Grid 67.9GWh = B Compressor 67.9GWh

Figure 2.14: Sankey diagrams for the PEM electrolyzer in the C-OFF system configuration.
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Figure 2.15: Capacity factor (CF) per wind turbine in the D-OFF configuration for the mean technical
scenario in the 100 km offshore site.

Figure 2.15 illustrates the variation of the CF throughout the wind farm in the mean technical
scenario. As a point of reference, the centralized configurations offer the worst CFs, ranging from
55 % to 58 % for ALK and PEM. In D-OFF, PEM outperforms ALK, which is affected by higher losses
and, thus, shows lower CFs. On average, CFs range from 61 % for PEM and 59 % for ALK. The
inner arrays of the wind farm face wake effects; hence, the outer electrolyzers show better
performance and higher CFs. Furthermore, the comparison between the two plots depicts how
inner electrolyzers are more disadvantaged with ALK technology due to the stricter technical
constraints. The higher difference between the electrolyzer CFs—shown by the colors of the
single wind turbines—observed between outer and inner WTs in Figure 2.15 highlights a larger
impact of the wake effect for this technology.

2.5.2.2 Operational behavior

Figure 2.16 shows the hydrogen production of the offshore configurations with both
electrolysis technologies for one day, with a 10-minute resolution in the mean technical scenario
at 100 km from shore. The variability in the wind power input results in periods of low and high
hydrogen production within the same day, represented by the magnifications in the lower and
upper right of the image.
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Figure 2.16: Comparison between the operational behavior of the offshore configurations with PEM
and ALK.
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Focusing on the comparison between the system configurations during periods of low wind
power output, several differences can be observed. PEM’s wider operating range is beneficial for
hydrogen production (dashed lines). The minimum power input of ALK—set at 20 % of the
nominal power— results in higher losses due to the constraints of the electrolysis facility, as
illustrated in the aggregated results shown in Figure 2.12.While C-OFF experiences a higher
hydrogen production with ALK during low wind periods, as shown in the first hours of the selected
day, when the power input to the electrolysis facility is higher than the minimum allowed, D-OFF
experiences improved performance. The wake losses affect the available power for the
electrolyzers located on the inner WTs, triggering the minimum load constraint more often
compared to centralized configurations. This is again consistent with Figure 2.12 due to the lower
conversion and transportation electricity losses.

The close-up of the last hours of the day depicts the system’s behavior during operation far
from the minimum load. D-OFF outperforms C-OFF for both electrolyzer technologies. Close to
the nominal input, the ALK shows a higher hydrogen production. However, this is representative
of the behavior of a new electrolyzer when degradation has not yet set in.

2.5.2.3 Impact of the selected site in the Dutch North Sea

Two additional offshore wind sites have been analysed to provide better insight into the
performance of the hydrogen production configurations. One of these sites is situated closer to
shore, approximately 20 km from the landing area (HKZ), and is characterized by lower wind
speeds. The other is located at a distance of 60 km (1JV), between the primary test sites (NED and
TNW). These supplementary analyses capture the influence of site-specific factors such as wind
availability and distance from shore on both technical performance and economic viability. From
a cost perspective, as shown in Figure 2.17, the outcomes from these additional sites are
generally less favorable than those of the primary reference case.

Despite experiencing poorer wind conditions, the HKZ site (20 km from shore) achieves lower
LCoHs compared to the 1V site (60 km from shore) for C-ON configurations.
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Figure 2.17: Range of LCoH for each system configuration for five wind park sites, characterized by
their distance to shore.
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This is primarily due to the shorter distance for energy transmission, which reduces
transmission infrastructure-related costs and losses, compensating for the reduced energy yield.

On the other hand, the IJV site results in improved economic performance for the offshore
configurations. This is attributed to the technical and economic advantages of deploying
pipelines at longer distances offshore over cables. Therefore, the cost increase due to the larger
transmission distance is balanced by the increased hydrogen production due to the beneficial
wind source.

As shown in Figure 2.18, the findings for the two additional sites show that increasing the
distance from shore, resulting in better wind sources, can reduce conversion losses due to
operational constraints of the electrolyzer systems. This confirms the findings presented in
Section 2.5.2. PEM consistently demonstrates higher efficiency compared to ALK, reinforcing
earlier conclusions on the superiority of PEM technology in applications with fluctuating power
input. The total system losses in the C-OFF configuration are affected by electricity transmission
losses, which increase with distance and can outweigh gains in conversion efficiency, particularly
for configurations relying on power transmission rather than direct hydrogen transport.
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Figure 2.18: Overview of the operational behavior of the offshore configurations with PEM and ALK,
with the inclusion of additional wind park sites HKZ (20 km) and JV (60 km).

2.6 Discussion
After a short reflection on results in relation to the scientific literature (Section 2.6.1), the

implications of this work for stakeholders are discussed (Section 2.6.2). Section 2.6.3 offers a
reflection on the limitations of the study.
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2.6.1 Comparison to literature

Compared to the literature, the LCoH estimates of the expert-validated benchmark scenarios
align with studies that project 5-6€/kgH: in favorable scenarios [44,80]. For C-ON, the findings of
this study are generally lower than the values reported by Hill et al. [50], which are similar to the
higher-bound scenarios in this study. Many studies report LCoHs of 2—4€/kgH,, aligning with
lower bound cost and higher bound technology scenarios in this research, while the higher bound
cost and lower bound technology scenarios herein adopted, particularly for D-OFF and C-ON, are
up to 10.1€/kgH; for C-ON and 10.5€/kgH. for D-OFF. Frowijn et al. [81] recently estimated the
LCoH of three system configurations, finding an LCoH range of 1.5-10.8€/kgH. across scenarios,
with D-OFF as the most competitive. The study focuses on analyzing the assumed benefits of D-
OFF. As a result, it uses a less detailed modelling approach, excludes economies of scale, and
assumes a constant offshore energy input, which contributed to lower LCoHs in some scenarios.

As a reference, the average European competitive bids for green hydrogen production range
from 5.8 to 13.5€/kgH,, with an average of 9.8€/kgH. for the Netherlands [82]. In a recent study
by TNO, the current LCoH for green hydrogen production was found to be 12-14€/kgH, for the
Netherlands [83]. This highlights the critical role of selected input data and detailed, location-
specific modelling, as the difference in configurations translates into different hydrogen
production rates, energy flows, and transmission infrastructure needs, and ultimately LCoHs.

In this study, PEM electrolyzers are the most cost-effective option for all scenarios. However,
other studies have reported different findings. Some do not address the debate and select only
one of the two or do not specify which electrolyzer is included [40,44,54]. Hill et al. [50] found
that PEM is outperformed by ALK, which is also the conclusion of Lei et al. [84] and Singlitico et
al. [53]. These diverging outcomes are explained by the lower TRL of PEM, with correspondingly
less beneficial parameters and higher CAPEX costs. However, Lei et al. [84] and Singlitico et al.
[53] do not consider the difference in operational characteristics between electrolyzer
technologies. PEM electrolyzers perform better with the variable wind energy input due to their
wider operational range, resulting in a lower LCoH.

In most studies, centralized offshore electrolysis achieves the lowest LCoH [45,53,85], as in
this study. However, Calado et al. [51] found onshore electrolysis to be more cost-effective due
to the option to purchase low-cost grid electricity, which has been disabled for their C-OFF system
configuration analysis. The choice between onshore and offshore electrolysis extends beyond
the economic potential and operational dynamics, especially at larger scales. Besides cost
implications, installing several offshore cables compared to a single pipeline may delay or alter
development, with permitting—potentially taking multiple years per cable or pipeline—being a
potential bottleneck. Potential delays in project development for onshore electrolysis may be
more substantial than for offshore system configurations, especially when considering
repurposed existing pipelines. Repurposing may entail a cost decrease of three to four times
compared to new pipelines [75,86], but the benefits in terms of LCoH are negligible, with
improvements from 0.1 to 4 %. Repurposing natural gas pipelines for hydrogen transmission
faces potential challenges, such as embrittlement [87].

As hypothesized by Jang et al. [45], many technical and economic benefits may arise from
implementing D-OFF. In contrast to their work, however, D-OFF does not represent the most
cost-efficient configuration. The economies of scale impact the LCoH more than the increased
hydrogen production, the reduced need for electrical transmission infrastructure, and the
absence of additional infrastructure to host the electrolyzers in the D-OFF. Consequently, the
centralized offshore configuration is the most cost-effective, as in Singlitico et al. [53].
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2.6.2 Implications for stakeholders

For stakeholders—including energy producers, policymakers, and investors—understanding
the implications of power input intermittency on the cost of renewable hydrogen is crucial. This
study enables assessing cost and operational performance in different system configurations,
moving forward the existing debates on onshore versus offshore and centralized versus
decentralized hydrogen production.

While the outcomes presented in this study depict offshore electrolysis as an interesting and
viable solution, they show that policymakers should focus on centralized configurations. Besides
the economic results—which present this configuration as the most cost-effective— the C-OFF
offers several advantages, such as higher technology readiness and reduced challenges for the
system development over D-OFF.

To inform investment decisions for large-scale production, further in-depth analysis is
required to identify cost-optimal conditions and ensure the technical feasibility of each
configuration. This underscores the need for a cautious approach when making decisions about
hydrogen projects, as varying assumptions and configurations can lead to widely different
economic results. Moreover, the variability in the outcomes highlights the risks of oversimplifying
the complexities of production technologies, as such simplifications may not fully capture the
variability and nuances that influence the production cost for each system configuration.

Equally important is the need for targeted incentives—such as subsidies, tax benefits, or other
(financial) mechanisms—to kick-start the upscaling of the green hydrogen supply chain and close
the competitiveness gap. Introducing green hydrogen into an energy system depends on
developing large-scale, integrated supply chains that align production with demand. Investments
in these supply chains and offtake installations are capital-intensive and risky, which makes
industrial parties hesitant to invest without government support.

2.6.3 Limitations

This study does not include the costs or operational considerations of hydrogen storage.
Instead, the focus is on the production, assuming hydrogen is delivered directly to the future
Dutch hydrogen backbone. The onshore hydrogen transmission infrastructure can accommodate
variable production [88]. It can be acknowledged that hydrogen storage is an important system
component, but it is out of scope for this analysis. This allows focusing on the performance of the
hydrogen production system, without accounting for supply-demand dynamics.

The cost of hydrogen has been evaluated, rather than the value. This choice has been made
to provide guidance on the costs associated with the hydrogen production configurations. While
the value of hydrogen could have led to different results, that the relative differences between
system configurations would not be affected. A value-oriented perspective would allow shedding
light on hybrid solutions—combining electricity and hydrogen production offshore [85]. This
offers possibilities for arbitrage between these two energy vectors and overplanting of wind
farms.

The economic findings confirm the uncertainty surrounding offshore wind-based hydrogen
production, driven by the wide range of input parameters and the need to include multiple
assumptions. Expert-validated scenarios are incorporated into the analysis, aiming to enhance
the robustness of the cost projections. While the conducted analysis considers over 400
scenarios, this represents only an initial step toward exploring the full uncertainty space. A more
comprehensive treatment of uncertainty remains an important direction for future research.
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Similarly, the most cost-efficient system configuration for large-scale green hydrogen
production is wind source and location dependent. The Dutch North Sea wind conditions are
characterized by a favorable Weibull distribution. Different wind energy input profiles from other
sea basins may lead to different conclusions.

This study focuses on the techno-economic evaluation of offshore hydrogen production
configurations, highlighting the impact of the choice of electrolyzer technology, distance to
shore, the choice for hydrogen pipelines or HVDC infrastructure, etc. The environmental impact
of these technology choices and configurations is out of scope due to the complexity of these
assessments. For example, when considering the electrolyzer choice, PEM electrolyzers use rare
materials like platinum-group metals [53]. However, due to other factors such as system lifetime,
efficiency differences, and manufacturing impacts, no clear winner emerges between ALK and
PEM technologies in terms of overall environmental impact [89]. Similarly, a comparison
between the environmental impact of electrical cables and hydrogen pipelines may be
challenging. Multiple factors, such as material requirements, installation procedures, and impact
on local biodiversity, contribute to the overall environmental impact of the system. Optimizing
the wind farm layout may reduce the inter-array distance and thus the footprint of the farm. The
benefits related to this optimization may be limited if one considers, e.g., the influence on
biodiversity. A comprehensive analysis of trade-offs between cost, efficiency, environmental
impact, and other factors would require an explicit multi-objective optimization approach, which
has been identified as a promising topic for future work.

2.7 Conclusions

The study aims to contribute to the ongoing discourse on selecting an approach to producing
green hydrogen based on offshore wind on a GW-scale: Onshore centralized electrolysis (C-ON),
Offshore centralized electrolysis (C-OFF), and Offshore decentralized electrolysis (D-OFF). An
innovative high-resolution, time-dependent simulation framework was employed to accurately
analyze the operation of the system configurations, with a particular focus on the decentralized
one. Unlike centralized systems, D-OFF has unique dynamics driven by the direct connection of
electrolyzers to individual wind turbines. The proposed modelling framework allows analyzing
system costs and the impact of operational behaviors under intermittent energy inputs,
providing a robust foundation for informed decision-making.

For all system configurations, the wide range of estimated LCoHs—spanning from 3.0 to
10.5€/kgH, —reflects a wide variety in future costs and potential technological development.
Benchmark scenarios were developed using expert-validated economic input data. The resulting
LCoHs exhibited a narrower range, between 4.1 and 5.5€/kgH,. For all system configurations, the
most significant cost driver was the wind farm cost, followed by the electrolyzer costs, and, in
the case of C-ON, the electrical transmission infrastructure costs. The latter strongly depends on
the distance to shore.

This analysis identifies offshore electrolysis—specifically C-OFF—as the most cost-
competitive option, driven by the cost advantage of hydrogen transmission infrastructure over
electrical export transmission infrastructure. This advantage grows with increasing distance from
shore. Centralized configurations outperform decentralized ones, which are limited by the
economies of scale. While D-OFF boosts hydrogen production rates, the gain is insufficient to
achieve the lowest LCoH. Across all system configurations, PEM emerges as the most suitable
choice. Both ALK and PEM face challenges due to intermittent supply. Under the assumptions
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made, enabled by the proposed framework based on time-dependent analyses and detailed wind
data analysis, ALK is characterized by more strict technical constraints, resulting in worse
performance and a higher LCoH than PEM. However, the long-term effects of intermittency on
stack behavior, particularly for large-scale systems, remain uncertain.

The operational analysis realized due to the adoption of a time-dependent approach reveals
how fluctuations in wind power, minimum load requirements of the electrolyzer, and stack
degradation for each electrolyzer technology impact the energy losses for each system. The
proposed model enables a detailed analysis of the differences between C-ON, C-OFF, and D-OFF.
Results show that, while the decentralized configuration experiences relevant losses related to
the operative constraints of the electrolyzers, it is characterized by the highest system-level
efficiency, given the reduced energy conversion steps and transmission losses. This is emphasized
by adopting PEM, which ensures continuous operation even with low power inputs. Stack
degradation decreases the performance, decreasing hydrogen production, and increasing the
LCoH. The outcomes of the analyses have been used for the studies later depicted in this thesis.

The study underscores the need for a detailed, time-dependent modelling framework
combined with system designs tailored to specific offshore wind energy conditions. Researchers
and policymakers should focus on developing adaptive operational strategies that maximize
value as the starting point, going beyond cost. Integrating these insights into techno-economic
models and energy system modelling frameworks will ensure that large-scale green hydrogen
production aligns with the energy transition.
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3 THE MEDITERRANEAN
CHALLENGES: UNLOCKING
POTENTIAL WITH FLOATING
WIND

3.1 Challenges in floating offshore wind development: a
review

The deployment of large-scale wind farms presents multiple challenges, including technical,
economic, and environmental issues [90]. For instance, dense clusters of wind turbines may
result in revenue reductions due to the wake interactions between aerogenerators. In fact, the
more densely packed the turbines, the more relevant the impact of wakes [91]. The relevance of
these losses can be assessed in large offshore wind farms, such as Horns Rev | & Nysted [92,93],
where the reported AEP reductions span from 10 to 25%. Moreover, projections show that for
very large-scale wind farms with conventional inter-turbine spacing [94] (e.g., 7 diameters in
streamwise and 5 diameters in crosswind directions), AEP losses due to wakes could exceed 60%
[95,96]. In addition, the evermore dense clustering of wind farms in the North Sea has caught the
attention of project developers and researchers, which have highlighted potentially significant
losses in production due to neighboring wind farm wake effects [97-99]. In addition, clustering
offshore wind energy production in a single region can lead to curtailment and grid stability
issues, as recently observed in many northern European countries [33,100-102]. Moreover, even
in the absence of curtailment, clustering wind farms in a specific region could also lead to a “self-
cannibalization” effect [100], where spot electricity prices are driven down by the high availability
of wind energy in periods of high winds in a certain region [103].

Expanding offshore wind energy to other basins, which often have different characteristics
from locations that have been exploited up to the current point, is seen in all reports as the only
way to meet the ambitious targets in terms of offshore wind power generation [104]. In Europe,
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for example, focus is given to the Mediterranean Sea, as it borders countries with high energy
needs that could strongly benefit from local wind energy generation. However, the
Mediterranean Sea presents several unique challenges for offshore wind development [105],
namely deep waters and a lower average wind resource. Therefore, tailored solutions are
required to cost-effectively exploit these regions.

The key component to making offshore wind energy economically viable in deep waters are
Floating Offshore Wind Turbines (FOWTs). In fact, despite the presence of installation sites that
allow for the exploitation of shallow waters, such as the Adriatic Sea, they represent the vast
minority of the available areas and usually experience unfavourable wind sources. However,
FOWTs are still an emerging technology with high capital and operational costs [106]. Currently,
only three floating offshore wind farms, namely Hywind Scotland (30 MW) [107], Kincardine (50
MW) [108], and WindFloat Atlantic (25 MW) [109], are operational and connected to the
electrical grid, while several additional projects are in various stages of commissioning,
construction, or planning [110]. Despite the rapid advancements in floating wind technology, the
LCoE for floating wind remains substantially higher than that of fixed-bottom offshore wind
[110]. Therefore, the large-scale installation of FOWTs in the Mediterranean Sea can not be
adopted for the decarbonization of its energy systems, due to its cost, the regulatory aspects, the
required harbor facilities, and the low technological maturity of some components like the
integration of floaters. The International Renewable Energy Agency recently published a report
that anticipates that global offshore wind capacity could reach nearly 1,000 GW by 2050. It
emphasizes the potential of floating foundations to exploit deeper water resources, projecting
that floating wind could account for 5% to 15% of total offshore capacity by mid-century [111],
despite the current high-costs.

3.1.1 Floating farm design: the need for tailored solutions

To increase the competitiveness of floating wind it is necessary to drive LCoE down. From this
point of view, according to many experts, FOWTs are a topic with significant margins in terms of
technological learning potential [112-114] and significant cost reductions are foreseen within
2030, which could enhance the economic viability of floating wind and enable it to compete with
the current costs of fixed-bottom offshore wind [115]. In fact, floating foundation designs have
still not coalesced into one, or even a few archetypes. In addition, due to the low volumes of the
floating market, turbines currently used in FOWT applications have been originally designed for
bottom-fixed applications and readapted for floating foundations. Recently, the benefits of a
more-tightly integrated design of the turbine and floater have been highlighted. Co-design,
whereby the controller is designed together with the FOWT system [116], has shown promising
results, with measurable reductions il LCoE of up to 4% that have been found in [117].

In addition to being able to benefit from a tighter integration with the floating substructures,
recent literature has shown the benefits of tailoring the rotor characteristics to the installation
site. In fact, Metha et al. [118] have found the optima power to rotor area ratio of offshore wind
farms in the North Sea to be close to the industry standard for current offshore turbines, which
feature relatively high ratio —i.e., specific power — of 300-350 W/m?. Nevertheless, a measurable
benefit in terms of LCoE can be found if scale of the optimum design and specific power are
optimized on a site per site basis.

In this context, many researchers have found potential benefits in adapting the turbine
diameter through optimization. Serafeim et al. [119] proposed a multidisciplinary optimization
to reduce the LCoE of the DTU-10MW Reference Wind Turbine, aiming to estimate the optimum
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rotor diameter. Results show that the new rotor design, featuring a larger diameter (+3.7%)
reduced the LCoE by 0.71% and increased AEP by 2.4%. Zalkind et al. [120] concentrated on
system design for rotors with radii of 100 meters or greater, aiming to maximize the AEP while
managing overall turbine loads to mitigate increases in operational (OPEX) and capital (CAPEX)
expenditures. The framework for blade design examined several design variables, including blade
length, cone angle, number of blades, rotor axial induction factor, and the distribution of rotor
mass and stiffness to identify the most effective configuration. The authors concluded that an
11% enhancement in AEP for a 13MW wind turbine could be realized by extending the blade
length by 25 m, corresponding to an increase of 25%, and reducing the induction factor, all while
effectively controlling rotor loads. It must be noted that this approach relies on the optimization
of a detailed aeroelastic design of the wind turbine. Therefore, the results in terms of LCOE might
be affected by the selected testcase and by the achieved local optimum. In [121] Buck and Garvey
emphasize economic optimization alongside AEP optimization, highlighting that capital
expenditures represent the key factor contributing to the total turbine cost in the LCoE equation.
They optimized various parameters, including blade chord, axial induction factors, and sectional
lift coefficient across the blade span, aiming to minimize CAPEX while enhancing AEP. With
reference to the NREL 5MW offshore turbine, the optimization process achieved a 1% reduction
in CAPEX and a 1.4% increase in AEP, resulting in an overall improvement of 2.4% in the
CAPEX/AEP ratio.

These analyses, while not all focused on offshore wind farms, suggest that LCoE can be

improved by increasing rotor diameter and contextually decreasing specific power. As discussed
later on in this study, this trend has indeed been ongoing over the last decade in the onshore
market, where a slow but consistent reduction in specific power of new rotors can be observed
[103]. In addition, while being able to provide valuable insights on the importance of integrated
design on a component level, all these analyses neglect the mutual interactions between the
wind turbines within a wind farm. However, changing the rotor diameter influences the wind
turbine’s wake, in turn influencing inter-array wake losses.
To this end, some authors have included inter-array wake losses in their studies, although often
in a simplified manner. Dykes et al. [122] performed a global sensitivity analysis to key wind
turbine configuration parameters including rotor diameter, rated power, hub height, and
maximum tip speed, by using the integrated wind plant system modeling tool WISDEM. They
showed that the increase in turbine diameter might be beneficial to drive LCoE down. Wake
losses are estimated as a percentage of the wind farm AEP. Mehta et al. [118] examine how the
turbine’s rated power and rotor diameter influence various metrics at both the turbine and farm
levels, aiming to identify the primary design drivers and understand how they affect different
configurations. They developed an optimization framework able to minimize the LCoE and define
the optimal turbine size. They found that reconfiguring the IEA 15 MW turbine for an installation
site in the Dutch North Sea results in an optimal wind turbine with a rated power of 16MW
(+6.7%) and a diameter of 236m (-1.5%), leading to a LCoE improvement of approximately 1%—
2%. The increase in turbine-specific power with respect to reference is motivated by the high
wind speeds of the studied sea basin. Wake losses are once more considered approximately, as
the wind farm layout is not a design variable and is considered fixed in the study.

Both studies are based on complex multi-disciplinary design frameworks. Other authors have
tackled the problem from a different perspective, using much simpler models based on empirical
cost-scaling rules. Shields et al. [123] studied the impact of turbine upscaling and plant upsizing
on various farm-level parameters. They found a reduction in LCoE by up to 20% when upscaling
turbines from 6 to 20MW and upsizing the farm from 500MW to 2500MW capacity. However,
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the study assumes a fixed cost per kW for the turbines and also limits the specific power of the
turbines when upscaling. Ashuri et al. [124] optimized a 5MW reference turbine and scaled it up
to 10 and 20 MW, respectively, to evaluate the effect of rotor and tower upscaling on LCoE. Their
study claims an increasing LCoE trend when upscaling. However, the costs for balance of system
(BoS) and O&M are assumed to scale with the rated power, with a fixed value for the exponent,
following the relations presented in [125], thus strongly simplifying the complex relationships of
the turbine with other elements of the farm. Sieros et al. [126] performed an upscaling study for
turbines in the range of 5-20MW, with constant specific power, using classical similarity rules.
The results showed an increase in the levelized production cost with turbine scale, for the same
technology level. However, the focus of the study was on a simplified upscaling method,
especially for the turbine, while the models for the rest of the wind farm were expressed simply
as a percentage of turbine costs.

Finally, some researchers have shown that it is possible to focus on metrics other than LCoE as
wind farm design drivers. The research conducted by Canet et al. [127], despite focusing on on-
shore wind, shifts the focus from solely power generation and economic factors to long-term
sustainability and lifetime CO2 emissions. This study established a relationship for CO, emissions
that parallels the LCoE equation, defined as the environmental value minus the environmental
cost divided by the total energy produced. Utilizing this new metric, the researchers optimized
hub height and rotor diameter (Dr) to reduce environmental impact. Their findings indicated that
the optimal configuration for environmental considerations does not align with the LCoE optimal
configuration. More interestingly, they show for a test case in Germany that Low Specific Power
(LSP) aerogenerators can be beneficial for both the cost of energy and the environmental impact
due to the increased production at low wind speeds. Nevertheless, these results may not directly
translate to offshore installations. In fact, inland installations do not require an upscaling of the
offshore foundation or floating platform, which strongly affects the CAPEX of the system.
Additionally, the wind farm layout is often constrained by terrain morphology, and thus it often
does not represent a design variable for the system. If this is the case, the stronger wake effects
due to the enhanced swept areas cannot always be offset by an increase in spacing between
wind turbines, contrary to what may be possible offshore. These latter works put more emphasis
on economic assessments, often prioritizing cost-related metrics over physical accuracy. While
valuable for early-stage evaluations, such simplifications limit the ability to derive insights into
the complex dynamic interactions that govern system behaviour. In addition, the cost-scaling
rules employed in these studies often neglect the influence of swept area, and are based or
nameplate power output, and are thus not suitable for studying the influence of rotor FOWT
design on LCoE.

Another class of studies focuses on wind farm layout. In fact, considering wind farm layout in
the design process allows for design techno-socio-economic tradeoffs between often conflicting
interests such as the minimization of wake losses, the minimization of inter-array cable costs, the
reduction of visual impact and the reduction of sea use, often contested with other activities such
as tourism or fishing, to be evaluated. Furthermore, rotor diameter influences FOWT spacing
significantly, as it impacts wake losses and thus energy production and structural loading. At the
same time, FOWT spacing impacts the inter-array (IA) cable length, the cost of which per unit
length is significant [128]. Moreover, considering the wind farm layout in the design process
allows for additional design variables to be considered, such as the mooring lines, which can
decrease inter-array wake losses significantly [129]. Many researchers have tackled this issue by
developing and utilizing wind farm layout optimization tools. Yilmazlar et al. [130] presented a
modular tool for preliminary estimation of the LCoE in wind farms, supporting early-stage design
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decisions through simplified models. While the tool effectively captures interactions between
layout and cost components, such as the trade-off between reduced wake losses and increased
cabling costs with larger turbine spacing, it does not perform any wind turbine design. Moreover,
the case study is limited to a parametric analysis of inter-turbine spacing using FLORIS [131],
varying only the distances between turbines without changing their orientation. Such parametric
approaches may overlook more optimal solutions, as they fail to explore the full design space or
account for the coupled effects of layout and turbine characteristics.The research conducted by
Hietanen et al. [132] concentrated on optimizing the layout of offshore wind farms, aiming to
decrease the LCoE for floating offshore wind installations by integrating floating-specific
parameters with economic indicators. Their optimization routine identifies rotor placement
across various offshore wind farms using an objective function that seeks to maximize AEP while
adhering to constraints related to CAPEX and OPEX. While this optimization encompasses
multiple parameters, its primary focus is not on the design of the wind turbines themselves but
rather on the installation of rotors and the associated transmission requirements, which
constitute significant costs for floating offshore wind farms. Cazzaro and Pisinger [133] addressed
the scalability limitations of traditional methods by proposing a variable neighborhood search-
based heuristic capable of efficiently optimizing layouts for large-scale offshore wind farms. Their
method incorporates realistic constraints such as turbine spacing and foundation costs and
demonstrates high performance even on problem instances involving thousands of potential
turbine locations. Cao et al. [134] contributed a multi-objective optimization framework that
considers not only power generation but also the distribution of streamwise turbulence intensity,
a critical factor influencing turbine fatigue life. By integrating a turbulence-aware wake model
and employing a genetic algorithm, their approach successfully reduces operational stress on
turbines while maintaining energy production levels. Thomas et al. [135] presented a
comprehensive comparative analysis of eight optimization methods applied to a standardized
layout optimization case study, highlighting the importance of algorithmic transparency and
reproducibility. Their results revealed that diverse methods can yield comparable performance
when applied correctly, emphasizing the robustness of current optimization techniques. Lei et al.
[136] proposed an adaptive genetic-particle swarm hybrid algorithm that dynamically modifies
turbine positions to enhance conversion efficiency across varying wind scenarios and constraint
sets. This approach achieved superior performance compared to a range of benchmark
algorithms, underscoring the potential of hybrid metaheuristics. Finally, Yang et al. [137]
advanced the field by shifting the optimization objective from power maximization to
minimization of the LCoE, using an improved analytical wake model combined with a hybrid
optimization strategy. Their method demonstrated notable gains in energy efficiency and cost-
effectiveness, particularly in large-scale deployments. Collectively, these studies reflect the
significant progress made in the development of increasingly sophisticated algorithms for
optimizing wind farm layouts under realistic environmental and operational constraints.
However, a common limitation across this body of work is the assumption of fixed turbine
characteristics, regardless of the specific wind resource at a given site. By treating turbines as
standardized components rather than as design variables that can be adapted to local wind
conditions, these approaches may overlook substantial opportunities for improving overall wind
farm performance.

In addition to the aforementioned classes of studies, some researchers have also focused on
evaluating the impact of floating wind farms more broadly from an energy-system perspective.
Martinez and Iglesias [138] evaluated LCoE across the Mediterranean using static wind resource
data and basic power curve models, overlooking the dynamic effects of floating structures and

43



3 Low specific power FOWTs

atmospheric variability. Ghigo et al. [139] focused on minimizing platform weight to reduce costs,
but their analysis did not capture the coupled dynamics of platform motion and turbine
performance. Lerch et al. [140] performed a broad sensitivity analysis on LCoE for various floating
wind farms concepts, yet their methodology was grounded in parameterized cost inputs and
deterministic energy estimates. Similarly, Lanni et al. [141] explored floating wind farms for
hydrogen production using a streamlined economic model that neglected the complex physical
behaviour of floating systems in real sea conditions. While all these studies offer valuable insights
into cost structures and deployment strategies, their reliance on simplified simulations limits
their ability to represent the intricate physics of floating wind farms. Accurate assessment of
energy production, structural loading, and long-term performance in floating systems requires
integrated, high-fidelity models that couple aerodynamic, hydrodynamic, and control system
interactions—elements that remain largely unaddressed in this research branch.

Overall, these analyses show that tailoring the wind turbine to the specific installation
location by changing design parameters such as rated power, nominal rotor loading and blade
length can benefit LCoE. At the same time, optimizing the wind farm layout, despite being an
algorithmically complex problem due to the considerable number of design variables involved,
can also benefit LCoE. While this literature review has also highlighted the existence of broader
system-level studies focused on the impact of FOWTs in sea basins such as the Mediterranean,
no study was found to date where the influence of design parameters on the wind farm layout
has been studied. This gap highlights the need for an integrated optimization framework that
considers both the spatial configuration of wind farms and the design of turbines, tailored to the
unique wind profiles of each location.

3.1.2 Objectives and structure of the study

Based on the presented context, the objective of this study is to investigate the potential of
LSP rotors in moderate wind speed offshore basins. To accomplish this objective a framework
that is able to account for the influence of the wind farm layout and design parameters
simultaneously in a physically consistent manner is developed. Furthermore, a detailed review
of existing cost and mass scaling function for various turbine components is provided throughout
the manuscript. A decrease in specific power is indeed a trend that has been ongoing for several
years in onshore wind installations [103,142]: this trend has provided increased capacity factors
for onshore wind projects despite them being developed in lower wind speed sites [143], and
has led to the development of LSP rotor designs in academia [103]. In addition, despite the
potential benefits of LSP rotors that have been discussed in the literature review in the previous
section, this is a topic that is yet to be extensively explored for FOWTs. More specifically, both
commercial and reference turbines developed by the academic community to date [144,145] are
designed and optimized for those high wind speed conditions usually targeted by bottom-fixed
applications [118]. As discussed, however, many offshore basins with significant development
potential such as the Mediterranean Sea experience significantly lower average wind speeds
(WSs) compared with northern European waters [146,147]. The overall energy conversion
potential of commercial turbines in these sites is thus reduced. To this end, researchers are
investigating (e.g., the EU project FLOATFARM [148]) the possibility of creating a new generation
of FOWTs tailored to moderate wind speed deep-water sites and characterized by a lower
specific power, i.e., the ratio between generator power and rotor swept area. From a technical
perspective, lower specific power can be achieved by maintaining the same generator power and
upscaling the rotor or by decreasing the generator power for a given rotor. In the context of
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FOWTs, however, both strategies involve some drawbacks. The first approach leads to taller and
heavier towers, which in turn result in a significantly increased overturning moment on the
floating substructure, which needs to be increased in size, using more material and increasing
cost. On the other hand, in the second strategy, it is apparent that the turbine and the
substructure, designed to cope with higher aerodynamic loads, are underexploited and are
therefore not cost-effective.

The present study aims to critically discuss the prospects of using LSP wind turbines in floating
offshore installations in sites with moderate wind speeds. The workflow of the study is presented
in Figure 3.1.

First, the literature review presented in the previous sections allowed for the definition of a
broader framework of the problem. In particular, it is apparent that, contrary to the few studies
presented to date (e.g., [149]), estimating FOWT prospects in new sea basins with simplified
analyses that only estimate the aerodynamic AEP as a combination of statistic wind profiles (i.e.,
the wind distribution in the sites) and hypothetical power curves for this new rotors may result
in unrealistic estimations. On the other hand, a comprehensive approach is needed, which must
be able to evaluate the tradeoffs in terms of wake effects, cable costs, substructure, and turbine
on CAPEX, OPEX, and energy production: a simple reanalysis of existing data cannot be sufficient
for the scope.

Based on these outcomes, detailed reviews have been conducted on existing modeling tools
and techniques for the main components of FOWT farms.

For each of these components, namely the rotor, the tower, and the floater, an extensive
literature review, focused on how these component’s mass and cost scale with FOWT size is first
provided, followed by a discussion on how realistic scaling models for each of them can be
derived and included a comprehensive simulation framework. This framework represented the
key enabler to investigate how reduced-specific-power turbines can be effectively integrated into
floating wind farms to enhance the economic viability of floating offshore wind projects in
moderate wind speed conditions.

Literature review Problem definition

Why FOWTs Low specific power

wind turbines in

FOWTs desi L .
. floating installation
challenges

with moderate wind

WF design strategies resources

Modeling approach Application

Critical analysis

applied to selected real
world case studies

Techno-economic review

Figure 3.1: Workflow of the study. Review phases are highlighted with dashed boxes.

Although both the models and the conclusions are of general interest for all other
installations with similar bathymetry, such as the Atlantic shores of the United States of America
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or waters around Japan, for the purposes of the present study, the Mediterranean Sea is taken
as the case study to investigate critically the potential of LSP FOWTs due to its unique wind
resource. By selecting the Mediterranean Sea as a case study, | had access to different sites that
are representative of a quite broad spectrum of moderate wind conditions, thus allowing one to
assess the complex interactions between turbine design variables and farm-level economics,
offering insights into the prospects of the technology.

The study is structured as follows. The selected study cases are presented in Section 3.2. The
review studies for each of the main system components and their implementation into a unique
framework are reported in Section 3.3. Section 3.4 presents the optimization algorithm, while
Section 3.5 discusses the results of the analyses on the Mediterranean case studies. These are
followed by a critical discussion on the prospects of technology (Section 3.6). Final remarks, best
practices, and possible further developments are finally outlined in Section 3.7.

3.2 Study cases

As discussed in Section 3.1, evaluating the techno-economic potential of LSP floating rotors
requires going into the details of the selected study cases, as no high-level analysis based on
aggregate data or average value has the potential to provide accurate insights.

3.2.1 Turbines

The present study considers four 15-MW wind turbines, purposefully designed for this
analysis. Diameters range from 240 m, which corresponds to the current academia-designed
reference 15MW wind turbine by IEA [144], to 330 m, in a 30 m step. Specific power ranges from
331.6 to 175.4 W/m? respectively. Table 3.1 highlights the most significant parameters of the
proposed WTs. Hub height is estimated by adding 30 m to the rotor radius in order to ensure
sufficient sea clearance.

Table 3.1: Main design parameters for the IEA1ISMW RWT and the proposed FOWTs.

Wind Turbine RWT [144] MED15MW_240 MED15MW_270 MED15MW_300 MED15MW_330
Hub height [m] 150 150 165 180 195

Tower Height (Hr) [m] 130 130 145 160 175

Dr[m] 240 240 270 300 330

Specific power [W/m2]  331.6 331.6 262.0 212.2 175.4

Rated power [MW] 15 15 15 15 15

Cut infout WS [m/s] 3/25 3/25 2.8/25 2.6/25 2.5/25

Rated WS [m/s] 10.7 11.3 10.5 9.9 9.5

Although the literature lacks clear guidelines on how to calculate minimum sea level
clearance of the blades, | decided to operate in similitude with the most recently developed
FOWTs, namely the IEA 15 and 22 MW RWT [144,145], where the same length has been set as
the minimum tip clearance from the sea. The turbines are installed on semi-submersible
platforms with a 20 m freeboard height. The naming scheme of the turbines, shown in Table 3.1,
reflects the area of interest for the turbines (MED — Mediterranean Sea), the rated power of the
machines, and their diameter.
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3.2.2 Farm layout

The four turbine designs are used to estimate the overall performance of wind parks in
various strategic locations in the Mediterranean Sea. Each farm is supposed to have a total
installed capacity of 1.005 GW, i.e., obtained by the deployment of 67 FOWTs. Regarding the
electrical infrastructure, one central substation has been included to accommodate the
electricity infrastructure needed for the voltage increase needed to deliver electricity through
the high voltage alternating current export cables (HVAC). The electricity is transmitted to the
point of delivery (POD) onshore using the HVAC technology, considering the reduced costs, with
respect to the direct current cables [150], related to an export distance that does not exceed 60
km. In order to simplify the infrastructure needs, any onshore electrical systems have been
neglected, assuming the POD is located in close proximity to the shores. Notably, the design does
not incorporate an energy storage system, emphasizing direct integration with the grid and
focusing only on the production system. As better described in Section 3.4.4, for each installation
site, the available area for the wind farm is assumed to be square, with a surface area of 450 km?.
The available sea lot has been assumed oriented with its upper side aligned parallel to the east-
west direction for all the test cases.

3.2.3 Wind dataset

Wind speed data is sourced from the ERAS reanalysis database [151]. A time span of thirty
years has been selected, from 1993 to 2023. ERAS provides the wind source data at a maximum
height of 100 m above sea level (a.s.l.). To account for the height difference between the ERAS
data source (100 m) and the turbine hub heights, which range between 130 and 175 m, a power-
law shear factor was employed to extrapolate wind speeds. The shear exponent of 0.1 has been
selected relying on the findings of Yan et al. [152] for regional offshore conditions, ensuring
consistency with expected atmospheric dynamics over the sea.

3.2.4 Installation sites

The installation sites selected for this work have been chosen to represent the several wind
resource conditions across the Mediterranean Sea. As shown in Figure 3.2a, this water basin
experiences a high variability of wind resource. Additionally, even in the most promising sites
such as the Gulf of Lyon, there is a significant difference in the energy content with respect to
the class | reference Weibull [153]. While the latter experiences an energy density of 340.5
kWh/m?, the installation site in France is characterized by an energy content of 182.4 kWh/m?,
much closer to the 167.3 kWh/m? of the class Il reference source. This is also consistent with the
average wind speed experienced by the installation sites. These values range between 5.6 and
7.6 m/s, highlighting moderate wind regimes much closer to the 7.5 m/s of the Class Ill than to
the 10 m/s of the Class | [153]. Figure 3.2a also shows a comparison between the Class | wind
source and the Weibull in an installation site in the Dutch North Sea (Nederwiek) [154], which
provides a wind resource similar to the one of the reference class, corroborating the hypothesis
that existing offshore wind turbines have been tailored to this sea region.
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Table 3.2: Installation sites comparison.

Wind Turbine Lyon Sicily Sardinia Cyprus

Average WS [m/s] 7.6 7.4 6.4 5.94

Weibull shape factor (k) [-] 1.79 1.89 1.72 1.89

Export distance [km] 20 60 35 25

Average sea depth [m] 85 390 300 350

Prevalent wind direction [-] W-N-W N-N-W W-N-W W

Source [-] [156] [157] [158]
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Figure 3.2: Comparison between the Weibull (a) of the considered installation sites (b) at 100 m asl.

Wind speed map from Global Wind Atlas’.

" map obtained from the Global Wind Atlas version 3.3, a free, web-based application developed, owned and operated by the

Technical University of Denmark (DTU). The Global Wind Atlas version 3.3 is released in partnership with the World Bank Group,
utilizing data provided by Vortex, using funding provided by the Energy Sector Management Assistance Program (ESMAP). For

additional information: https://globalwindatlas.info
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As shown by the contour map in Figure 3.2b [155], the chosen sites in the Mediterranean
range from Cyprus, characterized by the lowest average wind energy, to Lyon, which experiences
the most favorable wind conditions. Overall, a significant range of “moderate” wind scenarios is
considered, allowing for a robust assessment of the LSP turbine technology.

Table 3.2 summarizes the main characteristics of selected installation sites.

3.3 FOWT cost and scaling models: review and critical
assessment

Despite the presence of some cost and mass scaling laws in the open literature, WT upscaling
in unconventional offshore environments represents a gap in existing research. While a few
approaches have been proposed in previous studies, they consider the upscaling of both rotor
swept area and installed power [159], and do not match the purpose of this analysis. Other
validated cost and mass scaling models proposed in the literature [125,160] instead focus on
onshore or fixed-bottom WTs. In alternative, as shown in section 3.1.1, many of the existing
studies propose approaches in which the full aeroelastic design of a wind turbine is performed.
In the next sections, a novel, simpler approach is proposed based on a synthesis of the most
credited data available both in the relevant academic literature and in industry reports. This
system-level method entails the adoption of scaling laws for the replacement of the complex
algorithms and procedures needed for the structural and aerodynamic design of aerogenerators.
Therefore, it allows for easy preliminary analyses on the feasibility of a WT with a fixed specific
power in an installation site characterized by a known Weibull curve, while remaining physically
consistent. As discussed, this complex assessment is key if one wants to get a sufficiently reliable
overview of the problem, since all the studies presented to date fail in capturing the complex
implications of upscaling FOWTs.

3.3.1 Rotor performance

In order to isolate the effect of specific power variation on LCoE and avoid the results being
affected by a specific aerodynamic design, the IEA 1I5MW FOWT [144] is taken as a reference.
The scaled rotors defined in this study are assumed to be aerodynamically similar and have the
same performance maps in terms of power, thrust, and torque coefficients of the reference rotor
[161]. While representing a simplification, this assumption is thought to be quite realistic, as the
aerodynamic efficiency of the reference rotor is still at the edge of current standards. The power
output of a wind turbine can be expressed as a function of the wind speed, power coefficient,
and the rotor area as in Eq. 3.1:

1
P=§*p*A*Cp(/1,,8)*WS3 3.1

where p represents the air density, A the WT swept area, and Cp the power coefficient as a
function of the main turbine operating parameters, tip-speed ratio, and blade pitch angle. As Eq.
3.1 indicates, in the assumption that the same power coefficient can be maintained, the power
output scales favorably as the swept area increases. If power in Eqg. 3.1 is fixed to the design, or
rated, power output, the rated wind speed (W Spgs) (Eg. 3.2) at which such power is produced
decreases as the swept area increases:
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3.2

Therefore, an increase in specific power in the form of an increase in rotor diameter while
maintaining generator power constant results in a shift to the left of the wind turbine power
curve.

Similarly to power output, thrust (T), the total axial aerodynamic force of the rotor, can also
be expressed as a function of swept area and wind speed as in Eq. 3.3:

T:%*p*A*Ct(/Lﬁ)*WSZ 3.3
where Ct is the thrust coefficient of the rotor. Both these high-level parameters are important
as power directly influences turbine output and plant revenue and thrust is directly correlated to
aerodynamic loading on the structure and also influences wake strength and development. Both
parameters, however, cannot be estimated directly but rather depend on the operational
parameters A (tip-speed ratio — TSR) and [ (blade pitch angle), which in turn depend on the
specific rotor aerodynamic design. Assuming similarity to the IEA 15MW FOWT, the operational
strategy can be determined. If the rotor speed is between the minimum (w,;,;;,) and maximum
(wmax) the rotor operates at the IEA 15MW design TSR of 9, where optimal performance is
reached. The TSR is defined in Eq. 3.4:

_a)R

=— 3.4
wSs

A

The minimum and maximum rotor speeds can be derived in analogy to the IEA 15MW by
imposing that the scaled rotors operate at the same TSR as the reference turbine at cut-in (Eq.
3.5):

cut—in cut—in
1= Wiga1s Ripa1s @ R; 35
- cut—in cut—in :
WSIEA15 WSL
Which leads to:

cut—in

cut—in _ Ripats WSi cut—in 3.6
13 IEA15

Eqg. 3.6 relates the cut-in rotor speed to the radius of the reference and scaled machines, to
the cut-in rotational speed of the reference machine and to the cut-in wind speed of the
reference and scaled turbine. The latter parameter, however, is unknown. This limitation can be
overcome by imposing that the scaled turbines must produce the same power as the reference
IEA 15MW machine at cut-in (Eq. 3.7):

1 2 cut—in3 1 2 cut—in3 3.7
Peyt—in = EPT[RIEA15CpWSIEA15 = EP”RL' C,WS; :

Eqg. 3.7 can be inverted and simplified to obtain Eq. 3.8:
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WSicut_m . <RIEA15)2/3

cut—in ~ 3.8
WSIEA15 R;

Which allows the cut-in wind speed of the scaled rotors to be determined. Finally, if this
expression is substituted into Eq. 3.6, the cut-in minimum rotor speed (Eq. 3.9) is determined:

R 5/3
Eut—in — < IEA15) * CUt=in 3.9

i Ri IEA15

The same procedure is then repeated at the rated wind speed, where all designs must output
15MW of power, to determine the nominal rotor speed and rated wind speed. If the rotational
speed required to maintain the optimal TSR of w = AWS/R is lower than the minimum
rotational speed as determined in Eq. 3.9, the rotor operates at the minimum rotational speed.
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Figure 3.3: WT power curves in the laminar (a) and turbulent (b) free stream wind conditions.

A power-maximizing pitch angle is numerically selected for the resulting TSR from the Cp map,
ultimately resulting in the non-zero pitch angle shown in Figure 3.3b when the TSR (shown in
Figure 3.3a) exceeds the IEA 15MW-nominal value of 9. As shown in Figure 3.3, four different
aerodynamically similar rotors have been evaluated in this study, with diameters, ranging from
240 to 330 m, in a 30 m step, corresponding to a specific power that ranges from 331.6 to 175.4
W/m? respectively. Once the operational point is set, rotor power and thrust can be determined
from the Cp and Ct maps, respectively. The obtained values of thrust and power are shown in
Figure 3.4 and Figure 3.5.

In order to limit the aerodynamic loads on the upscaled rotors, peak shaving, whereby the
blades of the turbine are feathered before rated power is reached in order to shave load, is also
implemented. As better explained later in the study, the use of peak shaving is a common load-
reduction technique and is especially significant in load-constrained LSP rotors. As shown in
[145], this technique allows for significant peak load reduction with often minimal AEP losses.
The effect of this strategy is highlighted in the rotor thrust curves in Figure 3.4. In addition, the
increase in blade pitch required to limit rotor thrust can be seen in Figure 3.3b, where all curves
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except the one relative to the MED15MW_240 FOWT, which does not employ peak shaving,
feature a more gradual “knee” before the rated wind speed. From a model perspective, if rotor
thrust exceeds a user-specified threshold, the pitch angle that is able to satisfy the imposed
constraint is determined numerically from the Ct response curve. Finally, the newly determined
combination of TSR and pitch angle is then used to determine rotor power.
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Figure 3.4: WT thrust curves without (a) and with (b) active pitch control.

In the final step, rotor power is corrected for the effect of turbulence intensity using the
empirical model of Saint-Drenan et al. [162], using the average turbulence intensity from the
FINO1 [163] offshore installation site as representative of the turbulence intensity in a generic
offshore site. The effect of turbulence intensity (TI) on the rotor power curve is shown in Figure
3.5. This effect has been neglected in almost all the techno-economic feasibility studies
presented to date on the topic, but it is thought to have a non-negligible effect on the final
results, especially around rated wind speeds.
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Figure 3.5: WT power curves in the laminar (a) and turbulent (b) free stream wind conditions.
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3.3.2 Component mass and cost

Changing rotor-swept areas leads not only to a different performance of the turbine, but also to
different loads. In turn, changing the loads means that the structural properties and cost of the
turbine change. In order to account for the effect of such load changes, without performing a
complete re-design of the machine, a simplified correlation-based approach has been prioritized.

3.3.2.1 Tower

The NREL cost and scaling model [125] is used as a basis to determine the mass and,
consequently, the cost of the FOWT towers. In analogy to this model, the mass of the tower (M)

as a function of its height (L) is determined according to a power law M; = aLf,. Floating towers
are generally designed to be stiff-stiff, with natural frequencies placed above the 3P excitation
range. As such, mass scaling correlations determined for onshore towers are inaccurate if applied
to FOWTs. Therefore, in order to calibrate the law an extensive literature review has been
performed. However, due to the deployment of only a few demonstrators, only the seven
sources listed in Table 3.3 have been included. Starting from the existing literature, a correlation
has been developed relying on the relationship between M and L. The trendline resulting from
the fitting reported in 3.10 has been adopted to obtain the M_T of the new WTs relying only on
their L.

My = 1479.457 [ 139 3.10

Figure 3.6 and Table 3.3 show the results of the fitting for the MED FOWTS (orange points).
The outcomes obtained show a good agreement with the literature data, highlighted by the
trendline coefficient of determination (R,) equal to 0.8.
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Figure 3.6: M literature and proposed data relying on the introduced correlation.

3.3.2.2 Rotor Nacelle Assembly

An approach similar to the one adopted for the tower has also been adopted for the RNA. For
the RNA, the DTU mass scaling model has been selected due to its development specifically
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tailored for offshore wind farms [160]. However, as shown in Table 3.4, to estimate the effect of
the increased Dr on blade masses, the correlation developed by NREL [125] has been utilized.
This model, in fact, allows for the choice of the turbine class, which leads to a more accurate fit
for the specific requirements of the test case analyzed.

Table 3.3: Existing and proposed FOWTs’ Mt and Hr.

Wind Turbine P [MW] Hr [m] Mr [t] Source [-]
Hywind 6.0 83.0 670.0 [107]
10 NAUTILUS 10.0 107.0 879.0 [164]
10MW OO-STAR 10.0 104.6 1257.0 [164]
15MW Volturn US-S 15.0 130.0 1259.0 [159]
15MW Corewind 15.0 120.5 1088.5 [165]
IEA-15-240-RWT 15.0 130.0 1478.6 [166]
IEA-22-280-RWT 22.0 150.0 1574.0 [167]
MED15MW_240 15.0 130 1324.4 -
MED15MW_270 15.0 145 1542.6 -
MED15MW_300 15.0 160 1769.9 -
MED15MW_330 15.0 175 2005.8 -

Specifically, rotor mass (Mg) has been calculated with Eq. 3.11 in Table 3.4, where the
exponent is related to class Il turbines with carbon fiber spar caps. No additional FOWT-specific
calibration was performed as blades are amongst the least affected components, loads-wise,
when a turbine is installed on a floating foundation [168,169].

In order to univocally define the center of mass of the turbine (H.p)), the mass of the nacelle
(My ac) needs to be accounted for. This parameter accounts for the weight of the nacelle housing
per se, which is supposed to be independent of rotor size and the internal components. The
dependency on Dg for the parts mentioned above is modelled with the DTU mass scaling model
as shown in Table 3.4. Specifically, the masses of rotor, hub (My ), pitch bearings (Mpg), pitch
system (Mpg), and drivetrain bedplate (Mgp) are strongly affected by Dy, and an increased rotor
swept area leads to increased masses and loads. Regarding the generator (M;gy), equation 3.10
shows a dependency on rated torque (@pgs), Which is again directly related to the Dy.

Finally, mass correlations for minor components, such as the nacelle and drivetrain bedplate,
can be found in the documentation of the model [160] and are not herein reported.

Table 3.4: Mass scaling equations for the main RNA components.

Component Mass Equation Equation number Source
Rotor Mgy =3 0.5 % (0.5 * Dp)24* 3.11 [125]
Hub Myyp = 6 % 10% + 0.1 x D3° 3.12 [160]
Pitch bearings Mpg =5 10% + 0.07 * D3° 3.13 [160]
Pitch system Mpg = 5% 10% + 0.03 * D3° 3.14 [160]
Drivetrain generator Mgpy = 35 % 103 x @57 3.15 [160]

To estimate the cost of each of the RNA’s components, the cost scaling model developed by
DTU has been utilized [160]. Costs are estimated as a function of the component masses.
Specifically, Eq. 3.16 shows the linear relation between the cost of the specific component (C;)
and its mass, where 8 represents the cost scaling factor.
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Eg. 3.11 is applied to all RNA components, as well as to the tower and blades. The specific
value of 8 is reported in [160] for each component.

The resulting mass of the WTs is reported in Table 3.5, with a focus on the Hcgp . This
parameter has been calculated as in Eq. 3.17, by assuming the RNA H.o, at the hub height, and
the tower H;py at 40 % of the Hy. This assumption is consistent with the data reported in
[166,167], where the average tower center of mass is located at about 40% of the tower height.

0.4 % Ly * My + Hyyp * Mgy a

H = 3.17
coM M,,,

From Table 3.5 it is apparent how an increased Dy leads to a higher center of mass. In a
floating context, this increase is particularly relevant as it affects the overturning moment of the
turbine. In addition, Table 3.5 shows a difference in My and H;op between the 15 MW RWT
and the mepismw_240. In fact, while the IEA reference turbine is a result of a full aeroelastic
design, for the proposed turbine the mass scaling relationships mentioned in this section have
been utilized. This allowed a fair comparison between the new WT designs.

Table 3.5: Proposed FOWTs’ M, Mror and Heopy -

Wind Turbine Dgr[m] Mg [t] Mo [t] Hcom [M] OMsp [MNm]  OMps [MNm]
IEA-15-240-RWT [166] 240 1478.6 2425.8 92.97 594.4 594.4
MED15MW_240 240 1324.4 2244.2 91.46 569.7 569.7
MED15MW_270 270 1542.6 2521.5 98.72 682.1 650.4
MED15MW_300 300 1769.9 2818.2 106.22 803.9 737.9
MED15MW_330 330 2005.8 3134.2 113.97 936.9 833.2
IEA-22-280-RWT [167] 283 1574.0 2769.5 117.10 784.4 784.4

3.3.2.3 Floater

The floating foundation is designed to keep the installed turbine stable and resist the external
actions of the wind and waves. In addition to being able to resist dynamic wind and wave-induced
moments, the substructure must be able to resist static forces. Aerodynamic rotor loading is a
large part of these overturning forces. As the platform inclines, however, the turbine acts as a
reversed pendulum on the structure, and weight forces also tend to overturn the structure. In
this respect, the higher the turbine mass and the higher the center of gravity of the turbine, the
higher the gravity-induced overturning moment is. While the effect of the component weight
cannot be overcome, a reduction of overturning moment can be achieved by reducing peak
aerodynamic thrust through the use of peak-shaving. As shown in Table 3.5, peak shaving can
reduce overturning moment significantly, with reductions that range between 5 and 11% on the
current test cases.

The semisubmersible floating platform has been adopted due to its improved stabilization
properties and easy installation with respect to the other floaters. The adopted semi-sub
geometric configuration consists of three vertical steel columns, interconnected by horizontal
pontoons. These columns are partially submerged to provide buoyancy, while the pontoons
enhance structural integrity and provide heave damping. The central deck, supported by the
columns, houses the WT.
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The decrease of WTs’ specific power results in the redesign of floating support structures able
to deal with enhanced masses and overturning moments. To this end, while scaling laws, which
allow for the determination of floater mass from variation in high-level parameters do not exist
yet in the industrial field, some approaches have been proposed in the literature. The upscaling
method proposed by Wu et al [170] for semi-submersibles focuses on scaling the pitch restoring
stiffness proportionally to maintain the maximum static pitch angle. This stiffness is derived from
considering the waterplane area moment, submerged volume, buoyancy, and position of the
center of gravity. Two distinct scaling approaches are compared to increasing the moment of the
waterplane area. The Distance & Radius Scaling method simultaneously scales both the column
radius and the distance between columns using the same scale factor, while the Distance Scaling
method adjusts only the distance between columns. Key observations include that increasing
column radius increases platform mass and the heave natural period, while increasing column
distance elevates the center of gravity and metacentric height but slightly reduces the heave
natural period. Design adjustments in the 15 MW reference system mitigate these effects by
increasing ballast mass to lower the center of gravity and increasing added mass to lengthen the
heave natural period. Despite the accuracy of this method, it implies the geometrical design of
the platform. Roach et al [171] developed an upscaling model based on generalized scaling
relations. The methodology consists of a variation of the platform geometric parameters,
constraining the platform pitch angle under rated wind turbine thrust, and identifies key scaling
trends: platform dimensions scale by a factor of 0.75, while steel mass scales by a factor of 1.5,
assuming constant wall thickness. Unlike prior studies focused on specific designs, this approach
provides scalable relations applicable to other triangular semi-submersible platforms with three
outer columns and a centrally mounted turbine. However, this iterative approach involves the
adoption of a complete hydrodynamic model. In their work, Sergiienko et al. [172] resumed the
standards [173,174] and best practices [175,176] for the design, construction, and maintenance
of FOWTs, identifying the main technical parameters: floatability, maximum roll and pitch angle,
freeboard height, minimum draught, and dynamic response to wind and waves.
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Figure 3.7: (a) platform mass - literature and proposed data relying on the introduced correlation. (b)
platform cost - literature and proposed data relying on the introduced correlation. Red markers indicate
platform mass and cost of proposed designs without the adoption of peak shaving.
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One of the critical design criteria for ensuring the stability of a semi-submersible platform
during wind turbine operation is the ability to generate sufficient restoring moments to
counteract pitch and roll motions. To prevent the platform from exceeding the maximum
allowable static angle of inclination under the largest rotor thrust, the hydrostatic stiffness in
pitch and roll must meet the overturning moment, which is mainly caused by weight and
aerodynamic thrust.

To this end, in this work, an approach similar to [172] has been adopted. For semi-sub
platforms, the total restoring stiffness in pitch is predominantly governed by the contribution
from the waterplane area. This contribution can thus be associated with the overturning moment
of the upscaled turbine to quantify the resulting increases in mass and costs.

As floating wind turbines are a novel technology, mature cost models for the floating
substructures have not yet been developed. From this point of view, the wide variety of existing
foundation designs introduces additional challenges. Therefore, the IEA 15MW and IEA 22MW
RWTs are used to develop cost and scaling functions, as both machines are installed on a steel
four-column semi-submersible foundation. In addition, the geometry of the IEA 22MW
foundation was determined through an optimization process using the IEA 15MW design as a
baseline [177]. While the external geometry of the floaters has been carefully studied, less
consideration has been put into the structural design of the foundations, as they have not been
designed in detail. Both the IEA 1I5MW [178] and IEA 22MW FOWTs [179] feature steel columns
of 50 mm in thickness and box-shaped pontoons with a wall thickness of 40 mm, which connect
the main columns to the central one. The four columns are also connected via steel trusses above
the waterline with a wall thickness of 20 mm. Once the wall thickness and the floaters' external
shapes are known, it is possible to compute the steel mass for the columns, pontoons, and
braces. The cost is obtained by multiplying the component weight by the manufacturing cost of
the stiffened columns of 3120 S/t [180] and of 6250 S/t for pontoons and trusses. These values
account for raw material costs and manufacturing, but do not include transportation costs [180].
According to the author’s knowledge, the maximum OM is available only for the 15 [166] and 22
MW [167] RWTs proposed by the IEA. To this end, due to a lack of additional data, a linear
relationship between OM and the platform mass (M) has been developed as in Eq. 3.18:

Mg = 0.009 * OM — 1157984.96 3.18

Figure 3.7 shows the comparison between the new FOWTs and the RWTs in terms of mass.
Despite the same rotor-swept area and thrust, it is apparent how the correlation results in a mass
decrease from the IEA15-MW-RWT to the MED15MW_240. This is due to the reduced OM
already discussed and shown in Table 3.5. Furthermore, the effect of peak shaving is clear in this
image. The adoption of an active pitch control strategy to mitigate the thrust resulted in mass
decreases in the range between 6% and 13%. The same approach has then been adopted to
correlate overturning moment and platform cost. To this end, a linear relation between the semi-
sub costs (Cr) and the platform's mass has been formulated as in Eq. 3.19:

Cr = 2.143 x My + 7689597.25 3.19

The lack of abundant publicly available cost data for floating foundations is a limiting factor
of this study. Nevertheless, the methods adopted to estimate the cost and mass of the IEA 22MW
and IEA 15MW floaters are aligned with the current state-of-the-art. Figure 3.8a shows a
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comparison between the masses of the semi-sub floaters available in literature (blue dots) and
the ones estimated in this study. Despite the relevant amount of data, the values of the
overturning moment that the platform has to balance are not available, and correlating these
two parameters is not possible. In addition, many datasets do not include cost, as the scarcity of
data shown in Figure 3.8b demonstrates. Focusing once more on Figure 3.8a, an increase in WT
swept area isinherently related to an increased overturning moment and thus to heavier floaters.
However, this plot shows how technological progress resulted in lighter platforms. The right area
of the chart includes recently developed demonstrators or concepts, such as the platforms for
the IEA 15 and 22 MW in red, which experience lower estimated masses with respect to WT’s
nominal power and rotor diameter. Concerning floater costs, Figure 3.8b shows the differences
between the proposed designs (orange), the literature data (blue dots) and the IEA references
wind turbines (red). Information gathered during discussions with industry members, including
project developers, consultants, and hull manufacturers is summarized in the shaded areas in
Figure 3.8b. According to such industry insiders, the cost of European-manufactured steel hulls,
represented by the green-colored ellipsis, is now more than double that of the Chinese-
manufactured floaters, which are currently the most competitive on the market. However, these
costs are based on projections of a limited number of units produced. The cost estimations
performed in this work assume the development of technology combined with large-scale
commercialization.
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Figure 3.8: Comparison between the results and literature data for platform masses and costs.

Delving more in-depth, the marginal cost of the turbine components, as determined using the
cost and scaling functions developed in this section, is summarized in Figure 3.9: WT CAPEX
breakdown for the designed aerogenerators.. The platform represents about 55% of the whole
turbine cost. This is consistent with a reduction of about 5% of the total cost due to the
implementation of peak shaving.

Focusing on the economic impact that the swept area increase has on the cost of the single
component, it is apparent how, while the weight of most of the WT components decreases with
respect to the total cost, the impact of the rotor and tower increases. This is consistent with the
assumptions adopted in the cost scaling method proposed, where the rotor price shows the
highest sensitivity to the size. However, while the impact of peak shaving has been considered in
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terms of its effect on wind turbine performance, it has not been considered in terms of its
potential to decrease the rotor weight. In fact, the reduction of maximum thrust on blades may
lead to a reduction in structural material in the rotor, due to the lower loads, and thus to a CAPEX
reduction. No cost and scaling function that accounts for the effect of peak shaving on rotor mass
has been found at the current stage and this effect can currently be considered only by
performing a full aero-elastic design.
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Figure 3.9: WT CAPEX breakdown for the designed aerogenerators.

The results presented in this study can therefore be assumed to conservatively favor the
smaller rotor designs, which feature less peak shaving, from an economic point of view. Finally,
looking at Figure 3.9, insights into how to reduce the WTs CAPEX can be provided. It is apparent
that the floater has the highest weight on cost. While the other components have already
experienced a large deployment, both in onshore and offshore environments, floating platforms
represent the less developed and widespread technology, counting only a few demonstrators.
To this end, due to its large share of total costs, lowering floater costs has the potential to drive
down overall FOWT LCoE.

3.3.3 OPEXincrease

Besides the increased capital requirements due to the larger swept areas, as rotor size
increases, OPEX is also expected to rise [9,19,35]. The adoption of larger rotors with more flexible
blades introduces relevant alterations in the aeroelastic behavior of the WT, resulting in larger
mechanical stresses. These enhanced loads have the potential to activate novel failure
mechanisms within the turbine, leading to variations in failure rates and necessitating the
implementation of alternative and potentially more expensive maintenance strategies [181].
However, few research efforts have been made on analyzing the impact of the specific power
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decrease and rotor upscaling on operational costs [168]. In this study, the approach proposed by
Mehta et al. [118] has been adopted. Specifically, operational costs encompass several factors
such as insurance, logistics, and other associated expenses, while maintenance costs include both
preventive and corrective maintenance for the turbine and the balance of plant. While the total
OPEX depends on multiple variables unrelated to the WT swept area per se, such as number of
turbines and rated power, vessel costs exhibit a linear scaling relationship with the rotor
diameter [182] to mimic the costs faced during actual operation of floating offshore systems,
which require different vessel types and times to perform repairs as rotor size increases. To this
end, the DTU scaling model has been modified in order to assess these OPEX variations by
including a multiplication factor estimated through the ratio between the reference and the
actual rotor diameter, as in Eq. 3.20:

D
OPEXygw = OPEXg s * D”ﬂ 3.20

BASE

where the subscripts new and base represent the turbine with the increased diameter and the
reference one, respectively.

3.4 Optimization model

In this study, the TopFarm wind farm analysis and optimization framework [183], developed
by the DTU, has been adopted to determine the optimal wind turbine and cabling layout that
minimizes LCoE in a specific location. TopFarm enables comprehensive and efficient exploration
of design variables while balancing conflicting objectives such as maximizing energy production
and minimizing costs, by implementing optimization strategies. The optimization model, focusing
on the intra-farm wake loss calculation strategy, IA cable layout optimization, and the definition
of the objective function and constraints is presented in this section.

3.4.1 Power production assessment

PyWake [184] is a Python-based wind farm simulation tool designed to model the
performance of wind farms under various conditions. It has been adopted to estimate the AEP of
a WF layout in a specific site. Several key factors collectively influence the AEP of a WF layout,
the wind resource, turbine characteristics, and the interactions between turbines within a wind
farm. The wind farm model integrates the site information, wind turbine model, and wake model
on the entire wind farm computing key metrics such as the annual energy production (AEP), wake
losses, and turbulence intensity for the specified wind farm layout and wind resource conditions.

The installation site determines the long-term average wind speed, which is described using
Weibull curves, and the wind rose, which specifies the directionality of the wind. As specified in
Section 3.2.3, the long-term statistical representation of the site is obtained using one-hour
average data from the ERAS reanalysis database [185] at 100 m above sea level. Additional
environmental factors, such as surface roughness and terrain effects have been neglected due to
the offshore installation. The average wind speed is scaled from 100 m to the turbine hub-height
using a power law with an exponent of 0.11, typically adopted in an offshore environment [186].
The adoption of a statistical approach ensures good accuracy for the calculation of the LCoE, and
the upgrade to a time-dependent strategy would only have resulted in a computational cost
increase.
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The wind turbine is modelled through the turbine’s power curve, which relates wind speed
to power output and the thrust curve, which determines the extent of momentum extraction by
the turbine and, consequently, the intensity of the wake for a given wind speed.

The wake model describes the time-averaged behavior of the wake generated by each
turbine, including how it expands and impacts the downstream WTs, predicting the velocity
deficit and turbulence intensity within the wake. In this work, the Bastankhah model has been
adopted [187]. This advanced analytical wake model describes the wake as a Gaussian profile,
capturing a more realistic distribution of velocity deficits and turbulence [188] with respect to
simpler approaches [189]. The “LinearSum” model has been adopted [190] to estimate the
effective wind speed at each WT location within the farm given by the superposition of different
wakes. To account for partial overlapping between a downstream rotor and an upstream wake,
the Gaussian overlapping model available within PyWake has been adopted, in accordance with
existing guidelines [191]. Finally, the turbulence models in PyWake are utilized to estimate the
added turbulence in the wake from one aerogenerator to downstream WTs within the wind farm.
Pywake’s “GCLTurbulence” has been adopted herein [192].

3.4.2 |A cables layout

Two different strategies can be used in TopFarm to determine the total inter-array cable
length: the simplified approach proposed in [193] and the detailed tool Edwin [194]. The two
approaches differ in several key details.

The basic optimization model adopted is a reimplementation of the Travelling Salesman

Problem (TSP). It is representative of the behavior of a salesman who must visit multiple locations
while minimizing travel distance. The adoption of this approach is reasonable, especially for
onshore wind turbines, where IA cables often follow maintenance roads connecting the turbines.
Once the grid optimization is performed, the cable costs are estimated by multiplying the specific
costs by the total length of the IA network. In addition to the TSP assumption, the electrical cables
used to connect the wind turbines within a wind farm are designed to carry specific voltage levels,
which define the maximum number of turbines that can be connected per cable. However, such
design constraints that introduce a higher level of complexity are not considered in [193], and
the model assumes idealized cables capable of transmitting all the electricity produced by the
connected turbines.
As an alternative, Edwin relies on the Esau-Williams heuristic algorithm developed by Souza de
Alencar [195]. The algorithm minimizes the total cable length by identifying sub-optimal solutions
that closely approximate exact solutions. The Esau—Williams heuristic is applied by constructing
a minimal-cost spanning tree for a graph with designated roots, nodes, and capacity constraints.
In this study, the offshore substations serve as the roots of the spanning tree, while the FOWTs
act as the nodes as shown in Figure 3.10. The algorithm permits sub-branches along a given string
while ensuring that the maximum number of nodes per string is not exceeded. Edwin includes
actual cable constraints, such as the maximum voltage allowed by the electrical network and the
section of the cables, defining the number of WTs that can be connected. Additionally, it enables
the optimization of the location of the offshore substation within the wind farm.

Both approaches have been tested during the model build-up phase. According to the
preliminary results, Edwin leads to relevant cost savings, with cable length decreases up to 50
km. In addition, despite the increase in computational burden, the resulting IA cable layout is
more realistic. To this end, this tool has been included in the wind farm layout optimization
framework for the analyses performed.
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Concerning the IA cable specification, the same component adopted in [128] has been
chosen. Specifically, cables characterized by a cross-section of 800 mm? and a nominal capacity
of 90 MW have been selected as a valuable option, allowing for the connection of a maximum of
6 FOWTs per cable. This, combined with the spatial distribution of the aerogenerators, resulted
in six cables connecting six WTs and five cables connecting five WTs for all the analyzed
configurations.
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Figure 3.10: Optimal IA cable layout obtained with the TSP reimplementation (a) or Edwin (b).

3.4.3 Objective function

This study utilizes LCoE as the objective function for the optimization problem. LCoE provides
a holistic approach by accounting for all elements impacting generation costs, such as CAPEX and
OPEX. It is calculated as the ratio of the total discounted costs incurred over the facility’s lifetime
(n) to the total discounted energy output (E,,,q) over the same period. As the electricity is
derived from a renewable source, fuel costs are not included, as shown in Eq. 3.21, where r
represents the interest rate:
sn_ CAPEX, + OPEX,,

y=0 1+r)y
E

n prod,y
y=0(1+71)7

LCoE = 3.21

3.4.4 Wind farm optimization algorithm

The optimization process in this study is driven by the capabilities of the TopFarm framework,
which leverages computational tools to solve the complex, multidisciplinary problem of wind
farm design. At its core, TopFarm utilizes the OpenMDAO library [196], a powerful open-source
framework developed for multidisciplinary optimization, to link the modules within the
optimization tool. The core of the optimization process is shown in Figure 3.10. The optimization
framework proposed operates as an iterative process, as shown in Figure 3.11, aimed at
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minimizing the LCoE. In each iteration, a new WF layout is evaluated. The process begins by
estimating the Annual Energy Production (AEP) of the proposed layout using the PyWake library.
Then the optimal layout of the inter-array cables is determined by solving the sub-optimization
problem described in the previous section. This problem focuses on minimizing the total cable
length while the location of the WTs is fixed. Once the cable layout is optimized, the framework
estimates the CAPEX and OPEX for the current wind farm configuration using the cost models
presented in detail in Section 3.3. This leads to the calculation of the LCoE as a final step. The
newly calculated LCoE is then compared with the value obtained in the previous iteration. This
comparison continues across iterations until the convergence criterion is met. Specifically,
convergence is reached when the change in the objective function between iterations is below
the predefined tolerance value, set at 1*10°%,
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Figure 3.11: Schematic representation of the optimization model.

In this study, the “Constrained Optimization BY Linear Approximations” optimization
algorithm (COBYLA) has been employed, a local-search method that does not rely on gradient
computation. COBYLA is a gradient-free optimization algorithm that uses linear approximations
to solve non-linear, constrained optimization problems. This makes it particularly well-suited for
problems involving discontinuities or non-smooth objective functions, such as those arising from
the interaction of turbine wakes or discrete design variables like turbine selection.

3.4.5 Constraints

The optimization model used in this study encompasses several essential constraints to
ensure that the wind farm design is both feasible and aligned with technical, regulatory, and
operational requirements. One of the key constraints is the minimum turbine distance, which
ensures the required separation between turbines needed to preserve structural integrity. This
distance is typically defined as a multiple of the turbine Dy, following industry standards to
balance energy yield with turbine durability and operational reliability. Specifically, 4Dy has been
set as the minimum WT spacing, according to the guidelines proposed in [197-199]. Figure 3.12
shows a schematic representation of the minimum I|A distance for floating offshore wind
turbines. The report [200] published by the consortium composed of BVGA associates, Catapult,
The Crown Estate, Crown Estate Scotland, and Floating Offshore Wind Centre of Excellence,
presents a detailed description of the best practices for FOWTs. Specifically, it states that the WT
displacement allowed by the mooring lines corresponds to around 35% of the sea depth of the
installation sites. Therefore, taking the IEA-15-240-RWT and a sea depth of 160 m as a reference,
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the allowed motion is equivalent to 0.25 Dy for each WT, and the distance between the WT and
the column where the mooring is connected ranges between 0.2 Dy and 0.3 Di [201]. It is
apparent that the minimum distance needed is about two Dy, which reaches the amount
mentioned in [197-199] with an appropriate safety factor.

The wind farm design is also restricted to a predefined allowed sea lot for installation,
reflecting the geographic and regulatory limitations of the site. Although not specifically
evaluated in this study, and despite constraining a wind farm to a specific area may not lead to
the global minimum LCoE, wind farms are often assigned specific sea lots. These constraints are
generally defined in order to account for neighboring environmental exclusion zones, land-use
policies, or proximity to infrastructure like shipping lanes or residential areas.
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Figure 3.12: Scheme for minimum IA distance between WTs.
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In this study, the wind farms are constrained to a 450 km? lot. While a rectangular sea lot may
affect the WT location with respect to the prevalent wind direction, a squared one enables a
comparison ceteris paribus between the different case studies proposed. Although true
independence from wind directionality would have been achieved by using a circular installation
area, this shape has never been adopted for offshore wind farms, which are generally polygon-
shaped according to the author’s knowledge.

3.5 Results

This section makes use of the optimization model synthesized in Section 3.4 to critically assess
the potential of LSP rotors in the four installation areas in the Mediterranean Sea that were
selected as representative of those average-wind speeds areas that are under study worldwide
to expand FOWT technology. It is worth remarking that the outcomes presented in this section
refer to the 1GW wind farm layout resulting from the proposed holistic optimization model and
are therefore thought to represent the most realistic estimations at hand for possible industrial
application of the technology.

3.5.1 Technical results of the optimization

Figure 3.13 shows the energy production potential in the four selected sites and apparently
demonstrates how the strategy adopted for the reduction of the specific power increased the
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AEP in all cases. However, the variation (A) of AEP with respect to the one obtained with the 240-
meter diameter rotor is affected by the Weibull curve of the specific site. In fact, while Lyon
shows the most promising wind speed distribution (Figure 3.2) and the highest AEP for all the
tested rotor diameters, it experiences the lowest benefits from the increase of swept area (Figure
3.13b).
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Figure 3.13: Comparison between the AEP and the AEP variation in the different installation sites for the
new aerogenerator designs.

On the other hand, while Cyprus is characterized by the worst wind source (as testified by
the low AEP in Figure 3.133, it is the site experiencing the highest improvements. These trends
are consistent with the assumption behind this work, which promotes the installation of larger
blades to enhance wind energy exploitation at the lower wind speeds in the Weibull distribution.
Additionally, the distribution of the AEP with respect to the wind speed improves the
understanding of these results. Figure 3.14 shows the energy production potential of the 1GW
wind farm in the French and Cypriot sites for the MED15MW_240 and MED15MW_330,
respectively. While the AEP of the French case is higher for both aerogenerators, the installation
site in Cyprus benefits more from the specific power decrease, as the opportunity for AEP
improvement are greater the more time the turbine spends below rated power.
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Figure 3.14: Comparison between the AEP distribution in the French and Greek installation sites for the

MED15MW_240 and MED15MW_330.

65



3 Low specific power FOWTs

Further considerations can be made by looking at the wind speed deficits induced by wakes.
As shown in Figure 3.4, lower specific power leads to higher maximum thrust at reduced wind
speeds, resulting in stronger wakes. Additionally, larger rotors extend the length of the wake,
increasing its area of influence. These effects are depicted in Figure 3.15, where the difference
in the downwind speed deficit between isolated MED15MW _240 and MED15MW _330 rotors is
shown.
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Figure 3.15: Comparison between the wake effects of the MED15MW_240 and the MED15MW_330
WTs.

The wind speed deficit contour, estimated by imposing the same thrust for both turbines,
shows a more severe velocity decrease with the MED15MW _330, depicted by the larger dark
blue area, which is extended further from the rotor position, as highlighted by the dashed vertical
line. Such an effect has the direct consequence of affecting the optimal distance between the
turbines. Figure 3.16a shows the comparison between the optimal wind farm layout obtained
for the wind farm located in Sicily with the MED15MW_240 (light blue) and the MED15MW_330
(blue) WTs. It is apparent how the increased impact of wake losses, which increase from 3.5% to
3.7%, respectively, in the optimized configuration, induced by the larger swept areas results in
an increased optimal spacing between turbines. It is worth noting that the optimal solution
features increased turbine spacing despite the increasing cable costs, as the increase in AEP
offsets the increase in CAPEX. Furthermore, starting from the initialization position (grey), in both
cases, the orientation of WTs clusters resulting from the optimization process is N-NW. This can
be justified by the wind source in the Sicilian installation site, where the prevalent wind direction
corresponds to the orientation of the farms (see Appendix A). Particularly noteworthy is the
comparison between the initial and final wind farm layouts. In fact, the choice of a starting
configuration close to the optimal one, estimated by the author via sensitivity analyses in
previous works [128], sensibly reduced the computational time required for the optimization.

The same trend can be observed for Cyprus in Figure 3.16b, where the prevalent wind
direction is W-SW. In this installation site, the reduced global IA cable length of about 5% with
respect to the Italian case suggests a lower average distance between turbines. This is again
consistent with the wind speed distribution of Cyprus, whose average velocity is shifted towards
lower values. Concerning wakes, the higher swept area leads to an increase in losses from 3.5%
to 4%. The higher upper bound compared with the one in the Italian site can be justified by
looking at the thrust curve of the turbines and at the wind speed distribution. The lower average
wind speed experienced in Cyprus -equivalent to 5.6 m/s- is closer to the velocity that maximizes
the thrust for the MED15M_330, leading to a stronger impact of wake losses.
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This result, however, depends on the boundary conditions of the optimization. For instance,
given the reliance on IA cables, whose impact on LCoE has been estimated at about 5%, variations
in the cost of this component can significantly affect the overall economic feasibility. Therefore,
a sensitivity analysis of the cable price, decreasing this value from 750 to 500 €/m, driven by
market fluctuations or project-specific factors, has been performed in order to explore a wider
design space and evaluate new techno-economic trade-offs.
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Figure 3.16: Comparison between the optimal layout obtained in Sicily (a) and Cyprus (b) for the wind
farms with the MED15MW _240 and the MED15MW _330 WTs.

This economic range has been defined by subtracting 30% from the reference value,
identified as 750 €/m. Decreased cable costs per km result in a lower CAPEX with the same WF
layout. On the other hand, enhanced spacing between WTs leads to reduced wake losses.
Specifically, a decrease in inter-array cable cost allows for an increased distance between the
WTs, as shown in Figure 3.17, leading to the reduction of wake losses and thus higher AEP.
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Figure 3.17: Comparison between the optimal layout obtained in Sicily with two different IA cable costs
for the MED15MW_240.
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Despite the global increase in the length of the cables, spanning from 14 to 30 km depending
on the rotor diameter, the CAPEX for the electric infrastructure has experienced a decrease due
to the new optimal layout. This, combined with the higher energy production potential, resulted
in a lower LCoE.

3.5.2 Environmental analysis

The WTs’ environmental impact is gaining momentum in the scientific community and the
public interest and, according to experts in the field, this will be a criterion for upcoming tenders
[202,203]. However, a complete life cycle analysis would require a detailed design of the system,
including the installation and decommissioning procedures, which is completely site-dependent
and can hardly be generalized in a global assessment as the one proposed here. To this end, a
simplified approach for the evaluation of the environmental impact of floating wind farms has
been proposed, relying only on the amount of steel required by WTs and floaters. According to
Table 3.6 and Figure 3.6 and Figure 3.7, larger swept areas lead to increased masses and thus to
enhanced steel consumption. This results in higher CO; emissions that are not necessarily
balanced by the increased AEP during the WT lifetime. Table 3.6 shows that the amount of steel
needed for each turbine-floater assembly varies significantly with the specific power, leading to
a COz emission increase that ranges between 20 and 60% with respect to the 240-meter diameter
rotor when a carbon footprint of 1.85 t of CO; per ton of produced steel is adopted [204]. On the
other hand, the enhanced AEP resulting from the increased swept areas (Figure 3.13) leads to a
wind farm’s carbon footprint reduction. Focusing on the Italian electricity mix, the average
carbon emissions per MWh of electricity produced in 2024 are about 270 kg/MWh, consistent
with a share of 49% of renewables [205]. While the deployment of the MED15MW _330 results
in anincreased carbon payback period (CPBP) -from nine months of the MED15MW_240to about
one year in the installation site in Sicily- the environmental benefits on the whole lifetime of the
wind farm are relevant. Assuming a constant carbon emission for the whole plant lifetime, the
30 years of operation of the wind farm in Sicily can help to avoid the emissions of more than 38
Mt of CO,, with the WT with the highest swept area, corresponding to an improvement of more
than 33% with respect to the base 15 MW WT.

Figure 3.18 shows the comparison between the CO; saved by the new WTs designs in the
different installation sites.
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It is apparent that the most impactful factor is the carbon emission per unit of produced
energy of the specific country. The site in the Gulf of Lyon, despite the highest AEP, experiences
the lowest emission factor -27 kg/MWh [206] due to the high shear of nuclear energy, and thus
the lowest saving potential. This results in the highest CPBP, with periods of up to eight years to
reach neutrality. However, even in this extreme scenario, the adoption of WTs with lower specific
power is beneficial in terms of emissions saved per year. Finally, Figure 3.18 also allows for a
comparison of the ltalian sites. Despite the lower global emissions saved per year, the higher
AAEP of Sardinia results in an enhanced environmental benefit in the adoption of the
MED15MW_330, with a yearly carbon footprint reduction increase of up to 41% with respect to
the base turbine.

Table 3.6: Steel consumption and CO, production increase for the single turbine-floater assembly due to
higher swept areas.

Wind Turbine MED15MW_240 MED15MW_270 MED15MW_300 MED15MW_330
Steel consumption [t] 6100.74 7265.11 8534.95 9917.91
CO2 emissions [t] 11286.36 13440.46 15789.66 18348.14

3.5.3 Economic results of the optimization

Although the increased swept area impacts positively the capacity factor of the wind farms,
and thus their AEP, this study aims mainly to assess to what extent a tailored WT can minimize
the LCoE in a specific site by pursuing a trade-off between increased expenditures and the higher
AEP. The comparison between Figure 3.13 and Figure 3.19 shows how, while the AEP always
rises, the LCoE trend strongly depends on the wind source. The relevant AAEP depicted for Cyprus
leads to a minimum cost of energy obtained with the WT with the lower specific power. This is
consistent with the Weibull of this site, which shows a high amount of energy at the lower wind
speeds.
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Figure 3.19: Comparison between the LCoE and the LCoE variation in the different installation sites for
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To this end, the more the operation curve is shifted towards lower wind speeds, the larger
the benefits. Regarding the Italian sites, the wind energy distribution is translated towards higher
wind speeds with respect to Cyprus. In these scenarios, the sensitivity analysis to the rotor
diameter identifies MED15MW _270 and 300 as the optimal solutions for Sicily and Sardinia,
respectively, as shown by the ALCoE in Figure 3.19b. This is again consistent with the wind
resource of the two sites, which shows a higher average wind speed in Sicily than the one in
Sardinia. Finally, while the site in the Gulf of Lyon experiences an increase in AEP, the higher
CAPEX related to the larger swept area offsets the enhanced production potential, leading to a
negative impact on costs. Figure 3.19 shows how the optimal situation is represented by the
turbine with the reference rotor diameter and further decreases in the specific power result in
higher LCoE. This can be justified again by looking at the wind speed distribution in Figure 3.2.
The Weibull in this site is the closest to Class |, which has been taken as a reference for the design
of the IEA RWT with a rotor diameter of 240 m. IA cable costs affect only the LCoE, without
modifying the optimal rotor swept area for the specific site. Figure 3.20 shows the comparison
between the LCoEs obtained with IA cable costs of 750 €/m (hatched bars) and 500 €/m (solid
bars). The hatched bars, representative of the base case study, always exceed the LCoE depicted
by the solid bars. When less expensive |A cables are used, the LCoE decreases as a consequence
of the lower wake losses and reduced CAPEX. On the other hand, the unchanged optimal WTs
emphasize a lack of direct dependency between the IA cable costs and the optimal swept area.
From these preliminary results, it has been noticed that the optimal rotor diameter per se is
influenced only by the wind speed distribution in a specific site.
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Figure 3.20: Comparison between the LCoE in the different installation sites for the new WT designs
with different |A cable costs.

3.6 Discussion

The findings of this study underscore the potential of LSP wind turbines as a key technological
advancement for regions with moderate average wind speeds, such as those prevalent in many
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Mediterranean countries. In alignment with the stated objectives, this discussion synthesizes the
key findings and provides a broader perspective on their implications.

First, the literature review highlighted a significant gap in current methodologies, particularly
the oversimplification in estimating the AEP based solely on wind profiles and hypothetical power
curves. As shown in many studies, such approaches risk overlooking complex but critical
interactions between turbine design, farm layout, and economic performance. By contrast, the
comprehensive approach adopted in this review underscores the necessity of integrating
detailed cost and performance drivers, such as wake losses, substructure design, and cabling
costs, into early-stage feasibility analyses. In particular, this study clarified that the promise of
LSP turbines in moderate wind areas affects not only their aerodynamic efficiency but also their
energy system implications. The detailed component-level review revealed how changes in rotor
size and specific power influence the mass and cost scaling of rotors, towers, and floaters. These
impacts are not independent; for example, larger rotors associated with LSP configurations tend
to require taller towers and more robust floating structures, which may offset some of the
expected energy gains. However, in the context of moderate wind sites where capacity factors
are inherently lower, LSP turbines offer a valuable trade-off by improving AEP without
significantly increasing operational expenditures. Despite lower specific power rotors being
hampered by higher CAPEX, in fact, several key advantages have been highlighted. By optimizing
the WT swept area, despite the increased costs, both the LCoE and the environmental impact of
aerogenerators can be reduced. Additionally, this approach leads to higher capacity factors,
which may also be beneficial for expanding renewable energy capacity in sea basins with
moderate wind speeds and deep waters that have not yet been exploited with conventional
offshore wind technology. In addition, lowering specific power increases the availability factor,
which is often valuable in energy grids with high penetration of intermittent renewable energy.
From this perspective, the results are of interest for future analyses by both policymakers and
relevant stakeholders, including energy producers, private investors, and utility companies that
could push forward the development of a new generation of rotors tailored for specific markets.
Increased investment in this technology could, in fact, not only contribute to renewable energy
targets but also help enhance grid resilience and promote sustainable development of regions
such as the Mediterranean one. By selecting the Mediterranean Sea as a case study, this study
was able to contextualize theoretical findings within real-world site conditions, including
variations in wind resource, water depth, and infrastructure availability. This region-specific
analysis demonstrated that while LSP FOWTs may not be universally optimal, their strategic
deployment in select moderate-wind locations could bridge the gap between current technology
limitations and future offshore wind expansion goals.

A comparison between the results obtained in this study and those presented in previous
works highlights both the evolution of cost trends and the limitations inherent in certain
modeling approaches. For instance, the wind farm specific CAPEX estimated in this work ranges
between 3480 and 5100 €/kW, whereas [105] reported a lower range of 3200 to 4550 €/kW.
While the lower bound is in line with the literature, the upper-bound CAPEX found herein is
influenced by the use of low specific power wind turbines, which increases CAPEX. Therefore,
due to this metric not considering the AEP improvement of the larger rotors, energy production
benefits cannot be quantified against their higher capital costs, making a direct comparison with
this study [105] challenging.

Further comparison can be made with the work of Serri et al. [149], who reviewed LCoE
estimates for wind projects in the Mediterranean Sea. Their reported LCoE range of 63 to
156 €/MWh aligns well with the present results, particularly for high-wind-resource areas such
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as Sicily and the Gulf of Lion. Conversely, sites characterized by lower average wind speeds, such
as Cyprus and Sardinia, show consistency with the upper bound reported by Martinez and Iglesias
[138], where the LCoE can reach up to 250 €/MWh. These parallels support the validity of the
developed modeling framework and highlight the critical role of site-specific wind conditions in
determining economic viability.

While the presented model is comprehensive and physically consistent, technical and
economic limitations should be acknowledged to contextualize the results accurately. The impact
of peak shaving on blade weight has not been considered. A reduction in loads due to peak
shaving could result in lighter blades due to the lower aerodynamic loads. However, accurately
assessing this effect requires a detailed structural design, which is beyond the scope of this study.
Consequently, the results presented here represent a conservative scenario (i.e., additional
reductions in LCoE are at hand), that still offers meaningful insights into the proposed solution.
Additionally, the impact of turbulence on WT thrust has been neglected, leading to a conservative
estimation of wake effects. This simplification may result in an overestimation of wake losses,
which would likely lead to slightly improved outcomes if turbulence effects were included. This
assumption is adequate for the comparative scopes of the study. Finally, no sensitivity analysis
has been performed on the occupied area due to a lack of literature data on costs per unit surface
for sealots. As a result, any potential improvement in surface efficiency in terms of energy output
per square kilometer of sea surface, would favor larger, more productive rotors, under the
constraint of a set permitted sea lot and set number of permitted turbines of set specific power.

Concerning economic assumptions, no sensitivity analysis on the costs of platforms and other
ancillary components, such as export cables and offshore substations, has been conducted. For
all these components, the cost scaling models described in the methods section have been
consistently applied. These models are based on established industry standards, empirical data,
and literature values, ensuring a realistic and standardized approach to cost estimation across
the project. Any fixed cost increases or decreases would uniformly affect all turbines and
installation sites analyzed, thus preserving the comparative nature of the study’s conclusions.
Therefore, variations in these costs could introduce uncertainty into the LCoE estimations, but
they would not change the optimal turbine configuration for the installation sites. On the other
hand, modifying the platform cost correlation by increasing or decreasing the dependency of the
expenditure by the swept area may affect the optimal WT for a specific site. However, according
to the limited amount of data available in the literature, arbitrary adjustments to the relation
presented in Section 3.3 would be arbitrary, and was thus considered irrealistic.

Finally, while more complex economic metrics, such as the Cost of Value of Energy (CoVE)
[209,210], are increasingly explored in academic literature and energy tender evaluations, | opted
to use the LCoE due to its widespread adoption and suitability for comparative analyses. In this
study, LCoE was particularly appropriate as different turbine configurations have been compared
to evaluating the benefits of larger rotors. Metrics like COVE require time-dependent simulations
of wind power output and detailed local market data, which were not available for this
preliminary analysis.

3.7 Conclusions

In the study, current trends in offshore wind technology have been first critically reviewed,
demonstrating that a new generation of floating wind turbines featuring LSP values, in order to
better convert moderate wind speeds, can potentially disclose new sea basins and provide an
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increase in wind power generation needed to meet renewable energy targets. The same review
showed, however, that the analyses presented to date failed in reliably estimating the potential
of this technology because they made use of simplified models, which either focus on turbine
components disregarding the influence of wake losses and inter-array cable layouts, or consider
these effects but model the cost of turbine components using simplified cost scaling laws, which
often do notinclude all the relevant physics. This, in turn, has led to significantly biased estimates,
since changing the specific power of a FOWT has a number of implications that must be modeled.

On these bases, a new methodology for preliminarily designing LSP floating wind turbines has

been developed and presented. The methodology’s underlying assumptions are based on a
synthesis of the best data available from academia and industry, which were reviewed and
examined in the study. Once developed, the methodology, which also includes a wind farm
optimization tool, has been used to assess the impact of LSP FOWTs in four case studies in the
Mediterranean Sea, which —thanks to their variable characteristics in terms of wind distributions
— are thought to be representative of a large number of potential moderate-wind installations
worldwide.

The main takeaways of the study can be summarized as follows:

e LSP wind turbines are clearly shown to offer a promising solution in unconventional sea
basins with moderate average wind speeds, both from an environmental and economic
perspective. However, the optimal specific power is highly dependent on the wind
resource characteristics of each site. Therefore, a comprehensive approach like the one
presented here, which can go beyond the simple rotor, is mandatory to get reliable
estimations.

e The lower the average wind speed, the greater the benefit due to the LSP. Among the
selected study cases, a decrease in specific power has shown to lower LCoE for Sicily,
Sardinia, and Cyprus. For these cases, the optimal specific power ranges from 261 W/m?
for Sicily (similar to a Class Il site) to 175 W/m? for Cyprus, where the Weibull distribution
approaches Class 4 conditions.

e Wind turbines with higher swept areas might be suboptimal in installation sites with
higher average wind speeds. Although the reduced specific power results in enhanced
energy production, the improvement does not compensate for the CAPEX increase,
leading to higher LCoE, such as in the French site analyzed, where the reference 240 m
rotor represents the most cost-effective solution.

e Wind turbines with larger swept areas also offer a reduced environmental impact
compared to conventional designs. The benefits related to the increased energy output
exceed the higher steel consumption, potentially lowering the overall ecological
footprint. This holds true also in the cases of high wind speeds (such as the one in France
discussed before), where no LCoE improvements are obtained.

e While uncertainties in component costs, such as those related to inter-array pipelines,
can influence the LCoE and optimal layout, they do not necessairily affect the
identification of the optimal turbine for a specific site.

e Comprehensive simulation models, such as the one developed for this study, are
mandatory for critical analysis of FOWT technology, and are thought to provide in the
future support to policymakers, stakeholders, and researchers for fostering the
development of offshore wind in new sea basins.
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4 MITIGATING GRID
CONGESTION IN OFFSHORE
WIND: COMPARATIVE
MODELING OF LI-ION
BATTERIES AND HYDROGEN

4.1 Introduction

The reduced visual and acoustic impact, coupled with increased restrictions imposed on
available onshore sites for the installation of renewable energy facilities, promotes a progressive
rise in the deployment of offshore technologies within the European energy landscape in the
coming years [211]. In regions like the European Union, high population densities, limited land
availability, and strong political commitment to decarbonization make offshore wind particularly
attractive despite capital costs that are currently significantly higher than onshore wind [6]. These
countries often have well-developed maritime infrastructure and proximity between offshore
sites and demand centers, which helps to reduce transmission losses and integration costs [212].

In contrast, resource-rich nations such as the United States, Australia, or parts of the Middle
East may have vast land areas with high onshore wind or solar potential, reducing the immediate
need for offshore solutions [212]. Additionally, their lower population densities and dispersed
demand centers can make offshore wind less economically favorable unless targeted for specific
coastal regions. Despite the crucial role of power production from renewable energy sources
(RES) in the energy transition, the integration of a substantial number of large-scale facilities in
national electrical grids poses significant challenges. In particular, for Mediterranean countries,
and specifically for Italy that is taken here as a case study, large-concentrated installations of
renewable energies can:
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e affect the stability and reliability of the power grid, due to significant fluctuations
associated with the non-dispatchable RES.

e generate grid congestion during peak hours of production.

e Jlead to the planned reduction of renewable plants’ power output, namely
curtailments.

As described in the scenarios presented in [213], a massive increase in installed RES capacity
by 2030 or 2050 may result in significant energy waste related to curtailments. In addition to
these challenges, the large power flows introduced by offshore wind farms, particularly FOWT
technology, may exceed the capacity of the existing Mediterranean grid infrastructure [128].

Although the co-location of wind and solar [214,215] and hybrid storage systems [216,217]
may be beneficial in flattening production profiles and increasing the flexibility of control
strategies; managing electric energy curtailments will become a critical aspect of offshore wind
integration in the near future.

To this end, the development of advanced energy storage systems (ESS) and grid
management solutions, and the adoption of electrolysis plants, becomes imperative. Various
strategies are being explored to address this issue.

The challenges related to the planned reduction of the power output to prevent grid
overloads and congestions may be mitigated by producing green hydrogen from energy surplus.
Compared to batteries, green hydrogen is a versatile energy carrier that can be used for long-
term storage, both in liquid and gaseous phases, and can act both as a fuel for various
applications, including fuel cells or combustors and as a key element in industrial processes in
the so-called hard-to-abate sectors [218]. However, few research efforts have been spent on the
exploitation of curtailments from FOWT farms in the Mediterranean Sea, and in general on the
production of Hydrogen to reduce the associated energy waste. Specifically, Wang et al. [219]
evaluated the feasibility of producing hydrogen from curtailments of renewable energy sources
(RES) in order to feed fuel cells electric vehicles. The analyses show that the use of electrolysis
can provide relevant benefits to mitigate the effects of intermittency of RES. In their study, Park
et al. [220] demonstrated how comprehensive system modeling can be used to assess the
economic viability of producing green hydrogen from curtailed solar and onshore wind
renewable energy using actual meteorological data. Results show an LCoH of around 5.95/kg,
consistent with the findings of this study. In [221], McDonagh et al. showed that the coupling of
Offshore wind farms and electrolysis has a good potential to increase the revenues of a plant
thanks to the exploitation of curtailed power. The findings depict an LCoH of 3.77€/kg for a wind
farm located in the Irish Sea. Biggins et al. [222] proposed a stochastic optimization to maximize
the revenues of a system composed by wind farms, batteries and electrolyzers. Results show that
hydrogen production increases the average revenue and curtailed wind utilization significantly
more than the Li-ion battery. However, although many research efforts were spent to evaluate
hydrogen production costs from wind power, in most of these studies a simplified model to
convert electricity into hydrogen is used. The adoption of a conversion factor, such as the one
adopted by Yan et al. in [223], may result in relevant overestimation of the producibility. Finally,
Gambou et al [224] highlighted that relying solely on efficiency-based models is insufficient and
that more comprehensive approaches incorporating the stack degradation processes are needed
to properly simulate long period time spans. While the simple models can be useful for initial
design and analysis, they cannot accurately capture the thermal behavior of the electrolyzer
[225].

Parallel to research efforts that have been spent on hydrogen as a way to reduce curtailment
impact due to the evolving nature of electrolysis technologies, one promising approach,
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especially in the short term, involves the use of large-scale lithium-ion batteries (BESSs) to store
excess energy and mitigate grid congestion [226]. In [227,228], batteries are selected as potential
ESS to be employed for mitigating short-term fluctuations in renewable production and to
increase power quality. Moreover, the results presented in [229] show that, despite the higher
grid losses, locating the battery onshore, near the point of delivery, contributes to increasing the
earnings from the system. Finally, according to [230], batteries are located directly in turbines to
minimize the temporal misalignment between production and demand. Despite the reduction of
land occupation and grid losses, the results of the above-mentioned study show a high rate of
degradation due to the relevant number of charging and discharging cycles. However, large BESS
capacities result in relevant expenditures, due to the high costs associated with this component
[231], which requires multiple replacements during the plant's lifetime. Additionally, the use of
brand-new BESS (NBESSs) generates environmental pollutants, including hazardous waste and
greenhouse gases, in manufacturing and recycling [231]. As such, the environmental impact of
this storage technology may undermine the tender system, which is expected to include these
aspects for new farms [202,203]. At the same time, the global market for electric vehicles is
growing rapidly and is expected to reach 16 % of the total vehicle market share by 2030 [232].
These vehicles, to guarantee adequate performance in terms of autonomy and reliability,
typically use BESS with a lifespan of around 10 years in the vehicle, corresponding to 80 % of the
component's state of health (SOH) [233—-235]. Despite this replacement, taking place before the
effective end of life of the battery is reached, the remaining capacity of the storage system meets
the less strict reliability criteria required by power plants set around 70 % [236]. To this end,
second-life batteries (SBESSs) can mitigate the environmental burden of this energy storage
strategy by increasing the lifetime of the battery by a further 5-7 years, thus reducing the need
for new batteries and contributing to targets set by the EU regulatory framework for batteries
[237-239]. A growing body of research has explored the potential of SBESSs primarily in the
context of energy storage for stationary applications. For instance, in [240] the authors
investigated the feasibility of using second-use EV batteries as shared storage among prosumers,
analyzing financial and environmental break-even points under different carbon pricing
scenarios, and highlighting their role in enhancing self-consumption rates without incentives.
Another line of research addressed the technical barriers to SLB deployment, proposing
advanced cell regrouping techniques using Particle Swarm Optimization and Genetic Algorithms
to enhance performance, reduce degradation, and minimize environmental impact through
lifecycle optimization [241]. Additionally, studies have focused on the systemic and policy-level
challenges to SLB adoption, employing multi-criteria frameworks to prioritize barriers such as
cost and technology, while aligning the discussion with broader sustainability goals and circular
economy principles [242]. Nevertheless, although these contributions offer valuable insights into
SLB feasibility, performance, and policy integration, the utilization of SBESS specifically to
mitigate the efficiency and economic impact of curtailments remains underexplored to date.

4.1.1 Main scientific contributions and novelty

Regarding BESS, existing literature predominantly focuses on power quality and load shifting
for relatively small-scale plants, often overlooking detailed analyses on how to consider and
reduce the impact of curtailments on the economy of large-scale wind farms. Moving from this
background, this present study aims to fill this gap, addressing the pressing issue of energy
curtailment resulting from the rapid integration of intermittent offshore wind power into the grid
in Mediterranean countries, where infrastructure upgrades may lag behind new renewable
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installations. Specifically, it investigates how the inability of the grid to immediately absorb the
full output of offshore wind farms can lead to wasted energy and lost revenue. Additionally, the
purpose of the performed analyses is to estimate the LCoH obtained by exploiting the energy
from curtailments.

While results are specific to the selected case study, the present analyses are potentially of
use in all other locations facing similar issues. The key novelties of this work can be summarized
as follows:

e analysis of the behavior of a complex electrolyzer model that includes the effects of
temperature variation and aging of the stack, thanks to the adoption of a time-
dependent approach.

e in-depth investigation of BESS as a cost-effective and sustainable solution for
managing this curtailed energy and improving the economic performance of offshore
wind farms.

e extensive comparison between the adoption of brand-new and second-life BESSs from
electric vehicles, quantifying both the economic and environmental trade-offs of
these technologies.

In this study, Section 4.2 reviews the economic and regulatory aspects related to the
extension of the life of batteries beyond their first application. After a description of the methods
adopted to estimate the power production of a floating offshore wind farm in the western marine
area of Sicily with a minute resolution, Section 4.4.3 showcases the assumptions made to analyze
energy reductions and the revenues introduced by the adoption of BESSs and ALK electrolyzers.
Furthermore, a new cost metric has been introduced. Starting from the standard formulation for
LCoE, a market-dependent levelized cost of energy (mLCoE) has been considered to account for
the decreased power production due to the energy market. Both cost metrics, along with the net
present value (NPV) and LCoH, are used in Section 4.5 for the techno-economic comparison
between the adoption of hydrogen or SBESSs and NBESSs for the mitigation of curtailment
impact. Finally, some considerations on the environmental impact of batteries and the benefits
related to their lifetime extension are proposed.

4.2 Second-life batteries

The increasing adoption of renewable energy sources has led to a growing interest in SBESSs
as a sustainable solution for energy storage. However, several challenges hinder their widespread
implementation, including technical uncertainties, performance degradation, and safety
concerns. Additionally, the regulatory framework remains fragmented, with existing guidelines
and standards still lacking comprehensive directives for SBESS applications. In this section, an
extensive yet critical review of these aspects is presented, aimed at highlighting the feasibility of
the coupling of this technology with FOWTs.

4.2.1 Existing SBESS projects

Beyond technical and regulatory aspects, economic feasibility plays a crucial role in determining
the viability of SBESSs, influencing their potential deployment in various applications such as grid
support, peak shaving, and renewable energy integration. Although SBESS technology has not
yet reached a maturity level that guarantees profitability and reliability, large-scale installations
of this technology are drawing attention in stationary applications. Concerning the adoption as
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an auxiliary power unit, a well-known example is that of the Mobility House, a German company
specializing in electric mobility, which helped design a second-life application for the Johan Cruyff
Arena [243]. This application enables emergency power supply for at least one hour in the case
of power outages. It is a three-megawatt system, composed of batteries recovered from Nissan
vehicles, that temporarily stores solar energy from the stadium roof during periods of low
demand, and releases it when needed [244]. Another example of a second-life application as a
reserve power source can be found in Yellowstone National Park. Thanks to a collaboration
between Toyota and Yellowstone, more than 200 battery packs that once powered Toyota Camry
Hybrids have now been reused as an energy storage system, powering the five buildings on the
Lamar Buffalo Ranch [245]. Finally, the Second Life plant in Elverlingsen is an example of how
electric vehicle batteries can be reused to support the transition to more sustainable energy.
Located in an area that once housed coal-fired power generation, the facility makes use of
second-life batteries from Mercedes vehicles. With 1920 modules, this system offers a capacity
of 9.8 MWh and an installed power of 8.96 MW, contributing not only to the stability of the
power grid but also to environmental sustainability [246,247]. However, the installation of
SBESSs to mitigate the impact of curtailments on floating offshore wind farms represents a gap
both in literature and in industrial applications. Therefore, this study can serve as a guideline for
exploring this pioneering application.

4.2.2 Battery passport

The large-scale deployment of SBESSs is highlighting some challenges related to this kind of
technology. Issues such as cell inhomogeneity and compatibility may reduce economic revenues
and lead to relevant safety concerns. In [248], a thorough examination of the key challenges
associated with SBESSs is presented: safety concerns, such as thermal runaway, are explored
along with possible solutions. Additionally, the issue of cell inhomogeneity is addressed by
reviewing both passive and active balancing techniques. Another focal point of their study is the
compatibility of second-life batteries, assessing whether their electrical properties can fulfill the
performance demands for energy storage. Previous research suggests that while the limited
availability of suitable batteries may hinder profitability in the short term, integrating SBESSs with
wind farms remains an attractive and feasible option.

In this context, the Battery Passport proposed by the European Commission emerges as a key
tool, an initiative designed to ensure transparency and sustainability in battery management
[239]. Through the accurate tracking of batteries, the passport makes it possible to keep track of
the origin of materials, production practices, and disposal methods. This approach not only
promotes producer accountability but also provides consumers with valuable information,
enabling them to make more informed and sustainable choices.

According to the European guidelines, starting on 1 January 2027, batteries are required to
be labelled with information that identifies the battery and specifies its key characteristics,
including details about lifetime, charging capacity, the presence of hazardous material, and
potential safety hazards. This information should be available to battery owners to support
battery reuse, repurposing, or remanufacturing efforts [249,250].

However, according to current guidelines, the passport does not include detailed information
about the BESSs' first life. Integrating this into the global passport offers several advantages. First,
it provides a complete picture of the health of the battery at the time of decommissioning from
primary use, which is critical in determining whether the battery can be reused, whether
upgrading is required, or whether it needs to be recycled. Knowing the residual capacity and
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operational history of the battery enables second-life market participants to make informed
decisions about possible reuse. This integration reinforces the role of the Global Passport as a
central tool in battery lifecycle management, ensuring that every battery can be used to its full
potential [250].

4.2.3 Techno-economic impact

Techno-economic assessments conducted for SBESS applications in two wind farms on the
Spanish island of Tenerife indicate an increase in revenue, with internal rates of return improving
from 10 % to 14 % [231]. A cost sensitivity analysis reveals that, although subsidies are not crucial
in these cases, a 15 % capital expenditure incentive could enhance profitability resilience in the
event of declining electricity prices. Moreover, the study highlights the environmental
advantages of this approach, which could prevent approximately 0.7—-1.2 kilotons of BESS-related
waste and result in savings of around 5-7 million € in battery recycling expenses. Another
important aspect is the comparison between NBESSs and SBESSs. In [251], the authors analyze
the financial benefits of second-life versus new batteries in wind farms, employing a dynamic
degradation model to assess capacity. Case studies conducted in the USA and Denmark suggest
that, under current wind energy and lithium-ion battery pricing, reusing batteries is not
financially beneficial for the examined wind farms. However, if wind energy prices decline
significantly faster than battery prices, second-life batteries could become a more viable option
in the future.

Concerning costs, several elements should be included for SBESSs: the cost of recovering and
purchasing the battery, the cost of future disposal, and the economic return from recovering
valuable materials through recycling. However, both brand-new and second-life BESSs share
these last two values. To this end, due to the comparative analyses performed in this study,
future disposal costs and the return from material recovery have been neglected. Exactly as with
the evaluation procedure, there are no regulated and standardized strategies for the estimation
of the CAPEX of SBESSs yet. Among the various proposals analyzed, the approach adopted in
[234] and summarized in Eq. 4.1 has been selected as the most detailed. The purchase cost of
the SBESS (Cysgp) is estimated considering the price of the new battery with the same capacity
(Cxgw), ranging from 110 and 190 €/kWh [252,253], and coefficients to account for the SOH
(Fson), the repurposing costs (Frgysg), and the incentives (Fp;sc):

Cusep = Cnew * Fson * (1 — Frpuse — Fpisc) 4.1
According to the literature review performed in [234], the Cysgp ranges from 44 to 100

€/kWh. These cost estimations have been confirmed by other studies where the average price
for SBESSs has been set at 85 €/kWh, as in [254].

4.3 Study cases

This section depicts the study cases selected for this work. After the description of the wind
turbines adopted, the installation sites in Sicily and Sardinia are shown.
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4.3.1 Wind turbines

In this current study, the 15 MW reference wind turbine (WT) proposed by the IEA for
offshore installations is adopted [166]. Despite the early commercial stage experienced by
FOWTs of similar scale, this choice is consistent with a time scale starting in 2030, when it is
foreseen that these turbine sizes will have attained complete maturity and undergone extensive
commercialization. Table 4.1 reports the reference data for the adopted WTs.

Table 4.1: IEA 15 MW reference data.

Hub height Rotor diameter Rated power Cut in/out wind speed Rated wind speed
150 m 242 m 15 MW 3-25m/s 10.6 m/s

Recent findings [255] established a lifetime of 30 years for those WTs. Planned extraordinary
maintenance could, in fact, extend the operation for an additional five years, instead of the 25
commonly considered, without significantly affecting the performance. This assumption,
considering a lifetime of 30 years also for the whole power plant, leads to avoiding replacement
costs for the generators. Regarding floating platforms, mooring systems, and energy delivery to
shore, the assumptions extensively described in [256], are herein adopted. Specifically, due to
the depth of the seabed and the metocean conditions characteristic of the site, the semi-
submersible platform with catenary moorings is selected. Finally, intra-array electric cables with
a capacity of 90 MVA and HVAC export cables are adopted as the most cost-effective solution in
this specific case.

4.3.2 Sicily: Wind farm layout and installation site

This study is focused on a sea lot located approximately 60 km from the western shores of
Sicily, where previous feasibility projects were presented to the Italian authorities [257]. This
study aims to estimate the LCoE for a wind farm with the potential integration of Li-ion batteries
in a time horizon starting in 2030. In order to minimize the costs associated with energy
production, a layout optimization is needed.

Table 4.2: Wind farm layout spacing description.

Layout L-I 13d-5d 13d-6.25d 13d-7.5d 13d-10d
Intra-array distance [km] 3.25-1.25 3.25-1.56 3.25-1.87 3.25-2.5
Sea lot extension [km?] 292.5 365.04 437.58 585

Wind farms are composed of sixty-seven 15 MW WTs, for an overall rated power of 1.005
GW. The optimal layout of offshore wind farms poses significant challenges, including
submersible cables and moorings. Furthermore, wake effects significantly affect power
production, as most of the rotors work at suboptimal efficiency due to slower and more turbulent
wind, thus reducing the revenues from wind farms. For these reasons, an extensive sensitivity
analysis on WT distance is performed to find the optimal tradeoff between the increasing capital
costs in ancillary devices and the decreasing wake effects associated with more distanced
configurations. The LCoE minimization is achieved by adopting a rectangular-shaped layout and
varying the intra-array distance, as shown in Table 4.2, where the configurations are described
using the spacing in the wind (L) and crosswind (l) direction expressed in WT diameters (d).
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Figure 4.1: Example of wind farm layout with wind rose of the specific site in terms of frequency [ %].

Moreover, to maximize the energy capture while minimizing wake effects on downstream
wind generators, the orientation of the cluster of rotors was set considering the prevalent wind
direction from the west-northwest, as depicted in Figure 4.1. Finally, the environmental footprint
of each configuration, described in Table 4.2 by means of occupied surface, ranges from
approximately 290 to 504 km?.

4.4 Methodology

This section presents the methodology adopted in this work. After the description of the
assumption made to estimate the wind power and to refine resource data, the curtailment
strategy and battery modeling are explained. Finally, the determination CAPEX and OPEX
adopted for the LCoE and NPV estimations is shown.

4.4.1 Wind data

The adoption of detailed battery models in smart energy system analyses requires power
inputs with an appropriate time resolution to account for a realistic behavior of the storage
device. In particular, a one-minute resolution has been considered a good trade-off between
accuracy and computational cost to properly assess the effects of charge and discharge cycles on
the state of health (SOH) and efficiency of the component [258]. However, the use of wind data
with this time resolution could lead to significant errors in wind power production assessment.
Wind power curves provided by WT manufacturers are typically averaged over ten-minute
intervals [259], and using wind data on a minute basis would prevent an accurate evaluation of
the real performance of the generator, which fluctuates significantly on such small time scales
due to turbulence in the incident flow. Therefore, while a ten-minute scale is adopted in order to
correctly estimate the wind power generation from the available wind speed, a subsequent
refinement strategy is used to obtain the time-varying power output on a one-minute basis.
Nevertheless, obtaining wind data with a ten-minute resolution at the typical hub height of
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modern rotors is challenging, considering the lack of offshore direct measures, the reduced
elevation of measurement stations, and the hourly resolution of reanalysis databases.

Considering the lack of detailed guidelines on how to refine the coarse wind dataset to match
the desired time resolution, the author adopted a strategy based on the variability of the
measured data at mast elevation with respect to the hourly average. As described in Figure 4.2,
both the ERAS database [151] and measured data from an existing offshore mast near the site
[257] are used.
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Figure 4.2: a) Comparison between Weibull curves of ERA5 and the reconstructed data at 100 m a.s.l: b)
procedure to evaluate the wind variation of the measured data; c) evaluation of the ten-minute series at
100 m a.s.l.

The first one provides the hourly average wind speed at the selected site. The second one,
which includes the mean, minimum, and maximum wind speed on a ten-minute basis, provides
the wind variation with respect to the mean. The refinement process for those three wind
velocities can be outlined in two steps:

e Figure 4.2a: Extrapolation of the wind variation (k) from the measured data as the ratio

between each value (M) and their hourly mean (blue line)

e Figure 4.2b: Application of the extrapolated variation to the reanalysis data, by

multiplying hourly data of ERA5 at 100 m above sea level (a.s.l.) (blue line) by ki.

Despite the conservation of the average wind speed, this approach results in increased
variability of the source, as depicted by the red line in Figure 4.2a, and in a slight decrease in the
median velocity. However, given the cubic dependence between wind speed and WT power
production, the refinement to the ten-minute resolution leads to a difference of 4.3 % in the
annual energy production (AEP). Considering that the loss of such information is intrinsic to the
refinement process, and according to the author's experience, the introduced error is deemed
acceptable for conducting detailed analyses based on coarse databases. Furthermore, to
accurately define the wind source, the following assumptions are made:

e Wind direction is considered constant with elevation, and the measured data from the

buoy is used.

e The hourly atmospheric temperature of ERAS is kept constant, considering the reduced

variation rate of this quantity.
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4.4.2 Power production calculations

In this study, the commercial software windPRO [260] was adopted due to its wide utilization
in the design, development, and evaluation processes of wind projects. Time-dependent analyses
are conducted to evaluate the ten-minute power production starting from the data described in
the previous section. For this work, the author adopted the procedure extensively described in
[256], adopting the N.O.J. wake model [189] and neglecting factors such as the surface roughness
and orography due to the offshore site. Finally, given the need to conduct analyses over time
horizons longer than the two years provided by measurements, with periods of interest spanning
ten years, the estimated power dataset at ten-minute intervals is extended to achieve the desired
length. Specifically, considering the peculiar behavior of wind in certain months of the year, it
was chosen to reconstruct the missing months by randomly shuffling the days from those same
months computed in previous years. With respect to a simple repetition of the available years to
reach the required ten-year time span, this randomization allows for increased variability in the
repeated periods, while statistically respecting the seasonal variability of the wind resource.
However, although the wind power reconstructed dataset has a duration of a decade, a plant
lifetime of thirty years is assumed. For simulating the entire operational period of the plant,
therefore, it was decided to rely on the available dataset to extrapolate the final results. This
choice is due to the reduction of computational efforts and is consistent with the lifespan of the
battery, which is considered the most critical component.

In order to accurately estimate the cyclic wear of the battery, once the ten-minute mean
(Pgy¢), minimum (Py;y), and maximum (P 4x) power productions are estimated relying on the
resource above, an additional refinement process is adopted to obtain a power resolution of one
minute. To this end, the iterative procedure adopted [261] is based on the random generation in
a range limited by P,y and Py 4x Of eight power values, whose average is P,y . This approach,
considering that the average power generation is preserved, prevents the errors that would have
been included in the production estimation based on a minute resolution of the wind source.

Figure 4.3 summarizes in a scheme the overall process used to obtain 1-min wind power data
starting from 1-hour wind speed data.

1-hour 10-min 10-min 1-min
wind speed . . WT . . .
—> refinement —> wind speed —> —> wind power —> refinement —> wind power
data data power curve data data
from ERAS ] ]
measured fluctuation power boundaries
around the hourly mean Prins Pmax

Figure 4.3: Scheme of the overall process used to obtain 1-min wind power data starting from 1-hour
wind speed data.

4.4.3 Curtailments

Curtailments represent the planned reduction of power output from wind farms during
periods of electrical grid congestion, predominantly impacting non-programmable renewable
energy sources. The “Global Ambition Italia” scenario depicted by TERNA for 2040 [213]
anticipates a substantial adoption of these sources, leading to an estimated 11 TWh/year of
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curtailed energy, constituting around 5 % of the projected renewable energy production.
However, this percentage is indicative, given the significant variability in grid capacity across
different regions. Hence, this study examines three scenarios, varying the annual curtailed energy
from 5 % to 10 % or 15 % of the plant AEP. Additionally, the planned power output reduction is
estimated as a percentage of the farm’s nominal power, as described in Table 4.3, in order to
match the target annual curtailed energy. Those reductions are scheduled throughout daylight
hours, with a distribution centered on 1:00 p.m., and modelled with two distinct time-dependent
approaches:

e Homogeneous distribution (S1): the curtailed energy is equally distributed throughout the
year. Over the 24 hours, the curtailed energy is concentrated during the six central hours
of the day, typically when the grid congestion is higher. This reduction is applied to every
day of the year without distinctions.

e Seasonal distribution (52): the planned reduction of power output is concentrated during
the summer, with peaks of eight hours per day, six hours in spring and autumn, and valleys
in winter (four hours). In this case, both the potential issues induced by the seasonal
fluctuation of renewables and the daily trend of grid conditions are accounted for.
Additionally, in order to consider weather variability, a randomization process that
preserves the mean hours per day has been applied for winter months.

Table 4.3: Curtailment description in terms of power reduction.

Scenario 5% 10 % 15 %
S1 Power reduction [ %] 12 27 47
S2 Power reduction [ %] 12 29 51

Furthermore, in this work, the curtailed energy is assumed to be remunerated (Ecost) as a
percentage of the LCoE. This assumption is consistent with the present regulation and, even if it
will probably be changed in the future, it is considered in this study as an incentive to promote
the installation of large capacities of renewable power plants. According to the author’s
experience, three different scenarios are considered, assuming an Ecost is equal to 0 %, 25 %, and
50 % of the LCoE, as in previous works [128] in collaboration with a publicly funded Italian
research company.

4.4.4 Battery modelling

Among the existing electrochemical ESS technologies, this study considers Li-ion batteries due
to their high round-trip efficiency and ability to withstand charge and discharge cycles [215].
Specifically, the Nickel-Manganese-Cobalt (NMC) Python-based model described in [258] was
employed. To this end, the battery is charged when the wind farm's power generation is limited
by curtailments and discharged when the production is lower than the 1 GW nominal output. In
order to obtain accurate results, a degradation model is also considered, accounting for the
reduction in available capacity due to cyclic wear. Finally, given the continuous use of the battery
and the reduced idle periods, a calendar ageing model is not included, as it refers to situations
where the state of charge (SOC) of the component remains high, without undergoing discharging
cycles for extended periods. Moreover, in order to obtain a more conservative assessment of the
battery degradation, the fit for the estimation of the end-of-life cycles (EOL) presented in [215]
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for the MC PHEV-1 / Samsung SDI 94 Ah battery [262] has been adopted. Specifically, the
resulting coefficients A and B reported in equation 4.2 are equal to 1512.45 and -0.9684.

EOLgycies = A * (ASOC)P 4.2

A decrease in SOH leads to lower performance of the battery, consistent with energy and
economic losses. Moreover, the SOH reflects the residual life of the component. While the same
initial SOC has been assumed, equal to 95 %, the most relevant difference between brand-new
and second-life BESSs is in the initial SOH, set at 80 % for the latter [233—235]. This initial SOH
has been assumed to account for prior degradation from SBESSs first use, including calendar and
cycling ageing. As mentioned in the introduction and highlighted by the dashed blue line in Figure
4.4, this SOH value represents the EOL limit for the BESSs installed in electric vehicles. On the
other hand, the replacement of the component occurs for both technologies when 70 % of SOH
is reached (red dashed line in Figure 4.4) or after a maximum operation time of ten years [236].
Finally, due to the current limitations of battery passports, detailed first-life data for second-life
batteries are often unavailable, introducing potential variability in module performance. To
maintain consistency, this study evaluates SBESS performance under idealized conditions.
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Figure 4.4: SOH decrease due to cyclic operation of the BESS for the two degradation fittings tested.

4.4.5 Electrolyzer modelling

To assess the impact of the electrolyzer system size, a sensitivity analysis has been conducted
by varying the size between 10 and 990 MW. This range was selected based on some preliminary
analyses, which showed that these dimensions are optimal for a 1 GW power plant within the
described scenarios. Although the maximum power available for the electrolysis facility, about
300 MW, is higher than the 90 MW considered, the limited amount of time when that power
occurs leads to smaller optimal capacities. Given the lack of spatial constraints and the constant
power input resulting from the centralized onshore configuration, ALK technology has been
considered herein. The computational model of the electrolyzer previously described in Section
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2.3.1.2 has been adopted, setting the time step size to 1 min to ensure consistency in the
comparison with the BESS case. Within this timeframe, one can estimate the efficiency variations
relying on the estimation of the overpotentials due to losses. Values of current density equal to
10 kA/m2 and voltage of 1.89 V were considered as design parameters of the cell. To carry out
the economic analysis and calculate the LCoH, a 30-year timespan was assumed for the
electrolyzer, with a stack replacement after 10 years (based on the results presented in Chapter
2), costing 40% of the CAPEX. Moreover, this study assumes that curtailed renewable energy,
which would otherwise be wasted, is used to produce green hydrogen. This assumption allows
for focusing solely on the expenditures associated with the electrolysis plant, neglecting
hydrogen storage and pipelines due assumption of direct use near the production area.
Therefore, electricity expenses were accounted for considering that energy is valued as the feed-
in tariff assumed (0% or 50% of the LCoE).

4.4.6 Metrics for cost estimation

The estimation of costs related to the generation of electricity is key for this work. Specifically,
the LCoE is employed as the primary metric for the evaluation of the layout optimization of the
wind farm. LCoE represents the cost associated with the production of a single unit of energy
with a specific technology and the price at which energy must be sold to recover capital (CAPEX)
and operational (OPEX) expenditures during the plant's lifetime. Notably, this metric is obtained
with the ratio between the actualized sum of costs projected throughout the lifespan of the plant
and the actualized sum of energy that the plant will generate within the same timeframe.
Furthermore, the same metric can be used to accurately consider the impact of curtailments on
the revenues of the wind farm. The inclusion of the grid constraints in the estimation of the
producibility leads to a decrease in the amount of energy produced to account for the non-
production due to curtailments. In this case, considering the unchanged CAPEX and OPEX, the
costs for energy production would experience a significant increase. To this end, in this study,
the market-dependent LCoE depicted by equation 4.3 is used to estimate the real minimum price
at which energy should be sold, assuming no remuneration for curtailments.

. (CAPEX, + OPEX,)

t=1 it

mLCOE = (; + 1) 43
n grid,t
=171 + 0)F

Where t represents the present year, n is the plant lifetime, i is the discount rate, and Eg;4
is the energy delivered to the grid.

The other metric used to estimate the impact of the adoption of an energy storage system is
the NPV. This parameter allows for the evaluation of the profitability of a planned investment by
assessing its present value through the difference between the future discounted cash flows (cf)
and the initial CAPEX, as specified in equation 4.4. Specifically, cfs are estimated as the sum of
the revenue obtained from energy input to the grid and the remuneration expected for the
energy not injected during curtailment. The difference between the plant with and without a
BESS is considered in the increase in the initial capital cost and the replacement expenditures for
the battery over the system's lifespan.
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n
cfe
NPV = ——— — CAPEX 4.4
— 1+

For the NPV calculation, some assumptions about the electricity pricing are required. In this
study, according to the guidelines proposed by the FER2 regulation, a feed-in tariff has been
assumed, valuing the energy injected into the grid at 185 €/MWh [263].

Finally, the LCoH has been selected as a cost metric for the definition of hydrogen cost. Again,
the same approach presented in Section 2.3.2 has been adopted for the calculation.

4.4.7 Component costs

The accurate estimation of CAPEX and OPEX is crucial for computing the LCoE and NPV of a
wind-powered energy system. However, due to the limited number of existing plants, estimating
the actual and projected costs of floating offshore wind turbines (FOWTs), floating platforms, and
all related components is complex. In this work, the same assumptions and methodology
described in [256] have been adopted, with the specific capital expenditures described in Table
4.4. Considering the sensitivity analysis performed on the distance between WTs, the costs for
intra-array cables are expressed as the range resulting from the least and most spaced
configurations. To deal with the uncertainty related to the costs of Li-ion batteries for analyses
conducted over a timeframe starting from 2030, it has been decided to perform sensitivity
analyses by varying the battery cost, with values per unit of capacity ranging from 110 to 190
€/kWh for both BESSopr and BESSge. This assumption is consistent with the future projections
presented by [252,253].

Table 4.4: Specific Expenditures for the case study.

Component Capex
Wind turbines [M€/MW/unit] 1.034
Platform [M€/MW/unit] 0.696
Intra-array cables [M€/kW/km] 0.008
Export cables [M€/MW/km] 0.011
Moorings [M€/MW/unit] 0.035
Installation [M€/MW] 0.169
NBESS [€/kWh] 110-190
SBESS [€/kWh] 50-130

Concerning SBESSs, due to the assumptions presented in Section 4.2, a CAPEX that ranges
between 50 and 130 €/kWh has been considered. This assumption includes both the lower CAPEX
of the technology and the economic incentives due to the reduced environmental impact. Finally,
a storage system replacement cost of 70 % of the initial CAPEX is adopted [264], assuming the
substitution of NBESSs and SBESSs with the same technology at the end of the storage lifetime.
While the SBESSs experience lower replacement costs, the higher number of substitutions during
the plant lifetime and the possible enhanced energy losses due to degradation may affect the
revenues.

Concerning electrolyzers, to account for projections to 2030, a literature analysis has been
conducted. Regardless of the size of the plant, the CAPEX of electrolyzers was set 1000€/kW, to
simulate the worst-case scenario [265]. This value has been selected based on the extensive
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amount of data available in the literature, which has been summarized in a box and whisker plot
(Figure 4.5). In this plot, a box spans from the first to the third quartile, with a vertical solid line
representing the median value and a vertical dashed line indicating the average value. The
chosen value represents the upper bound of the range, resulting in a conservative assumption
for projections up to 2030. Additionally, according to the literature [224], a stack lifetime of ten
years has been assumed, leading to two substitutions of the component during the wind farm
lifetime. This assumption is consistent with the evaluation of a degradation lower than 20% of
the nominal performance after 10 years of operation. Considering that the stack contains the
most expensive components, the replacement costs were set at 40% of the capital expenditure
for the electrolyzer. Finally, in order to take into account economies of scale, the approach shown
in Section 2 has been adopted.
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Figure 4.5: ALK electrolyzers CAPEX in 2020 and in 2030.

4.5 Results

This section presents an overview of the wind farm performance in different configurations
and scenarios. The outcomes for the analyzed layouts are described in terms of AEP and LCoE to
highlight the effects of wake losses and component costs in the optimization. Furthermore,
mLCoE is adopted to estimate the real costs per unit of energy in each curtailment scenario for
the specific installation case. Finally, concerning the utilization of batteries, the results of the
time-dependent analyses are presented to estimate the size that maximizes the wind farm NPV.
In this study, a sensitivity analysis on the interest rate (i) is performed to account for the
uncertainties in the component and energy market for a time horizon starting from 2030. To this
end, values of 5 %, 7 %, and 9 % are adopted.

4.5.1 Wind farm layout optimization

Before the analysis of the effectiveness of installing a BESS, this section shows results of the
wind farm itself in terms of energy production and cost of energy, considering aerodynamic
losses and cable costs. Optimizing the wind layout to minimize the LCoE means finding the best
trade-off between higher energy production and higher installation costs. As expected, upon
examination of Table 4.5, an increase in wind turbine intra-array spacing enhances the energy
production, due to the decrease in wake effects. However, although the 13d-10d layout is not
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the most spaced in the along-wind direction, the increased distance in the crosswind direction
promotes a reduction of wake losses, which results in the highest AEP.

Table 4.5: Wind farm AEP and LCoE for the analyzed layouts with different interest rates i.

Layout L-| r 13d-5d 13d-6.25d  13d-7.5d 13d-10d 14d-7.5d 15d-7.5d
AEP [GWh/y] - 3268.5 3308.3 3334.7 3368.9 3341.0 3347.3
LCoE [€/MWh] 5% 107.20 106.61 106.18 106.77 106.04 106.17
LCoE [€/MWh] 7% 121.67 121.00 120.52 121.19 120.36 120.51
LCoE [€/MWh] 9% 137.28 136.52 135.98 136.73 135.79 135.97

The adoption of L (distance in wind direction) equal to thirteen WT diameters leads to an
almost full wake recovery, resulting in small improvements with a further increase of this
parameter. As depicted by Table 4.5, an increase in AEP is not necessarily related to a decrease
in energy costs. Despite the minimum wake losses and higher capacity factors, higher WT spacing
leads to enhanced CAPEX and OPEX. For this specific installation site, the optimal wind farm
layout is represented by the 14d-7.5d configuration.

4.5.2 mLCoE

Based on the outcomes of the previous section, the optimal layout has been chosen to
investigate the effects of curtailments on energy costs. To this end, the time-dependent analysis
enables the estimation of the yearly impact of curtailments on energy production. Without a
BESS, non-production affects the revenues of the wind farm. The accurate estimation of
curtailments is crucial. Figure 4.6a shows the net yearly energy production and the curtailed AEP
for both S1 and S2 in the different scenarios. The plot represents both the seasonal and
homogeneous scenarios because, as mentioned in the previous sections, despite the different
distribution of daily curtailments in S1 and S2, the total amount of non-produced energy is
equivalent.

Figure 4.6b shows the LCoE and the mLCoE for the curtailment scenarios considered with
different discount rates. The red bar in the chart represents the result obtained neglecting
curtailments, corresponding thus to the standard LCoE generally adopted in literature.
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Figure 4.6: AEP (a) and mLCoE (b) in different curtailment scenarios for the discount rates analyzed.
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As expected, the decrease in energy production results in a significant increase in generation
costs. Curtailment scenarios of 5 %, 10 %, and 15 % lead to a rise in energy costs of 5 %, 11 %,
and 18 %, for all the interest rates considered. Low values for Ecst lead to relevant economic
losses in the revenues of the wind farm, especially if the price of the energy sold to the grid is
close to the LCoE. To this end, the inclusion of the mLCoE results in more accurate cost
projections to deal with the tender system of the energy market.

4.5.3 LCoH

Based on the results of Section 4.5.1, the 14d-7.5d layout has been chosen for the 15 MW
WTs farms, to investigate the cost of possible green hydrogen production. It is worth noticing
that the present study does not consider any cost related to hydrogen storage and transport. The
following results must then be considered as only related to the production step of the hydrogen
value chain. In order to justify the adoption of a detailed electrolyzer model, a comparison
between a statistical and a time-dependent approach is proposed herein. Therefore,
curtailments have been accounted as a fixed percentage of the AEP for every hour of the year
(statistical approach) and with a distribution to consider grid congestion throughout the day (as
described in Section 4.4.3). The comparison between those two approaches allows one to
estimate the limitations of the common practice for preliminary analyses. To this end, Figure 4.7
shows the comparison between the two described curtailment distributions during 24 h of
simulation.

@ Wind farm power Curtailed power: 10% AEP
@ Curtailed power: 15% AEP Curtailed power: 5% AEP
140 - —— Time-dep
—-=- Statistical
120 A
100 A

Power [MW]
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Figure 4.7: Power production and curtailed power for the time-dependent and statistical approach, in all
curtailment scenarios.
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A statistical approach translates, in the time domain, into a constant power input available
for the electrolyzer. Therefore, even during a day on non-constant production form the wind
farm, as the one shown in the image, a constant power input to the electrolysis facility is
considered, leading to an overestimation of the CF of the component. On the other hand, the
time-dependent approach results in a more realistic power input estimation, also due to the
clustering of curtailments during the central hours of the day, when the probability of going
through grid congestion is higher. Even if the total curtailed energy is equivalent in both
situations, the time distribution of the available energy affects the estimation of hydrogen
production.

Indeed, during a day of low production, as the one shown in Figure 4.7, the statistical
approach shows a higher curtailed power throughout the whole day for all curtailment scenarios.
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Figure 4.8: Power production and curtailed power for the time-dependent and statistical approach, the
15% AEP curtailment scenario.

Figure 4.8 highlights, time-step per time-step, the differences between the approaches in the
scenario characterized by the higher curtailed energy in the same 24 h of Figure 4.7. In detail,
the grey area represents the difference in energy available for the electrolyzer. A constant
distribution of curtailed energy during the year leads to a relevant overestimation of the curtailed
energy in the off-peak hours, while in the time-dependent scenario, all the wind farm power is
fed into the grid. As highlighted by the hatched light grey area in the plot, this trend may result
in energy availability even larger than the wind farm production. Those two aspects, combined
with the constant power input to the electrolysis facility, result in an underestimation of the LCoH
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between 1 and 2 €/kg. The statistical approach has been discarded, justifying the adoption of the
electrolyzer model.

Figure 4.9 shows the dependence of the LCoH and the CF in S1 and S2 on the size of the
electrolyzers while varying the energy value in the 10% curtailment scenario. It is apparent that,
despite the low LCoH estimated, the CF of the electrolysis facility remains low. Despite the small
capacities installed with respect to the available energy during curtailment hours, this is
consistent with large periods of inactivity of the component, when the wind farm output is fed
directly into the grid. On the other hand, the low costs associated with hydrogen production
result in a relatively low LCoH. A comparison can also be done between the curtailment scenarios
and the energy values considered. It is apparent how the seasonal distribution of the curtailment
leads to higher LCoH.
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Figure 4.9: LCoH and capacity factors in S1 and S2 in the 10 % curtailment scenario.

The less homogeneous distribution of the available energy, in fact, results in higher energy
underexploitation, as testified by the lower CFs at the same electrolyzer capacity. This results in
lower optimal electrolyzer capacities and, therefore, lower hydrogen production per year. Finally,
as expected, the higher energy costs associated with the LCoH high scenario lead to higher
production costs. Table 4.6 shows the optimal electrolyzer sizes resulting from the analyses that
have been then used for the estimation of the NPV.
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Table 4.6: Optimal electrolyzer sizes and LCoH in the different curtailment scenarios.

Parameter Energy cost scenario S1 S2
Electrolyzer capacity [MW] 64 55
LCoH low 4.164 4.29
LCoH [€/ke] LCoH high 4.348 4.47
4.5.4 NPV

This section describes the assumptions made and the results of the previously mentioned
scenarios for the estimation of the Li-ion ESS contribution. In order to compare the storage plant
with the base one, an accurate description of the energy remuneration scheme is needed. For
the curtailed energy, the same Ecost is assumed for both plant configurations. This approach
allows us to consider the potential revenues from curtailments as positive cash flow. The base
plant does not generate energy during hours of curtailment. On the other hand, the BESS can
store the energy produced in such moments and further inject it into the grid when the system
is allowed to. This additional source of income may contribute to enhancing the NPV when higher
than the additional installation and substitution costs of the BESS. Finally, in this section, only the
results for i equal to 7 % are shown, while an LCoE of 120.36 €/MWh is considered.

Figure 4.10 shows the influence of NBESS costs on the NPV of the wind farm after 30 years of
operation in different curtailment scenarios. Specifically, an Ecost of 0 % (a), 25 % (b), and 50 % (c)
of the plant LCoE is reported for the S1, S2, and no BESS scenarios.
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Figure 4.10: NPV of the wind farm in the 5 % curtailment scenario and a curtailed energy remuneration
of 0% (a), 25 % (b), and 50 % (c) of the LCoE with the adoption of the NBESS.

It is apparent how the base plant (dash-dot black line at the bottom) experiences lower
revenues over the plant lifetime in all the configurations analyzed. A seasonal scenario (dashed
line) results in a lower contribution of the storage system, if compared to the S1 condition (solid
line), where a homogeneous power flow to the battery improves the performance of the
component, increasing the amount of exploited energy. Furthermore, an increase in storage
costs (different colors) leads to a relevant decrease in the wind farm's NPV and the battery's
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optimal size. Specifically, a rise of 20 % in BESS cost results in a reduction of the revenues of 1 %.
This is due to enhanced capital expenditure for the system with the same energy available for
storage. Regarding Ecost variation, while an increase in the remuneration of curtailed energy
enhances the absolute value of the NPV, it does not affect the relative revenues with respect to
the base plant. Specifically, an optimal range of BESS capacity between 700 and 900 MWh is
estimated, which leads to maximum NPVs ranging from 3000 to 3100 M€, from 3600 to 3730 M&€,
and from 4240 to 4350 M€ for Ecost values of 0 %, 25 %, and 50 % of the LCoE, respectively.

Figure 4.11 illustrates how variations in NBESS (a-c) and SBESS (d-f) costs impact the wind
farm’s NPV over a 30-year operational period under different curtailment scenarios. Specifically,
Ecost values of 0 % (a, d), 25 % (b, e), and 50 % (c, f) of the plant LCoE are analyzed for the
homogeneous (S1) and seasonal (S2) curtailment distribution during the year, with respect to the
base scenario. The base plant (dash-dot black line) generates lower revenues with respect to the
one with NBESS throughout its operational lifetime, if the storage is properly sized. However,
when SBESSs are implemented, the storage system results in a cost-effective solution only when
the BESS cost is below 70 €/kWh. In fact, while for the NBESS the replacements along the plant's
lifetime range from 4 to 6, in the second life scenario, the number of substitutions spans between
15 and 6, leading to relevant cost increases.

Higher storage costs (represented by different colors) lead to a significant decline in both the
wind farm's NPV and the battery’s optimal capacity. Specifically, a 20 % increase in BESS costs
results in approximately a 1-2 % reduction in revenues. This is attributed to higher capital
expenditures on the system, despite the available energy for storage remaining unchanged.
Regarding variations in Ecost, While an increase in the remuneration of curtailed energy raises the
absolute NPV, it does not influence the relative revenue difference compared to the base plant.
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Figure 4.11: NPV of the wind farm in the 5 % curtailment scenario and a curtailed energy remuneration
of 0% (a, d), 25 % (b, e), and 50 % (c, d) of the LCoE for the NBESS (above) and SBESS (below).
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A few words should be spent on the trend of NPV for both technologies. The discontinuities
observed with increasing BESS sizes are due to the reduction of storage replacements during the
plant's lifetime. Larger sizes reduce the number of operating cycles, with lower depth of
discharge under the same energy dispatch conditions.

As a result, the overall degradation of the battery system is mitigated, extending the
functional lifespan of the component. Consequently, storage systems with larger capacities
undergo fewer full equivalent cycles over time, which directly translates into a reduced need for
BESS module substitutions. This dynamic offsets part of the increased CAPEX associated with
scaling up the storage system. Therefore, while larger capacities result in enhanced CAPEX,
proper sizing leads to economic benefits even with oversized storage. This balance explains why
the NPV trend displays peaks at specific storage sizes, those that are large enough to significantly
reduce degradation without incurring unnecessary oversizing costs. These optimal points reflect
configurations where the trade-off between CAPEX and replacement cost is most favorable.

In Figure 4.12, the effects of a curtailment scenario of 5 % (blue), 10 % (orange), or 15 %
(green) of the AEP are shown. In detail, the results show that adopting a brand-new storage
system is always convenient regardless of the curtailment distribution throughout the year.
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Figure 4.12: NPV of the wind farm with an Ecost of 0 % of the LCoE and a BESS cost of 130 €/kWh for the

NBESS (a) and 70 €/kWh for the SBESS (b).

Moreover, an increased reduction of the wind farm output leads to a decreased amount of
energy valued at the market energy price, assumed to be equivalent to 185 €/MWh. This is
consistent with the decrease of the NPV shown in the plot for the base plant (dash-dot line) with
all the Ecost assumed. In addition, the revenues in S2 (dashed line) are 0.4 % lower than those in
S1 (solid line).

Delving deeper into details, a few words should also be spent on the comparison between
NBESS and SBESS. Figure 4.12b illustrates how, with both technologies, the S2 (dashed line)
results in a lower contribution from the storage system compared to the S1 condition (solid line),
where a more uniform power flow to the battery enhances its performance by increasing the
amount of utilized energy.

As the wind farm's output reduction increases, the amount of energy valued at the market
price decreases accordingly. This aligns with the decline in NPV observed for the base plant
without storage (dash-dot line) across all considered scenarios. Furthermore, a higher level of
curtailed energy results in lower storage efficiency and a diminishing gap between the new and
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second-life BESS, improving the cost efficiency of the latter. Therefore, an increase in curtailed
energy leads to lower storage effectiveness and a reduction of the gap between the two
scenarios from 2 % to 1 % for a power reduction of 5 % and 15 % on the AEP, respectively. As
expected, the optimal size of the storage, depicted in the outcomes above, is about 9 %, 16 %,
and 38 % smaller than the one that leads to the minimum energy waste.

Figure 4.13 shows how the increased remuneration for the curtailed energy affects the
increase in the NPV (ANPV) due to the battery, varying the BESS cost. The results demonstrate
that, while the remuneration of 50 % of the LCoE leads to an overall higher income, the ANPV is
not affected by increases in the price of curtailed energy, due to the proportional increase in
revenues from the base plant. Therefore, just one bar is shown in this plot to represent the
maximum earnings from a configuration, regardless of curtailment remuneration. On the other
hand, a higher amount of curtailed energy results in enhanced ANPV due to the increased weight
of energy exploitation. As expected, while the most cost-effective case is characterized by a low
percentage of energy allocated to curtailments, valued with the highest remuneration and low
battery costs, the higher impact on the revenues is obtained in a curtailment scenario where the
energy reduction is equivalent to 15 % of the AEP. A few differences can be observed when
comparing the NBESS and SBESS. While the adoption of NBESSs is always beneficial for the wind
farm, SBESSs can result in economic losses. However, in all the analyzed configurations, the non-
homogeneous curtailment distribution in S2 always leads to worse exploitation of the storage
system, leading to economic losses.
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Figure 4.13: NPV Variation in the configuration with the optimal BESS size varying battery cost for
different curtailed energy remuneration and wind farm output reduction of 5 % (a), 10 % (b), and 15 %
(c) of the AEP with the NBESS (above) and SBESS (below).
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These results can be compared with those obtained using hydrogen to mitigate curtailments.
Figure 4.14 shows the NPV of the plant equipped with the electrolysis facility varying the
hydrogen remuneration in the LCoH low scenario. Consistent with the results in terms of LCoE, it
is apparent that even with a low price per kg of hydrogen, the investment results to be cost-
effective. Depending on the curtailment distribution, hydrogen prices of 4.64 and 4.29 €/kg result
in the same NPV of the base plant (dash-dot line). On the other hand, a few words should be
spent on the comparison with BESS. The dotted line highlights the revenues associated with both
NBESS and SBESS, with specific CAPEX of 130 and 70 €/kW, respectively. Despite the high
hydrogen remuneration needed to obtain the same NPV (between 8.50 and 9.50 €/kg), these
values are obtained for the upper bound of the ALK specific capex in projections to 2030.
Therefore, considering this conservative scenario, hydrogen can be a competitor of batteries in
curtailment mitigation.
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Figure 4.14: Comparison between the NPV of the electrolysis, the BESS and the base solution in S1 and
S2 in the 10 %, LCoH low curtailment scenario.
4.5.5 Preliminary environmental analysis

While a comprehensive Life Cycle Assessment (LCA) could provide a more complete picture
of the environmental impacts associated with these battery systems, such an analysis falls
beyond the scope of this study. In fact, conducting a full LCA is a stand-alone effort that requires
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detailed inventory data, which is currently unavailable. Nevertheless, a preliminary
environmental evaluation is important in a study like the present one and can still be conducted
based on available data—particularly the reported carbon footprint of the batteries. This allows
for an initial estimation of their potential climate impact, complementing the economic results
presented earlier.

A realistic degradation scenario is crucial to estimate the number of replacements of the BESS
during the wind farm's lifetime. Starting from a minimum number of three substitutions, a
maximum of 6 and 18 replacements can be observed with the NBESS and SBESS, respectively.
However, although this affects the wind farm's revenues worse when a second-life technology is
adopted, the environmental benefits related to the adoption of SBESSs are relevant. In fact, while
the adoption of a brand-new storage system dedicated to the wind farm is associated with a
carbon footprint of 263 kg CO,-eq/MWh [266], the environmental impact of SBESS can be
neglected. Specifically, the adoption of this technology can save up to 2400 t COz-eq, depending
on the number of replacements for the component, as shown in Figure 4.15.

Bess replacements [-]

2.0 1
1.5 1
1.0 1

CO, emission [kt]

0.5 1

500 1000 1500 2000 2500 3000
BESS size [MWh]

Figure 4.15: Battery replacements and environmental impact of the storage after thirty years of
operation of the plant.

On the other hand, the lifetime extension, estimated to range from two to five years despite
the limited useful SOH range (from 80 % to 70 %), allows for better exploitation of the BESS,
which would otherwise have been decommissioned. This may be beneficial for the revenues of
the system equipped with the SBESS. The competitiveness of this solution can be enhanced with
further incentives to reduce the CAPEX of this technology, or with future CO; taxes proposed by
policymakers to discourage the adoption of NBESSs when it is not required.

Finally, it is important to note that a full life cycle comparison, including the production and
decommissioning phases, would not impact on the relevance of the results in this context. For
the purposes of this preliminary assessment, it has been assumed that a similar environmental
impact occurs during these two phases for both new and second-life BESS, given the lack of
detailed component-level data. The environmental interest of the comparison lies primarily in
the reuse of second-life batteries that would otherwise have been decommissioned despite the
remaining SOH. This approach allows for a meaningful evaluation of the benefits derived from
extending the functional life of battery systems, rather than focusing on impacts that are
assumed to be equivalent across both options.

99



4 Mitigating grid congestion

4.6 Discussion

This study examines the comparison between the integration of large-scale BESS and
electrolysis facilities with offshore wind farms strategies to mitigate curtailments and improve
grid stability, while also comparing the potential of new versus second-life batteries. Although
the concept offers significant prospects for enhancing the flexibility and resilience of renewable
energy systems, FOWTs, large-scale storage technologies, and electrolyzers remain in the
preliminary stages of large-scale deployment, facing a complex set of technical, economic, and
regulatory challenges.

Offshore wind’s potential is widely recognized, yet its growth is hampered by high capital
costs, complex grid integration, and logistical challenges. Most current offshore wind farms
located close to shore use high voltage alternating current (HVAC) transmission, which is
technically simpler and less expensive over shorter distances. In contrast, high-voltage direct
current (HVDC) becomes more efficient and cost-effective for transmitting power over longer
distances, especially in far-offshore projects [267,268]. However, for the near-shore farms
studied in this work, HVAC remains the preferred solution due to its lower upfront infrastructure
requirements and maturity.

Despite projections of future cost reductions for 2050, offshore wind's current LCoE remains
high, underscoring the urgency of making early-stage projects more viable against fossil fuel-
based electricity. Improving early project viability will require targeted policy support, such as
feed-in tariffs, investment tax credits, contracts for difference, and long-term power purchase
agreements, along with financial tools like public-private partnerships and loan guarantees.
Technological advancements, including larger turbines, floating foundations, and digital
monitoring, as well as streamlined permitting and local supply chain development, are also key
to reducing costs.

Crucially, this work highlights the emerging role of hydrogen and battery storage, both new
and second life, as a tool for optimizing offshore wind integration. While second-life batteries
offer a potentially lower-cost and more sustainable alternative, they present additional
uncertainties around performance and lifecycle that need to be addressed through further
research and pilot projects. Conversations with industry stakeholders have revealed that most of
upcoming offshore wind farms, especially in the Mediterranean Sea, are expected to be coupled
with battery systems to improve grid alignment and reduce volatility. This coupling is seen as a
way to mitigate operational risk for grid operators, increase revenue stability for plant owners,
and enhance investor confidence in offshore wind infrastructure. On the other hand, technical
advancements for electrolyzers may improve the impact of economies of scale, putting the focus
on this technology as a competitor of large-scale BESS. The results, in fact, show how the break-
even price of hydrogen to reach the same NPV of the BESS plant is between 8.5 and 9.5 €/kg.
Additionally, the adoption of electrolyzers not only contributes to greater system flexibility but
also supports Europe’s broader strategic objective of enhancing energy autonomy. While large-
scale batteries’ supply chains are currently dominated by China and other non-European
countries, electrolyzers rely on components and industrial know-how that can be more readily
developed and manufactured within Europe. This reduces the risk of dependency on external
suppliers and strengthens the resilience of the European energy transition.

A limitation of this study is the evaluation of the behavior of the system with the ALK
technology in the worst-case expenditure scenario, while the evaluation of other electrolysis
technologies and more CAPEX scenarios may result in a complete overview of hydrogen potential
in curtailment impact mitigation.
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4.7 Conclusions

The study investigates the effects of curtailments on the revenues of offshore wind farms
potentially installed in a site in the Mediterranean Sea, comparing the adoption of ALK
electrolyzers, brand-new and second-life BESS to avoid energy waste during different curtailment
scenarios.

For large-scale farms, such as the 1 GW plant considered in this study, curtailments represent
a significant issue, especially in installation contexts where grid requirements are particularly
strict. However, while curtailments significantly impact costs, the adoption of BESS, as well as
ALK electrolyzers, can mitigate revenue losses.

The key findings of this work are listed below:

e Curtailments increase production costs, with mLCoE rising by 5 % to 18 % depending on

the curtailment level.

e BESS integration improves financial performance, increasing the NPV by 30 % when a

brand-new storage is adopted.

e Although second-life BESSs require lower CAPEX to be viable, they can help to increase

the NPV up to 30 % with respect to the base plant.

e ALK integration improves financial performance when hydrogen prices higher than 4.2

€/kg are considered.

e Hydrogen and BESS solutions may reach the same NPV when a hydrogen remuneration

of 8.5-9.5 €/kg is adopted.

e Despite the storage systems, production costs remain below the feed-in tariff, ensuring

economic feasibility despite market uncertainties.

e The lifetime extension of BESS can be beneficial for the environmental impact, leading to

a carbon footprint reduction of up to 2400 t CO,-eq.

Finally, while the NBESSs are always beneficial for the revenues of the system, SBESSs lead
to positive incomes only when their CAPEX is below 70 €/kWh, corresponding to an expenditure
30 % lower than the current average in the literature. This result is consistent with literature
findings, highlighting how SBESSs need relevant incentives to match the brand-new related
revenues.
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5 FROM WIND TO HYDROGEN:
COMPARATIVE EVALUATION
OF ELECTROLYZER
TECHNOLOGIES AND COST
REDUCTION PATHWAYS

5.1 Introduction

The transition to a low-carbon energy system is crucial for mitigating climate change, with the
European Union targeting net-zero emissions by 2050 [238]. Green hydrogen is a key pillar of this
transition, offering a scalable solution for decarbonizing hard-to-abate sectors. However,
achieving competitive hydrogen production costs depends not only on the availability of
renewable energy but also on the effective integration of electrolysis technologies with variable
power sources. Offshore wind presents a promising energy source for green hydrogen
production due to its higher capacity factors compared to onshore wind [271] or other
renewables like photovoltaics [272], while maintaining a moderate LCoE. The deployment of
green hydrogen production facilities is particularly relevant in the Mediterranean area [273], in
which historically several hard-to-abate industries are located close to ports, like steel production
[274], shipyards [275] and others. These businesses are aiming to undertake the transition
towards more sustainable industrial processes; however, such a scenario is yet to take off.

The electrolyzer technology strongly influences hydrogen production efficiency. Although ALK
represents the most widespread technology due to its cost-effectiveness and maturity [276], it
faces significant operational limitations, including high minimum power thresholds and long cold
start-up times [277]. These constraints can lead to substantial energy curtailment when
integrated with fluctuating wind power. Conversely, PEM and anion exchange membrane (AEM)
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electrolyzers offer wider operational ranges, faster response times after shutdowns, and
improved flexibility, making them more suitable for coupling with offshore wind farms [277,278].

Within this context, many studies have explored different electrolyzer technologies, including
ALK, PEM, and AEM, offering comparisons in terms of performance, cost, scalability, and
integration with intermittent power sources. Looking at the most recently developed technology,
some studies delved deeply into the AEM, reflecting its potential as a bridge between the mature
ALK and PEM systems. In their review, Bernat et al. [279] highlighted the role of AEM electrolysis
in meeting global energy transition targets and emphasized the necessity for continuous research
and commercialization efforts to advance this technology. Gul et al. [280] expanded the analysis
of AEM electrolysis by modeling an integrated renewable energy system that combines solar,
wind, and biogas inputs to produce hydrogen using excess or curtailed power. Their model
demonstrates how AEM electrolyzers can be effectively incorporated into community-scale
energy solutions, achieving substantial CO, reductions and delivering hydrogen at competitive
costs, even under uncertainty in demand and supply conditions. On the other hand, the simplified
modelling approach adopted for the simulation of renewable energy production can lead to the
underestimation of the complex physics related to the coupling with electrolyzers. Additionally,
these studies are focused on a single technology and do not provide a comparison between the
existing electrolysis solutions. In this regard, Yang et al. [281] undertook a cost comparison of
ALK, PEM, and AEM technologies using a bottom-up modeling approach that incorporates
material properties, operating parameters, and manufacturing assumptions. Their projections
suggest that, while ALK currently offers the lowest hydrogen production cost, AEM and PEM
could surpass ALK in cost-effectiveness in the medium to long term, provided there are significant
technological breakthroughs. Further comparative insights are offered by Wang et al. [282], who
conducted a rigorous experimental comparison of ALK and PEM electrolyzers operating at
identical hydrogen production rates. Their analysis includes dynamic ramping behavior, energy
consumption, and integration with solar power systems. The study finds that PEM exhibits higher
energy efficiency and responsiveness, especially under fluctuating conditions, characteristics that
are critical for future hybrid electrolysis strategies. Similarly, Rashid et al. [283] provide a broad
review of water electrolysis technologies, analyzing key thermodynamic and kinetic parameters,
electrode materials, and system efficiencies. They stress the long-standing technological barriers,
including high energy consumption, low durability, and capital intensity, which continue to limit
widespread deployment.

Looking at the interactions between electrolyzer and energy systems, Tofighi-Milani et al.
[284] modeled the dynamic interaction between PEM and ALK electrolyzers and the grid. This
study demonstrated that PEM electrolyzers offer faster frequency response capabilities. Schmidt
et al. [285] used expert-validated data to estimate future trends in capital cost, efficiency, and
lifetime for ALK and PEM technologies. Their findings suggest that despite cost reductions
through technical development and scaling, technological dominance of PEM is far from ensured.
Moving towards larger scales, Reksten et al. [286] conducted a techno-economic assessment of
PEM and ALK plants, projecting that the current capital expenditure (CAPEX) gap between the
two technologies could narrow significantly by 2030, with learning rates of 25-30%. However, no
direct coupling with renewable electricity sources, such as wind or photovoltaic, has been
considered, resulting in the overlooking of the impact of minimum loads, variable efficiency, and
cold startups on hydrogen production. Benghanem et al. [287] explored the use of both PEM and
ALK electrolyzers powered by photovoltaic systems, focusing on how variations in electrolytes
(e.g., KOH and seawater) and electrode materials affect hydrogen output and overall system
efficiency. Their results underscore the higher performance and lower voltage requirements of
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PEM systems compared to ALK, especially when seawater is used as an electrolyte. The study
also highlights the critical influence of solar irradiation and material choice on system
productivity. However, these studies do not perform a techno-economic comparison of the
different technologies when coupled with renewable energy sources such as wind power.

This review identifies several key limitations within this body of work. Unlike most previous
studies, this present work emphasizes critical factors such as wake effects, different power
inputs, electrolyzer minimum load constraints, detailed component-level modelling, and
integrated simulation of system interactions, all essential for evaluating the cost-efficiency and
operational performance of various configurations. To adequately capture these factors, high-
resolution temporal modelling is required. However, many previous works [47,48,288-290] only
partially include these aspects, as their primary focus often lies outside of analyzing operational-
level interactions and their impact on system performance and cost.

A majority of existing studies apply hourly time resolution and rely on empirical wind data
[48,277,288,291-293] or model-derived datasets [289,290,294]. Despite using real-world wind
inputs, only a few incorporate wake losses or calculate turbine-specific energy output [46,293],
which is crucial for the estimation of variable electrolyzer efficiency and technical constraints.
Some researchers have provided more detailed representations of electrolyzer operations
[277,290], while others focus on minimum load thresholds [291,293] or thermal performance
[288,292]. However, all these contributions are not often included in the same study, as well as
the degradation due to the operation of the component. Experimental studies by Kojima et al.
[55], Kuhnert et al. [56], and Nguyen et al. [57] have shown that both ALK and PEM electrolyzers
are vulnerable to accelerated degradation under variable input conditions. Singlitico et al. [277]
estimate costs for three North Sea-based configurations, including dynamic modelling of wind
farms and electrolyzers. Their results underline the importance of scale, particularly for smaller
electrolyzers, which incur higher specific costs. They evaluate two operational modes: one where
the electrolyzer runs at a constant power level (‘hydrogen-driven’) and another that utilizes only
surplus electricity (‘electricity-driven’).

Jang et al. [290] investigate centralized and decentralized offshore hydrogen production
systems and calculate the LCoH and net present value using fixed capacity factors and cost
assumptions. While this method enables straightforward cost comparisons, it lacks temporal
variability and detailed dynamic simulation. Rogeau et al. [294] also analyze all the hydrogen
production configurations in the North Sea for multiple future time horizons (2020, 2040, and
2050), offering a detailed cost breakdown across infrastructure components. However, their
approach simplifies hydrogen production by assuming static conversion efficiencies and fixed loss
factors, without simulating dynamic system behavior. In contrast, the model used in this study
explicitly accounts for electrolyzer variability and fluctuating wind inputs. All three studies utilize
a single data set and perform sensitivity analyses to evaluate cost impacts, but they do not
explore a broader parameter space that captures future technological uncertainties. The
approach proposed herein draws from both academic and industrial sources to create a more
robust and representative dataset, though challenges remain in fully capturing system
uncertainties. Finally, previous research by Mehta et al. [293] has investigated the benefits of
optimizing wind turbines specifically for hydrogen production, highlighting that such designs,
typically featuring higher specific power, can slightly reduce the LCoH compared to turbines
optimized for the LCoE. Additionally, this study suggests that electrolyzer oversizing can be an
effective strategy for the electrolyzer analyzed. However, the analysis is limited to systems using
PEM electrolyzers and relies on detailed aero-servo-elastic turbine redesigns for the North Sea
region. It does not explore alternative, system-level optimization methods or focus on areas with
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lower average wind speeds. Additionally, it neglects to examine whether minimizing LCoE
necessarily leads to the lowest LCoH, key aspects that remain insufficiently addressed.

5.1.1 Contribution and novelty

Table 5.1 offers a summary of the existing literature on offshore wind-based hydrogen
production. While the studies presented in Table 5.1 collectively offer some interesting insights
into the development, optimization, and application of individual electrolysis technologies, a
clear gap remains. Indeed, none of existing studies addresses a holistic comparison that
simultaneously considers multiple electrolyzer technologies and multiple offshore wind power
input sources, varying the specific power of aerogenerators, evaluated across both technical and
economic dimensions. Most comparative analyses focus either on technological performance
under isolated conditions or on economic projections with limited integration of dynamic
operational variables. Moreover, the interaction between power source characteristics and
electrolyzer behavior is often underexplored, despite its relevance for real-world
implementation.

Table 5.1: Summary of the existing literature on techno-economic simulation models of offshore wind-
based electrolysis.

Source Temporal Electrolyzer Sensitivity to power Electrolyzer Stack
resolution technology input source operation degradation
Rogeau et al. [40] Annual PEM X X X
Egeland and Sartori [49] Hourly PEM-SOEL X v X
Komorowska et al. [44] Annual PEM X X X
Vu Dinh et al. [46] Hourly PEM X X X
Singlitico et al. [53] Hourly ALK-PEM-SOEL X v v
Hill et al. [50] hourly ALK-PEM X v X
Calado et al. [51] Hourly ALK-PEM-SOEL X v X
Jang et al. [45] Annual ALK-PEM X v v
Song et al. [47] Hourly ALK-PEM-SOEL X X X
Zhuang et al. [48] Hourly - X X X
Mehta et al. [52] Hourly PEM X v X
Rezaei et al. [54] Hourly PEM X v v
Kojima et al. [55] Annual ALK-PEM X X v
Kuhnert et al. [56] Annual PEM X X v
Nguyen et al. [57] Annual ALK-PEM X X v
Travaglini et al [67] 10 min ALK-PEM X v v
This work 10 min ALK-PEM-AEM v v v

In order to fully exploit the advantages offered by large operational range electrolyzers, it is
essential to evaluate how different electrolysis technologies perform under varying wind
conditions and to optimize system-wide design choices that enhance their operational efficiency.
The strong targets set by Mediterranean countries for the decarbonization of their energy
systems [238] present an interesting case study for offshore wind-to-hydrogen integration.
However, the Mediterranean Sea poses significant challenges for the deployment of wind energy
due to its deep waters and lower average wind speeds compared to the North Sea [146,147]. The
unique bathymetry of this region necessitates the deployment of floating offshore wind turbines
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(FOWTs) rather than fixed-bottom designs. However, existing FOWTs are predominantly
optimized for high-wind environments, which may not be suitable for Mediterranean conditions.
By adopting low-specific-power FOWTs with larger rotor-swept areas, energy capture can be
improved, leading to a higher yearly energy input combined with a more stable power supply for
electrolyzers, which may mitigate the LCoH. In fact, beyond turbine design, wind farm layout
optimization also plays a crucial role in reducing the LCoH, considering the relevant impact of
LCoE on hydrogen production costs [296]. Wake interactions between turbines impact energy
production, especially in low-wind-speed regions, while high inter-array cable costs further affect
overall system economics. Achieving an optimal balance between wake loss reduction and cable
cost minimization is thus essential for providing a stable, cost-effective energy supply to
electrolyzers. To capture the full impact of wind variability on hydrogen production, this study
employs a time-dependent modeling approach. Using ten-minute resolution simulations, the
model assesses power fluctuations, curtailments due to minimum load thresholds, and the
thermal effects influencing electrolyzer efficiency in a centralized offshore configuration.
Additionally, the present study differs from existing literature since it focuses exclusively on
dedicated wind-powered hydrogen systems. In addition, a more complex electrolyzer model is
provided, as well as a more sophisticated wind farm simulation to explore component
interactions in greater detail.

Building on this background, this work aims to address the critical gaps mentioned above by
conducting a systematic comparison of various hydrogen production technologies, ALK, PEM, and
AEM, under different power input scenarios. The latter are included by varying the FOWT and
installation site in the Mediterranean. Specifically, existing reference FOWTs developed by the
IEA [144] are optimized for the high average wind speeds typical of the North Sea [118], making
them less suitable for regions like the Mediterranean Sea, where average wind speeds are
significantly lower [146,147]. To improve wind energy capture under such conditions, previous
studies [297] have suggested that lowering the specific power, by means of increasing the rotor
diameter while maintaining the same generator power, can shift the power curve of the turbine
towards lower wind speeds. This approach has been shown to yield a reduction in the LCoE in
certain geographical contexts. The present study investigates whether the same benefit
translates to hydrogen production. Specifically, it has been explored whether wind turbines with
lower specific power configurations are also advantageous when used to power electrolyzers for
green hydrogen production in dedicated centralized onshore configurations. This issue has been
addressed across different electrolysis technologies, ALK, PEM, and AEM, utilizing the resulting
LCoH as a cost metric. The novelty of this work lies in its integrated assessment of rotor sizing
and electrolysis technology, focusing on:

e The techno-economic impact of increasing rotor size on hydrogen production in low-
wind-speed regions.

e Whether the turbine configuration that minimizes LCoE also minimizes LCoH.

e Whether this optimal configuration varies across electrolysis technologies.

To this end, both technical performance metrics, such as efficiency, minimum load thresholds,
and lifetime, and economic parameters have been considered. Through this comprehensive
analysis, the study provides a robust framework for evaluating green hydrogen production
pathways in realistic contexts, thereby informing future policy, investment, and research
priorities in the hydrogen economy.
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The study introduces a novel methodology to understand how the rotor swept area of the
FOWT affects the operational parameters and cost effectiveness of the solution. The procedure
is conducted through a three-step approach:

1. Wind farm layout optimization, relying on the trade-offs between wake losses, AEP, and
cable costs, in order to achieve the lowest possible LCoE for each FOWT technology
analyzed.

2. Time-dependent wind farm simulations, starting from the optimal layout to estimate the
available power for the electrolysis facility, time step per time step.

3. Time-dependent electrolyzer simulation to compare the different electrolysis operational
constraints under realistic power input conditions.

By leveraging electrolyzer flexibility and system-wide optimization, this study provides
insights into how hydrogen production can be effectively integrated into Mediterranean energy
systems. The following sections discuss LCOE minimization strategies, analyze the relations
between rotor diameter (Dr) and electrolyzer techno-economic performance, outline the
methodology used, present the key results, and offer recommendations for future research and
deployment strategies.

After the description of the contribution of this work to literature and the main novelties,
Section 5.2 depicts the methods adopted, pointing out the techno-economic assumptions made,
and the related impact on the results. Study cases and results are shown in Sections 5.3 and 5.4,
with emphasis being put on the discussion of the main outcomes obtained. Final remarks, best
practices, and possible further developments are finally suggested in Section 5.6.

5.2 Methods

In this section, the methodology adopted for the evaluation of the LCoH for each electrolysis
technology is described. After the definition of the framework adopted for optimizing the floating
wind farm layout, the setup adopted in Pywake for the time-dependent simulation of the farm is
presented. Finally, the electrolyzer model is described, pointing out the differences between the
technologies utilized.

The framework developed is based on a three-step procedure, as shown in Figure 5.1, aimed
at comparing the electrolysis technologies proposed and evaluating the impact of lowering the
FOWT specific power on the LCoH. The proposed method is not iterative. After the optimization
of the wind farm layout, time-dependent wind power and hydrogen output are simulated,
adopting the models described below. This strategy can be described as follows:

1. LCoE minimization: Minimizing the LCoE is essential, as the resulting electricity is used as
the energy input for green hydrogen production via electrolysis. Since electricity costs are
among the major drivers of the LCoH [296], reducing the LCoE directly contributes to a
lower hydrogen production cost. To this end, the open-sourced TopFarm optimization
tool has been employed. Based on key inputs such as the wind turbine type, the wind
resource data, and cost parameters, this tool generates an optimized wind farm layout
that minimizes the LCoE by balancing the minimization of wake losses and layout-
dependent capital expenses. This optimized layout is then used as input for the
subsequent simulation module to estimate the time-dependent power generation, which
serves as the energy input profile for the hydrogen production system. This kind of
optimization has been performed considering only the LCoE as objective function. The
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statistical approach based on the Weibull distribution provided by TopFarm, in fact, does
not allow for the analysis of the relationships between available power and electrolyzer
constraints. Therefore, the wind farm layout can be optimized only for LCOE minimization.

2. Time-dependent power production: To evaluate the impact of renewable energy
variability on hydrogen production, a time-dependent simulation approach has been
adopted. The wind farm power output has been estimated using PyWake, an open-source
modeling tool capable of simulating detailed wind flow interactions between turbines.
Starting from the optimal layout, the simulation has been conducted with a 10-minute
time resolution, allowing for an accurate representation of the short-term fluctuations in
wind power availability. This time-dependent power profile has then been used as input
to the hydrogen production module, enabling the assessment of the electrolyzer’s
performance under variable operating conditions.

3. Time-dependent hydrogen production: A Python-based electrolyzer model has been
employed to simulate hydrogen production under variable operating conditions. The
model takes into account key dynamic factors such as efficiency variation with load,
calendar degradation, operating temperature effects, as well as shutdown and cold start-
up delays. This enables a realistic representation of the electrolyzer’s behavior when
subjected to fluctuating power input from the wind farm. By integrating the time-
dependent power data obtained from PyWake, the model allows for an accurate
estimation of the actual hydrogen production over time. This approach highlights how
renewable energy variability not only affects hydrogen output but also impacts long-term
system performance, efficiency, and overall utilization of the component.

| | \ h, ;

x Tl L&l
Electrolyzer

‘ l g

Figure 5.1: Overview of the LCoH calculation procedure.

Finally, for each installation site, this whole optimization-simulation approach has been repeated varying
the wind turbine type.

5.2.1 Wind farm optimization model

For the wind farm layout optimization, the framework presented in Section 3.4 [297] has been
adopted. This model utilizes the TopFarm framework, developed by DTU [183] and based on the
OpenMDAO [196] multidisciplinary design and optimization framework, to minimize the LCoE,
customized to take into account floating farm costs as in [297]. TopFarm facilitates a structured
exploration of design variables and implements advanced optimization algorithms to resolve
trade-offs between energy yield and capital costs. The core objective is to minimize the LCoE by
jointly optimizing WT location and inter-array (IA) cable routing within a defined maritime area.
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The optimization workflow, illustrated in Figure 5.2, operates iteratively. In each iteration,
the tested wind farm layout is evaluated by first estimating the Annual Energy Production (AEP)
using the PyWake library [184] with a statistical approach based on the Weibull distribution of
the specific site. Subsequently, IA cable routing is optimized with Edwin [194] as a sub-problem
with fixed WT locations, aiming to minimize total cable length. Cost estimations for CAPEX and
operational (OPEX) expenditures are then computed using the models described in Travaglini et
al. [297], leading to the calculation of the LCoE. This value is compared with previous iterations,
and the process continues until convergence, defined as a change in the objective function
smaller than 1x107%. Considering the mismatch between the height of source data and
aerogenerators, wind speed values are extrapolated to the turbine hub height using a power-law
profile with an exponent of 0.11 [186], commonly applied in marine environments.

Table 5.2 summarizes the main settings of the wind farm layout optimization.

Table 5.2: Settings of the wind farm layout optimization.

Parameter Value

Objective LCoE minimization
tolerance 1-10®

driver COBYLA

Minimum turbine spacing 4 diameters [197—-199]
Available sea lot 450 km?

Wake effects model Bastankhah Gaussian [187]
Effective wind speed LinearSum superposition model [190]
Rotor-wake overlapping PyWake’s Gaussian method [191]
Added turbulence LCoE minimization

Optimization is performed using the COBYLA (Constrained Optimization BY Linear
Approximations) algorithm, a gradient-free local search method suitable for non-smooth,
constrained problems. Its robustness in handling discontinuities, such as those from wake
interactions and discrete variables, makes it particularly appropriate for this application.

The optimization model incorporates several constraints to ensure technical and regulatory
feasibility. A key constraint is the minimum spacing between turbines, set at 4 Dg, in line with
industry best practices [197—-199]. This accounts for structural integrity, operational reliability,
and mooring-induced WT displacement, which is approximately 0.25 rotor diameters per turbine
based on a 160 m sea depth reference and IEA-15-240-RWT characteristics [201].

________________
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Figure 5.2: Schematic representation of the optimization model.
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Additionally, the turbine layout is constrained within a predefined 450 km? squared
installation area, reflecting real-world site allocation practices. Although site-specific constraints
may not yield the global LCOE minimum, they reflect realistic design limitations due to
environmental exclusion zones, infrastructure, and policy boundaries. The use of a square
installation area allows for consistent comparison across scenarios, even though irregular
polygonal shapes are more typical of offshore wind farm boundaries.

Turbine performance is modeled using manufacturer-provided power and thrust coefficient
curves, capturing both energy conversion efficiency and wake generation. Wake effects are
modeled using the Bastankhah Gaussian wake model [187], which offers improved accuracy over
simpler formulations [188,189] by representing the wake velocity deficit with a two-dimensional
Gaussian distribution. The effective wind speed at each turbine is calculated using the
“LinearSum” superposition model [190], and the partial rotor-wake overlap is treated using
PyWake’s Gaussian overlap method following established guidelines [191]. Finally, the added
turbulence from wake interactions is computed using the “GCLTurbulence” model [192],
providing estimates of increased turbulence intensity downstream of each rotor.

5.2.2 Wind farm simulation model

To evaluate the time-dependent performance of the wind farm layouts resulting from the
first step of the optimization, this study employs the PyWake library [184], a Python-based
simulation tool designed for wind farm modeling and analysis. PyWake is used to compute the
AEP, wake losses, and turbulence intensity based on site-specific wind conditions, turbine
characteristics, and turbine-to-turbine interactions.

Concerning the wind resource, a time-step length of ten minutes has been selected. The use
of wind data with higher resolution could, in fact, lead to significant errors in wind power
production assessment. Wind power curves provided by manufacturers are usually averaged
over ten-minute intervals [259]. While using wind data on a one-hour basis would not allow for
the estimation of power output variability on hydrogen production, datasets with a higher
resolution would lead to significant errors in the evaluation of the performance of the generator,
which experiences significant fluctuations on small time scales. For offshore conditions, surface
roughness and terrain effects are neglected. Concerning the setup for the wake model, the wake
overlapping, the turbulence, and wind source extrapolation to wind turbine hub height, the same
setup described In Section 5.2.1 has been adopted.

5.2.3 Electrolyzer model

In this study, three electrolyzer technologies have been compared, accounting for their
technical constraints, performance, and expenditures. To limit computational costs, the lumped
parameter model presented in Section 2.3.1.2 has been adopted. An electrolyzer is a device that
enables water splitting for hydrogen production via an electrochemical process driven by an
external power input. Its behaviour is commonly characterized by a polarization curve, which
relates cell voltage to current density and serves as a basis for performance modelling. While the
behavior of the ALK can be reproduced by focusing exclusively on the linear portion of the
polarization curve, due to the minimum load threshold of 20% of the nominal power, PEM and
AEM experience a wider operational range. Figure 5.3 shows the differences between the
efficiency surfaces of the three electrolyzer technologies. To mimic the behavior of the system
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also in part-load, a non-linear modeling of the polarization curves is required. Besides the more
restricted operational range, the ALK experiences a lower sensitivity to temperature fluctuations,
as shown by the slope of the surface in Figure 5.3, and better manages heat losses.

In all considered technologies, the polarization curve experiences parallel upward shifts due
to thermal and temporal degradation. Specifically, lower operating temperatures require higher
voltages to sustain the same current density (Figure 5.3), as well as prolonged operation
increases voltage requirements over time due to calendar aging. Both these mechanisms induce
a higher power consumption to produce the same amount of hydrogen, leading to lower
efficiency. These effects can be summarized in Eg. 5.1, where the operating voltage (V) is
assessed by adding the overvoltages to the design voltage of the new stack at reference
temperature (Vrg po).

V= VTO, ho + Vdegr “hgy + Vi (Tratea — TeL) 51

As shown by Equation 5.1, while the effect of calendar aging depends linearly on the number
of working hours (hy;) of the electrolyzer and can be reversed only by replacing the stack, the
thermal effects are defined only by the difference between rated (T}, 4t04) and operational (T,;)
temperature of the specific time step. Both the thermal and the degradation overvoltages are
accounted for with a linear relationship thanks to the adoption of wear (V. 4,) and temperature
(Vr) coefficients, in uV/h and uV/°C, respectively.

To effectively account for the temperature effect, 3D surfaces describing the voltage variation
according to the current density and the operating temperature have been obtained. Due to the
limited maturity of technology and the scarcity of data available in the current literature, the
AEM polarization curve presented herein has been extrapolated from preliminary results
provided by two industrial partners collaborating with the research group. To preserve industrial
secrets, the y-axis labels and the color bar have been intentionally omitted.

VIV] VIV]
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Figure 5.3: Polarization surfaces of the electrolysis technologies compared.

Once the operating voltage is known, the conversion factor (¢) can be estimated as in Eq. 5.2.
The ¢ describes the transfer function between input energy and the hydrogen flow rate. This
coefficient can be estimated by the ratio between the maximum hydrogen production (H; ;o)
and the ideal current (I;4), the V, and the number of cells (n ¢;5)-
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HZ, flow
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The hydrogen production rate is assumed to be directly proportional to the current density.
As the current increases, hydrogen is produced up to the rated flow rate.

Concerning the control strategy of the power input, the power fed to the stack is partitioned
equally between all the modules that can be activated, considering the minimum power
thresholds of each technology. Despite the higher energy loss potential, this approach is focused
on the minimization of the shutdowns of the modules. The high impact of component shutdowns
on stack degradation, in fact, could sensitively reduce the useful lifetime of the component
[298,299]. Additionally, a review of the dynamic operation of electrolyzers highlights that flexible
operation with frequent shutdowns and startups significantly increases degradation compared
to steady or balanced partial load operation, which supports the benefit of equal power
partitioning to reduce shutdown frequency [300,301]. Therefore, enhanced energy losses have
been preferred to minimize the number of replacements. Additionally, this strengthens the
assumptions of linear stack degradation with operating hours, disregarding the power input
previously described. On the other hand, aforementioned energy losses due to minimum load
thresholds must be considered as power not converted into hydrogen and not as waste. Due to
the centralized nature of the selected hydrogen production configuration, the unconverted
energy is fed into the grid. Even if it is not directly translated into a benefit for the LCoH
calculation, it enhances the feasibility of the entire system. To this end, the total hydrogen
production can be estimated relying on the ¢ and the energy input (E;;,) as in Eq. 5.3.

H, = ¢-E;, 5.3

The thermal model captures the stack temperature evolution, which affects voltage
variations in subsequent timesteps. Temperature variation (4T) of the electrolyte solution is
computed as in Eq. 5.4:

_ Qgen - Qloss

m-c

AT 5.4

p

where Q. is the generated heat, Qs is the thermal loss, m is the mass, and ¢, is the specific
heat capacity of the solution, for the ALK modeling, or the stack, for PEM and AEM. The geometry
of the electrolyzer system, in fact, plays a key role in heat distribution and dissipation. While for
the ALK thermal modeling the approach proposed by Superchi et al. [258] has been adopted
considering the gas-liquid separator as the primary heat loss component, the stack has been
considered for heat generation and losses for all the other technologies analyzed, as in Tiktak et
al. [302]. While thermal power is generated during electrolysis, as the cell voltage exceeds the
thermoneutral voltage, thermal losses occur via multiple resistances: internal tank convection,
wall conduction, air gap convection, container conduction, and external air convection. For the
refrigeration of the stack, the model takes into account a cooling loop that avoids the stack
temperature exceeding the maximum operating one.

The operating temperature also serves to evaluate when the component shuts down. In this
work, a minimum working temperature of 35°C has been assumed for all technologies, which is
consistent with the assumption made in [67]. To consider the impact of cold start-up time on
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curtailments and hydrogen production, the power consumption of the electrolyzer after the
shutdown is utilized only to bring the stack temperature to the nominal operating value, without
hydrogen production. Therefore, a start-up time for each electrolyzer technology is needed
before restoring its production potential. According to Singlitico et al. [277], while for the ALK, a
start-up time of 20 min has been considered, just one time step, corresponding to 10 min, has
been set for PEM and AEM.

5.2.4 Techno-economic metrics and financial assumptions

To understand the degree of exploitation of the technologies involved in this study, the
Capacity Factor (CF) of the wind farm and electrolyzer has been computed (Eg. 5.5). For the wind
farm, the CF is estimated as the ratio between the energy that the farm produces in a year and
the energy that the same farm would produce if it could maintain the nominal power production
over the same period. Regarding the electrolyzer, the CF is the ratio between the energy that
the device processes over a year and the energy that it would process when fed by a constant
power input sufficient for the nominal hydrogen production over the same period.

Eactual

CF = ——— 5.5

Enominal

Another technical metric used to study the degree of exploitation of the electrolyzers is the
utilization factor (UF): the ratio between the exploited and the available energy to the
electrolysis facility (see Eqg. 5.6). While the numerator is the same as considered for the CF, the
denominator is now equal to the energy produced by the wind farm feeding the electrolyzer. This
metric allows for the direct estimation of the impact of cold startups and minimum power
requirements from the modules on the operation of stacks.

Eactual

UF = ——— 5.6

Eavailable

Table 5.3: Settings of the wind farm layout optimization.

Component assumption Reference
Intra-array cables 750 €/m [297]
Export cable 2.7 M€/km [128]
Electrical substation 324 €/kW [160]
Installation costs ~300 €/kW [160]
Project costs 700 €/kW [160]
Discount rate 7% -
Project lifetime 30 years [255,303]
Sea lot dimension 21x21 km [297]
Distance from shore 4%0kl:nm((cf/lrc)lrlz_i,) [157], [304]
Water depth 335%0mm((c?;|r|£) [157], [304]
FWF cost DTU cost model [160]
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The TopFarm framework used to optimize the layout of the wind farm aims at minimizing the
LCoE, here calculated as in Eq. 3.21 . The main financial assumption behind the LCoE calculation,
as the lifetime of the plant and the discount rate, are summarized in Table 5.3. The following
analyses aim at estimating the LCoH of the hydrogen produced by the various combinations
tested, computed as in Eq. 2.4. The LCoH differs from the LCoE because it considers the hydrogen
mass produced in a year (Mpy; progucea ) instead of the AEP. The installation cost of the
electrolyzer is the object of a sensitivity analysis presented in Section 5.3.2.

5.3 Case study

In this section, the case study selected for the analyses is described. After the definition of
the considered wind farm, the electrolysis facility is depicted, focusing on the electrolyzer
configuration and design parameters. Finally, the installation sites are described, highlighting the
key features such as wind source, bathymetry, and distance from the shores.

5.3.1 Wind farm

In this study, the power input to the electrolysis facility is provided by a dedicated offshore
wind farm with a total installed capacity of 1.005 GW. All the generated power is exclusively
allocated for hydrogen production, with no export to the electricity grid. The wind farm is
composed of sixty-seven 15-MW FOWTs optimized for high-efficiency electricity generation in
offshore sites characterized by moderate wind speed. To evaluate the impact of turbine swept
areas on the overall hydrogen production system, four different wind farm configurations have
been assessed in both installation sites (Table 5.4).

In this study, the four wind turbines proposed in Travaglini et al. [297,305] have been selected
con conduct the analyses. While keeping the same generator power, these turbines differ in the
Dr, which varies from 240 to 330 m. This results in decreased specific power, leading to a better
harnessing of the wind source at lower wind speed, as shown in Figure 5.4.
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Figure 5.4: Power curves of the wind turbines adopted in this study [297,305].
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Larger swept areas result in a reduction in cut-in and rated wind speeds, extending the wind
turbine's operational range and enhancing its ability to harness wind energy under suboptimal
conditions, thereby increasing the overall energy yield. As a result of this improved low-wind
performance, capacity factors are typically enhanced. The turbine operates closer to its rated
capacity over a broader spectrum of wind conditions, leading to larger annual energy production
without necessitating an increase in generator size or rated power. Additionally, the attainment
of rated power at lower wind speeds contributes to a reduction in power output variability. This
smoothing effect, which becomes more pronounced with increasing Dg, improves the stability of
the power supply to the electrolyzer. However, larger swept areas enhance the costs of both
turbines and floaters, leading thus to the need to conduct a trade-off analysis between
expenditures and AEP increases. While the number of turbines remains consistent across all
scenarios to maintain the same total power capacity, each case explores different turbine
technologies, varying the rotor swept area, allowing for an assessment of performance under
varying operational dynamics and wind response behaviors.

By evaluating these distinct configurations within the same site and system boundaries, the
study isolates the influence of turbine selection on power availability for electrolysis and, in turn,
hydrogen yield and system utilization.

Table 5.4: Design parameters for the different wind turbines considered.

. Power Specific power Cut-in-rated wind speed
FOWT type Diameter [m] [MW] [W/m?] [m/s]
MED15_240 240 15 332 3-11.8
MED15_270 270 15 262 2.8-11
MED15_300 300 15 212 2.6-10.4
MED15_330 330 15 175 2.5-10

5.3.2 Electrolysis facility

This test case examines a centralized onshore electrolysis configuration, as in Figure 5.5, in
which the electricity from a dedicated offshore wind farm is used exclusively for hydrogen
production. The generated electricity is transmitted to shore via high-voltage subsea export
cables, where it feeds directly into a 1 GW electrolysis facility located near the point of delivery.
This establishes a closed-loop energy system in which all generated electricity is consumed by
the electrolyzer when its technical constraints allow for it. In this case, despite being delivered to
the shores, surplus power exported is considered a curtailment since it does not contribute to
the hydrogen production. Concerning electric cables, due to the export distance being lower than
70 km in both installation sites analyzed, the high voltage alternating current technology has
been chosen for the energy transportation as per standard practice in the literature [306,307].

The electrolyzer operates under variable input conditions due to the intermittent nature of
wind energy and is assumed to be entirely isolated from the electrical grid. Therefore, its
operation is modeled to reflect real-world performance characteristics. These include variations
in efficiency at partial load, degradation over time due to calendar aging, and a minimum
operational threshold, as described in Section 5.2.3. The energy consumption and cost
contributions of the reverse osmosis unit used for water desalination are considered negligible,
and therefore excluded from the LCoH calculations, as supported by prior studies [67]. Finally, it
is assumed that the produced hydrogen is supplied directly to the end user, without the need for
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intermediate storage. As such, hydrogen storage infrastructure and its associated costs are not
included in the estimation of the LCoH. This assumption is justified by the comparative nature of
the study, which aims to assess the benefits related to the adoption of larger swept area wind
turbines for hydrogen production.

Wind Farm

Electrolyzer

Floating substation

[
Export cables

Figure 5.5: Centralized onshore configuration scheme.

The electrolyzer system is modeled based on key performance and operational parameters
that represent current commercial and near-commercial technologies. This study considers three
electrolyzer technologies: ALK, PEM, and AEM. Each technology offers distinct advantages in
terms of efficiency, flexibility, system integration, and capital expenditure, making them suitable
for various use cases in green hydrogen production. Table 5.5 summarizes the most relevant
design variables, such as nominal efficiency, minimum load ratio, start-up time, and operational
temperature. Regarding technical parameters, three scenarios have been selected: the optimistic
(OPT), the pessimistic (PES), and the average (AVG). For the ALK and PEM electrolyzers, the
parameter values are sourced from an exhaustive literature review conducted in Travaglini et al.
[67], while specific references for the less mature AEM technology are provided in the table.
Some of the data related to AEM technology, however, cannot still be found in reports or
scientific papers and have been extrapolated based on industrial collaborations of the research
group with two companies in the field. Such data can therefore be considered to be absolutely
realistic, even though the exact values used in the study do not pertain to a specific device to
preserve industrial secrets. This structured approach facilitates a comparative assessment of how
each electrolyzer type interacts with the fluctuating power supply from the wind farm and how
their technical characteristics influence overall hydrogen yield, system responsiveness, and
energy utilization efficiency.

Table 5.5: Design parameters for the different wind turbines considered.

Parameter ALK [67] PEM [67] AEM [69, 71]
Scenario [-] OPT AVG PES OPT AVG PES OPT AVG PES
Cell power [kW] 9.45 2.735 5

Minimum load [%] 20 5 5

Trated [°C] 70 80 70

Cold startup time [min] 20 10 10

¢ [ke/MWh] 21.2 19.3 18.0 20.3 19.0 17.2 21.0 207 19.8[310]
Electrical n [%] 70.8 64.3 59.9 67.7 63.4 57.4 70.0 69.0 66.1
Vaegr [LV/h] 4 5.04 6.85 4.29 6.6 4.85 5.26 10.1 15.0

117



5 Offshore wind dedicated electrolysis

Concerning expenditures, Table 5.6 depicts the four scenarios assumed, grouped in lower (LB)
and higher bound (HB), average, and reference case. Also in this case, values for ALK and PEM
are derived from [67], while for AEM, references are reported in the table. Finally, the
combination of all the depicted input data leads to an overall amount of 216 scenarios.

Table 5.6: Design parameters for the different wind turbines considered.

Parameter ALK [67] PEM [67] AEM

Scenario [-] HB AVG REF LB HB AVG REF LB HB AVG REF LB
CAPEX 1200 662 451
[€/kW] 1000 663.9 727.8 350 1400 1309 812 500 (311] 931[312] (313] [309]
OPEX 7 5 1.5
[%CAPEX] 4 3 3 2 4 26 26 15 (313] 2.6[312] [313] [309]
Crep 55 475 475 40 55 475 475 40 >> 475 47:5 40
[%CAPEX] ' ' ' ' [311] [312] [313] [309]

5.3.3 Installation sites

In order to investigate the impact of wind turbine specific power on hydrogen production in
low-to-moderate wind speed environments, two offshore locations in the Mediterranean Sea
have been selected. Both sites are characterized by moderate average wind speeds, which make
them representative for assessing system performance under unconventional wind conditions.
While the methodology adopted in this study is general and applicable to a broad range of
locations, the specific sites were selected due to their particular relevance. As discussed, in the
Mediterranean Sea the presence of energy-intensive industries such as steel factories and
shipyards, which are actively exploring green hydrogen as a decarbonization strategy, makes
these areas of particular interest. Additionally, the selected sites have been chosen primarily for
their proximity to the coast, considering the direct use of hydrogen as one of the requirements
for the installation of a wind-to-hydrogen farm. This is essential to ensure the feasibility of a
centralized onshore configuration for hydrogen production and distribution. While the selected
locations do not necessarily exhibit optimal wind conditions, as heavy industrial consumers are
not always situated in high-wind areas, the study aims to demonstrate the producibility of wind
energy even in moderate or low-resource contexts. Finally, the selection has been influenced by
the limited availability of offshore wind data with a ten-minute temporal resolution, which is
essential for capturing wind variability and conducting high-fidelity energy simulations.
Specifically, the key features of the selected sites are summarized below and in Table 5.7:

e Sicily: thisinstallation site is located 60 km away from the northwestern coast of Sicily,
resulting in a point of delivery installed close to Marsala. Several projects have been
presented to the Italian authorities for the deployment of floating wind farms in this
area [157] due to the relatively good wind source, placed between IEC wind classes |
and Il [186], as testified by the statistical distribution of the wind velocity in Figure 5.6.

e Cyprus: this installation site is located about 40 km off the southern coast of Cyprus,
with the point of delivery located near the city of Larnaca. Despite the low average
wind speed (sub IEC class Ill [186]) compared to the average of the Mediterranean
Sea, it remains among the most favorable locations for offshore wind development
around Cyprus due to its suitable bathymetric conditions.
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Concerning the statistical distribution of wind speed, data at 100 m above the sea level are
sourced from the ERAS reanalysis database [151], selecting a period from 1993 to 2023 for both

installation sites. The Weibull distributions adopted for the layout optimizations are shown and
compared in Figure 5.6.
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Figure 5.6: Weibull curve of the wind source at 100 m asl for the installation site in Sicily and in Cyprus.

Additionally, to define the wind source fully, the two wind roses are presented in Figure 5.7,
showing north-northwest in Sicily (a), and west in Cyprus (b) as the prevalent wind directions. On

the other hand, for the time-dependent analyses, data have been obtained from two different
sources.
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Figure 5.7: Wind rose distribution of the wind source at 100 m asl for the installation site in Sicily (a) and
in Cyprus (b).
In the Italian installation site, the same dataset with a resolution of 10 minutes at 100 m above
the sea level presented in [314], and described in detail Section 4.4.2, has been adopted. Due to
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the lack of high-resolution offshore wind data at turbine hub height, a two-step procedure has
been developed to refine hourly reanalysis data fund in ERA5 to a ten-minute resolution using
variability patterns observed in local mast measurements. First, a set of scaling factors has been
derived by comparing ten-minute measured values with their hourly average. Then, these factors
have been applied to scale the hourly ERA5 wind speeds at 100 m a.s.l., thereby generating
synthetic ten-minute wind time series. This method preserves the hourly mean but increases
variability and slightly reduces the median speed. Nevertheless, regarding the installation site in
Cyprus, ten years of data have been provided by Vortex [315]. This company runs non-linear flow
models that scale large atmospheric patterns down to fine spatial resolutions, generating
modelled wind resource data suitable for long-term techno-economic analyses and siting
procedures.

Table 5.7: Design parameters for the different wind turbines considered.

Site Longitude [7] Latitude[] k(]  MedianWs[m/s]  Seadepth[m] CXPOrtdistance

[km]
Sicily [157] 11.6 37.8 1.89 7.4 390 60
Cyprus [304] 34.4 33.7 1.83 5.6 350 40

5.4 Results

This section presents the technical and economic results of the conducted analyses, focusing
on the influence of rotor diameter increase on electrolyzer operation. After a first description of
the main outcomes obtained in terms of energy yield and LCoE due to the specific power
decrease, the evaluation of the effects of increasing rotor diameter and varying electrolyzer
technologies on the LCoH and overall energy utilization is presented. Drawing on the optimization
model outlined in Section 5.3.1, this analysis explores the feasibility of using low-specific-power
rotors across the two selected Mediterranean sites. These outcomes have been used for the
estimation of the LCoH and the comparison of ALK, PEM, and AEM electrolyzer behavior under
fluctuating power input conditions.

5.4.1 Wind farm optimization

Figure 5.8 illustrates the energy production potential across the two selected locations,
clearly indicating that the strategy of reducing specific power leads to an increase in AEP.
Nevertheless, the AEP variation (A) relative to the baseline case with a 240-meter rotor diameter
depends on the specific wind speed distribution at each location. For instance, although Sicily
experiences the most favorable wind speed profile (as highlighted in Figure 5.6) and consistently
delivers the higher AEP for all rotor sizes, increasing the rotor swept area results in an
improvement lower than the one in Cyprus (Figure 5.8b). Therefore, the site in Cyprus shows a
more pronounced benefit from the larger rotors. These observations align with the underlying
premises of this study, which encourages larger rotor blades to maximize wind energy capture,
particularly in the lower wind speed ranges of the Weibull distribution.
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Figure 5.8: Comparison between the AEP and the AAEP in the two installation sites for the new
aerogenerator designs.

While increasing the rotor swept area enhances the AEP, and consequently the capacity
factor, of wind farms, one of the primary objectives of this study is to evaluate how site-specific
wind turbine design can reduce the cost of the input energy to the electrolyzers by balancing
increased capital investment against gains in AEP. A comparison between Figure 5.8 and Figure
5.9 reveals that, although AEP consistently improves with larger rotor diameters, the LCoE
response is highly dependent on the wind resource characteristics of each location. For example,
the substantial AAEP increase observed in Cyprus results in the lowest LCOE when employing the
turbine with the lowest specific power (MED15_330). This is consistent with the site's Weibull
distribution, which indicates a significant portion of energy availability at lower wind speeds.
Accordingly, the higher the shift of the turbine's operational curve towards lower wind speeds,
the more substantial the cost benefit. On the other hand, the Italian site exhibits more favorable
wind profiles compared to Cyprus. Here, sensitivity analysis on rotor diameter highlights
MED15MW_270 as the most cost-effective solution, as shown by the ALCoE in Figure 5.9b.
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Figure 5.9: LCoE and ALCoE in the two installation sites for the new aerogenerator designs.

Figure 5.10a compares the optimal wind farm layouts in Sicily using the MED15MW _240 (light
blue) and MED15MW_330 (blue) wind turbines. The results clearly show that the increased rotor
size rises wake losses from 3.5% to 3.7% in the optimized layout. This increase drives a
corresponding rise in optimal turbine spacing to mitigate wake interactions. Notably, this larger
spacing remains convenient despite the resulting higher cable infrastructure costs, as the
additional energy production compensates for the CAPEX increase. From the initial turbine
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arrangement, both configurations converge towards an orientation aligned along the N-NW axis,
a result of the prevailing wind direction at the Sicilian site (see Figure 5.7).

A similar pattern is apparent in Figure 5.10b for the wind farm in Cyprus, where the prevalent
wind direction is W-SW. In this case, the total IA cable length is approximately 5% shorter than
in Sicily, indicating a generally closer turbine spacing. This is consistent with Cyprus's lower
average wind speed, which promotes more packed layouts. Concerning wake effects, increasing
the rotor diameter also increases wake losses from 3.5% to 4%. This higher upper limit, compared
to the Sicilian site, is explained by examining the turbine thrust curve and Cyprus’s wind speed
profile. The average wind speed of 5.6 m/s at this location is near the peak thrust value for the
MED15MW_330, intensifying wake interactions among turbines.
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Figure 5.10: Wind farm optimal layout comparison for the MED15MW_240 and MED15MW_330 for the
installation site in Sicily (a) and in Cyprus (b).

5.4.2 Hydrogen production

Figure 5.11 shows the statistical distribution of the wind farm power production from the two
configurations characterized by the lowest LCoE in the two installation sites considered. The
graphs show the number of occurrences per year, corresponding to 10-minute timesteps
considered for the analysis, in which the power production of the farm is comprised in a certain
range. The power production span, starting from zero and up to the nominal power production
of 1 GW, has been divided into twenty bins of 50 MW.

The wind farm is coupled with electrolyzers with the same nominal capacity, and, because of
the technical limitations of these devices, a minimum power output from the wind farm must
feed the stacks to start hydrogen production. Every time the power produced by the wind farm
is lower than that value, depending on the electrolysis technology considered, these devices
cannot be activated. From the statistical point of view, this means that the first bins of power
production cannot be converted to hydrogen.

For PEM and AEM technologies, the minimum power input is 5% of the nominal one,
corresponding to 50 MW for this case. With these technologies, only the first bin of the available
power remains unexploited (white bar in Figure 5.11). On the other hand, ALK electrolyzers
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require at least 200 MW, corresponding to 20% of their nominal power, to start the reaction. As
such, the first four bins of power production cannot be converted into hydrogen (white and light
blue bars in Figure 5.11) and are fed into the grid. While this amount of energy may lead to an
economic benefit in a real-world plant for electricity and hydrogen cogeneration, in this case it is
just neglected for the estimation of LCoH.
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Figure 5.11: Wind farm power production distribution for the installation site in Sicily (a) and in Cyprus
(b) with the MED15_270 and MED15_330, respectively.

The power production from the wind farm in Sicily, composed of wind turbines with a rotor
diameter of 270 meters, is represented in Figure 5.11a. The bin with the highest probability of
occurring is the one comprising the nominal power production. Indeed, every time the wind
speed is higher than the rated one, the farm produces a power output equal to the maximum
one. When the farm is not producing at the nominal level, there is a higher probability of
producing at low percentages. The three bins of power production between 50 a 200 MW,
wasted by the ALK electrolyzer, are characterized by a high probability of occurring. PEM and
AEM electrolyzers are instead able to convert power to hydrogen during these instances,
significantly increasing the number of working hours of these combinations.

Figure 5.11b shows instead the probability distribution of the power production from the
MED15 330 wind farm in Cyprus. Due to the lower wind speeds, the number of occurrences at
nominal power production is considerably lower than in the case of Sicily. The probability of
producing power at a low percentage (50-200 MW) is slightly higher in this case, decreasing the
chance of activating ALK technologies. This behavior represents an advantage from the gross H2
production, but may accelerate the stack degradation, a phenomenon further investigated in
Figure 5.17.
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Figure 5.12: Gain in available energy for ALK electrolyzer between 240m and larger rotor diameter wind
farms in Sicily (left) and Cyprus (right) considering the: a) shift of power curves and minimum power
required by ALK electrolyzers, b) impact on available wind speeds from the point of view of wind
resource characterizing the sites, c) gross AEP increment and gain in available energy for H2 production
by ALK electrolyzers.
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Hydrogen produced by alkaline electrolyzers is often characterized by a competitive cost due
to the lower cost of alkaline electrolyzers compared to the other technologies, but the much
higher power level required to start the gas production when compared to PEM and AEM types
makes this technology less suitable for sites with low average wind speeds. The introduction of
wind turbines with larger rotor diameters has the potential to consistently increase the energy
share available for H2 production, even with high power requirements at low speeds. Figure 5.12
shows the gain in available energy for hydrogen production with the ALK electrolyzer technology,
comparing the adoption of the 240 m and larger rotor diameter wind farms in the two installation
sites. The comparison considers the rotor dimensions that minimized the LCoE presented in the
section above: 270m for Sicily (left) and 330m for Cyprus (right).

Figure 5.12a compares the 240m rotor diameter turbine and the larger rotor diameter turbine
power curve with the minimum power required from ALK electrolyzers. The shift moves the
minimum wind speed required to start hydrogen production towards lower values. In Cyprus
(right), the selection of the 330m rotor diameter turbines moves the minimum wind speed from
6.15 to 5.1 m/s, a much higher shift than in Sicily (left), where the 270m rotor diameter turbines
decrease it to 5.8 m/s.

The reduction of the minimum wind speed for hydrogen production has a direct effect on the
wind resource available on the two sites, as shown in Figure 5.12b. The wind speed distribution
in Cyprus (right) is shifted towards lower wind speeds than in Sicily (left). Therefore, the
introduction of larger rotors in Cyprus has a higher potential of increasing the energy available
for hydrogen production from ALK electrolyzers than in Sicily, driving the selection of 330m rotor
diameter turbines instead of smaller ones.

Figure 5.12c shows the gross AEP increment brought by a larger rotor diameter and
underlines the resulting gain in available energy for H2 production by ALK electrolyzers. A larger
rotor diameter not only increases the AEP but also moves the energy production to available
power levels at lower wind speeds. Therefore, the electrolyzers have additional energy for
hydrogen production at all wind speeds, and a new portion of the AEP distribution becomes
available for ALK electrolyzers.

In Sicily (left), the MED15_270 manages to increase the energy available for hydrogen
production by 33%, and makes the energy produced between 5.8 and 6.15 m/s now available for
ALK electrolyzers (+4%). The 330m rotor diameter turbine in Cyprus provides a much larger
increment in AEP, better exploiting the lower wind speeds, and increases the available energy
for ALK to a much wider extent (+55%). The shift of minimum wind speeds to start ALK production
alone generates an increase of 8% in available energy for hydrogen.

Figure 5.13 presents the CF, as defined in section 5.2.4, of both the wind farm and the
electrolyzer, varying rotor diameter and the installation site. As previously discussed in Figure
5.8, decreased FOWT specific power increases the energy production of the farm, and thus the
CF of the plant. In Sicily, the CF of the wind farm increases from 43% to 53.8% if the rotor
diameter increases from 240 to 330m. In Cyprus, the same variation makes the CF increase from
29.5% to 41.7%.

A similar increasing trend characterizes the CF of electrolyzers. However, the better
exploitation of electrolyzers comes not only from the increase of AEP, but also from the shift of
the minimum wind speed able to generate the minimum power required to start the electrolysis
process, as shown in Figure 5.12. Additionally, the trend is strongly related to the installation site.
Despite the higher values shown in Sicily for both wind and electrolyzers (Figure 5.13a), Cyprus
experiences higher benefits due to the larger diameter, leading to a more relevant capacity factor
increase. Finally, some differences can be noticed between the electrolysis technologies. While
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PEM and AEM exhibit CFs close to that of the wind farm, ALK energy exploitation is lower. This is
due to the stronger technical constraints on the minimum power threshold and cold start-up
time that characterize this technology. On the other hand, the CF of this technology exhibits
higher benefits related to the larger swept areas. Specifically, while PEM and AEM CFs experience
an improvement of 25% and 42% for Sicily and Cyprus, respectively, ALK’s energy exploitation
rises by 28% and 47% in the corresponding sites.
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Figure 5.13: Wind Farm and Electrolyzer CF comparison in Sicily (a) and Cyprus (b).

Accordingly, Figure 5.14 shows the results in terms of unexploited energy resulting from the
technical operating constraints of three electrolyzer technologies in the two installation sites.
The overall energy waste, represented by the bars in the plots, is composed of the combination
of technical constraints such as minimum load thresholds (solid-colored segments) and the
operational lag due to the cold start-up time of the component (hatched segments).

Across both sites, a clear differentiation emerges in the behavior of the three technologies.
ALK experiences the highest unexploited energy due to its high minimum load requirement of
20% of nominal installed capacity. This threshold is frequently not met during low-wind periods,
especially with smaller turbine diameters, leading to extended idle periods and significant
underutilization of available wind energy. In this case, the benefit related to lower specific wind
turbines is apparent. The larger amount of energy available to the system related to the larger
diameters leads to an increase in energy consumption of 17%. On the other hand, PEM and AEM
electrolyzers, which share a more flexible minimum load threshold of 5%, display markedly lower
wastes. Their higher operational responsiveness allows them to operate under a broader range
of wind power inputs, resulting in more effective energy capture and less effective impact of low
specific power wind turbines. The performance trends of PEM and AEM are nearly overlapping,
consistent with their similar technical constraints.

Additionally, while thermal startup losses (hatched areas) are similar across all technologies,
they represent a higher percentage of the total unexploited energy for PEM and AEM, due to
their overall lower energy waste. This underscores the importance of minimizing shutdown
occurrences even for highly flexible electrolyzers, as startup thermal losses become a more
dominant share of the overall inefficiencies. Comparing the two geographical contexts yields
further insights. Cyprus exhibits higher unexploited energy related to the minimum load
threshold, especially for ALK systems (Figure 5.14b). This is attributed to more frequent
occurrences of low wind power, during which the farm cannot meet the operating threshold of
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the electrolyzers. On the other hand, despite the higher average wind resource, Sicily experiences
larger durations of wind scarcity. This results in more cold startups and shutdown events (Figure
5.14a). Consequently, thermal losses due to frequent shutdowns are reduced in Cyprus, even for
less responsive technologies.
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Figure 5.14: Unexploited energy and Electrolyzer Utilization Factor comparison due to electrolyzer
technical constraints in Sicily (a, c) and Cyprus (b, d).

Figure 5.14 also shows the trend of the electrolyzer utilization factor (UF). This parameter,
defined in Section 5.2.4, allows for a better understanding of energy usage. Consistent with the
plots above, while the site in Cyprus (d) experiences lower UF, the electrolyzers benefit most
from the specific power decrease (see the ALK trend in blue). However, thanks to the faster
response to shut down and wider operational range, the difference between AEM and PEM in
the installation sites is reduced and close to the nominal value. Also in this case, ALK is the
technology that benefits most from the specific power decrease. While PEM and AEM exhibit UF
improvements lower than 0.5%, ALK exceeds 4% at the installation site in Cyprus.

In further detail, Figure 5.15 illustrates the time-dependent behavior of the wind-powered
electrolysis system, offering insight into the dynamic interaction between available wind energy,
wasted energy, and hydrogen production. Figure 5.15a compares the available input energy
obtained with the MED15_240 farm (red area) to the wastes for ALK (blue area) and AEM (green
area). From the plot, it is apparent that the blue area frequently exceeds the green. This reflects
ALK’s higher minimum load threshold, which prevents it from operating during partial-load
conditions, leading to more frequent idle periods and greater energy waste. The green area,
which overlays the blue, is shown only when the power input falls below 5% of nominal
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electrolyzer capacity and is not enough to trigger hydrogen production. This dual-color structure
emphasizes the greater flexibility of the AEM electrolyzer, which can continue to operate in low-
input conditions that forces the ALK system to shut down. Concerning PEM, it exhibits a similar
behavior, and its trend has been left out of the plot to avoid repetitions.

On the other hand, Figure 5.15b presents the corresponding hydrogen production profiles,
resulting from the input energy shown above. Here, the blue area corresponds to the periods
when both ALK and AEM are producing hydrogen, while the green area represents the additional
hydrogen output generated exclusively by AEM during time-steps when ALK is idling due to
insufficient input power. It is again apparent how, thanks to the less strict technical constraints,
AEM maintains partial production for a wider range of power inputs, contributing to a more
continuous and resilient hydrogen supply.

800
a) —— Wind Power

— 600 4 —— Wasted Power: ALK
= —— Wasted Power: AEM
=

= 400

o

2

o

o

200 A

2500

b) — ALK
2000 A — AEM

1500 A

1000 A

H2 production [kg]

500 +

o 10n By nna a 1

10:00 03:50 21:20 15:00 08:40 02:20 20:00 13:40

Time stamp [-]

Figure 5.15: Time-dependent behavior of the system in terms of produced and exploited power a), and
hydrogen production b) during seven days of operation with the MED15_ 240 FOWT. PEM trends have
been omitted due to similar behavior to AEM technology.

Figure 5.16 presents the annual hydrogen production achieved for each electrolyzer
technology and wind turbine rotor, in the two considered installation sites. The red error bars in
the plot represent the variability in output associated with different electrolyzer efficiencies. This
plot allows for investigating the impact of the three different conversion and three degradation
factors considered for each electrolyzer in order to account for a pessimistic, optimistic, or
average development of the technology, respectively, in a time horizon starting from 2030 (Table
5.5 in Section 5.3.2). Several key trends can be highlighted. Sicily (Figure 5.16a) consistently
outperforms Cyprus (Figure 5.16b) in terms of total hydrogen production, regardless of
technology or turbine size. This is primarily driven by a higher annual wind energy yield, enabling
longer and more consistent operation of the electrolyzers and thus enhancing hydrogen output.

Among the electrolyzer technologies, PEM experiences the highest hydrogen production
across most of the configurations. This is due to its lower minimum load threshold and high
responsiveness, which allow it to exploit a broader range of wind energy conditions. The error
bars offer additional insight into the sensitivity of each technology to efficiency assumptions.
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While PEM and ALK show greater uncertainty in production estimates due to the wider set of
data found in the literature, AEM’s narrower range margins reflect the lack of data in the
literature and therefore the limited development of technology.
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Figure 5.16: Hydrogen production comparison in Sicily (a) and Cyprus (b) varying the turbine diameter.

In line with Figure 5.13, ALK demonstrates a steeper improvement in hydrogen production
with an increasing rotor diameter compared to PEM and AEM. Finally, despite the worst
performance in terms of energy exploitation and the comparable nominal conversion efficiency
experienced by the ALK, hydrogen production is similar to that of the other technologies. This is
primarily attributed to lower degradation rates and higher average conversion efficiency over
time. Figure 5.173, in fact, shows how the ALK experiences an average ¢ higher than the other
technologies, equivalent to 19.64 kg/MWh with respect to the 18.59 kg/MWh for PEM and 17.04
kg/MWh for AEM, which balances the reduced energy exploited. Despite the trend shown
reproducing the behavior of the systems in the Sicilian case, adopting the MED15_240 in the
average technical scenario and optimal degradation, the results can be extended to all the
simulated configurations, as testified by Table 5.8. The yearly average ¢ trend depicted in the
image for the OPT degradation scenario highlights the impact of degradation on stack
performance. It is apparent how the operation of the component leads to the wear of the
electrolyzer, which results in a decreased conversion efficiency of the stack. Additionally, ALK’s
stricter technical constraints on minimum power input lead to fewer operating hours with
respect to the technologies with wider operational ranges. As a result, due to the linear
degradation model based on the voltage increase per operating hour, PEM and AEM exhibit
faster wear, even if the operation occurs far from the nominal power input of the electrolysis
facility. This is consistent with the trends shown in Figure 5.17a. ALK, in fact, experiences better
performance over a longer operational period compared to the other electrolyzers, resulting in
higher overall system efficiency.

Although the AEM exhibits a higher degradation rate, as indicated by the higher slope with
respect to the other trends, it allows for a greater degradation before requiring component
replacement. Therefore, despite the lower ¢ for about half of the plant lifetime, the AEM with
the degradation scenario selected experiences fewer replacements than PEM, which undergoes
two replacements during the period analyzed.
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Figure 5.17: Time-dependent variation of the yearly average ¢ in Sicily comparing the three
technologies with the MED15_240 (a), and the behavior of ALK with the MED15 240 and MED15_330
(b) in the optimal degradation scenario.

Finally, Figure 5.17b compares the performance of the alkaline electrolyzer when coupled
with two different wind turbine types. The adoption of the turbine with a larger rotor diameter
enables energy harvesting at lower wind speeds, effectively increasing operational hours.
However, this also leads to increased stack degradation, resulting in a higher number of
component replacements over time. In this case, despite the lower average ¢ over the plant
lifetime, corresponding to 19.48 kg/MWh with respect to the 19.64 kg/MWh of the system
coupled with the MED15_240, the increased available energy and power exploitation allowed by
the MED15_330 leads to enhanced hydrogen production, as highlighted by Figure 5.16. Table 5.8
provides a comprehensive overview of the results obtained in this study in terms of LCoE, LCoH,
component replacement, and yearly average ¢ depending on FOWTs' specific power. The trend
that can be observed is that lower specific power turbines result in more electrolyzer
replacements as well as lower average conversion factors. The same trend can also be observed
in adopting wide operational range electrolyzers. Finally, it is apparent that the rotor size that
minimizes the LCoE also minimizes the LCoH.

Figure 5.18 presents the distribution of LCoH across all analyzed scenarios, encompassing the
three electrolyzer technologies, the four wind turbine models, the two installation sites, and the
different economic and technical conditions, for an overall combination of 216 simulations. In
detail, this number of simulations results from the combination of three values of the conversion
factor and three values of the degradation factor with the four economic scenarios.
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Table 5.8: Summary of the results obtained for the technical average scenario.

FOWT diameter [m] 240 270 300 330
LCoE [€/MWh] 134.04 130.27 130.86 133.55
o Average ¢ [kg/MWh] 19.64 -19.37 19.58 -19.42 19.52-19.36 19.52-19.43
= Substitutions [-] 1-2 1-2 1-3 1-3
LCoH [€/kg] 5.32-6.50 5.25-6.33 5.33-6.53 5.49-6.60
= Average ¢ [kg/MWh] 18.59-18.51 18.59 -18.47 18.58 —18.46 18.56 -18.46
& % Substitutions [-] 2-3 2-3 2-4 2-4
LCoH [€/kg] 5.35-7.19 5.29-6.98 5.37-7.31 5.55-7.36
Average ¢ [kg/MWh] 17.05-16.79 17.08 —16.82 17.13-16.74 17.11-16.70
é Substitutions [-] 1-3 1-3 1-3 1-3
LCoH [€/kg] 5.39-7.75 5.34-7.49 5.41-7.467 5.59-7.57
LCoE [€/MWh] 243.94 219.30 204.19 196.98
Average ¢ [kg/MWh] 19.59-19.45 19.61-19.45 19.58-19.36 19.56-19.33
é Substitutions [-] 1-2 1-2 1-2 1-2
LCoH [€/kg] 8.03-9.82 7.47 —-8.99 7.19-8.53 7.13-8.39
§ Average ¢ [kg/MWh] 18.61 - 18.57 18.59-18.54 18.59 -18.53 18.59-18.51
f% % Substitutions [-] 2-3 2-3 2-3 2-3
LCoH [€/kg] 7.79-10.47 7.38-9.70 7.17-9.24 7.14-9.05
Average ¢ [kg/MWh] 16.89-16.74 16.96 - 16.81 17.01-16.81 17.05-16.80
é Substitutions [-] 1-3 1-3 1-3 1-3
LCoH [€/kg] 7.95-11.36 7.49-10.45 7.27-9.93 7.25-9.69

As shown in Figure 5.18, the defined design space allows for the estimation of a range of
LCoH instead of a single fixed value. This may give an idea of potential future scenarios. While
the central part of each vertical distribution appears to be the densest of scatters, corresponding
to the average technical and economic scenarios, the upper and lower boundaries should be
considered as the maximum and minimum LCoH that can be estimated with the assumptions
made, and not just as outliers. Finally, to simplify the readability of the figure, the plots in Figure
5.18 are clustered for installation site (Sicily above and Cyprus below), while the columns
represent the wind turbines considered.

Across all scenarios, the ALK consistently yields the lowest LCoH values, underscoring its cost-
effectiveness despite the comparable hydrogen production potential. Additionally, the wind
turbine that minimizes the LCoH aligns with that for minimizing the LCoE, reflecting the dominant
influence of electricity cost on hydrogen production economics.

The impact of wind turbine rotor diameter on LCoH is notably more pronounced in Cyprus,
where the adoption of the MED15_330 turbine significantly reduces hydrogen production costs,
bringing the minimum LCoH in Cyprus closer to the higher levels estimated for Sicily. This trend
mirrors the behavior seen in LCoE, where larger rotor diameters improve energy capture and
cost efficiency more substantially in Cyprus due to site-specific wind conditions. However, a
significant cost difference exists between the average values in the two installation sites, with
Cyprus exhibiting approximately 3 €/MWh higher LCoH compared to that in Sicily.
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Figure 5.18: LCoH distribution across all the scenarios analyzed, considering uncertainty in efficiencies,
degradation factors, and costs.

5.5 Discussion

This study presents a comprehensive assessment of how electrolyzer technology and local
wind characteristics jointly affect the efficiency, reliability, and economic viability of renewable
hydrogen production. Using two study cases like those of Sicily and Cyprus, characterized by low-
to-moderate wind speeds, allows to magnify the differences between the behavior of the
different electrolyzers. The analysis of these two sites demonstrates in particular that system
performance does not rely only on average wind speeds but is strongly affected by wind
intermittency and its interaction with the operational flexibility of electrolyzers. In this context,
the ability of technologies such as PEM and AEM to operate at lower power thresholds and
respond dynamically to fluctuating input conditions, combined with the benefits resulting from
the adoption of low-specific-power wind turbines, provides a significant advantage in terms of
energy exploitation.

Sicily’s higher wind resource consistently enables higher hydrogen output across all
configurations. While PEM electrolyzers result in enhanced total hydrogen production, ALK
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electrolyzers lead to the lowest LCoH due to higher conversion factors and lower degradation
over time. Additionally, ALK is the technology that benefits most from scaling up wind turbine
diameter, particularly when the wind resource distribution is shifted towards lower velocities.
This points to a trade-off between flexibility and robustness. While PEM and AEM technologies
are better suited to environments with high variability and frequent low-wind events, ALK
electrolyzers, given the high ¢ and durability, are competitive in more stable, high-energy
settings where downtime is minimal. Therefore, the importance of turbine rotor size also
emerges as a critical variable. Larger rotors capture more of the low-wind spectrum, smoothing
out fluctuations and reducing the frequency of electrolyzer shutdowns. This effect can be
particularly beneficial to technologies with higher startup thresholds, such as ALK, mitigating one
of their primary drawbacks. Considering large-scale electrolysis facilities, tailored solutions for
green offshore hydrogen production can include the use of high-efficiency alkaline electrolyzers
as a stable baseload, complemented by PEM or AEM technologies that enable increased overall
output by effectively operating during periods of low wind availability. However, this issue may
be overcome by the adoption of a smart control strategy for the electrolyzer. Advanced power
input partitions to the different electrolyzer modules may represent a solution, but further
analyses should be performed on the impact of different wear among the stacks of the same
electrolyzer facility. On the other hand, this would require a more detailed electrolyzer model
which falls out of the scope of this study. The interplay between rotor sizing and electrolyzer
design suggests that tailored optimization strategies, matching technological characteristics to
local resource patterns, are essential for achieving cost-effective hydrogen production.

Regarding the economic aspects, the LCoH is highly sensitive to both the choice of electrolyzer
and the specific site configuration. While PEM systems yield the highest production and lowest
shutdown frequency, the ALK systems achieve the lowest LCoH in both installation sites. This is
due not only to their lower capital cost per unit capacity, but also to their robustness under high-
load conditions. These findings are broadly consistent with previous studies in the field. While
previous studies have highlighted the potential benefits of hydrogen production costs introduced
by higher specific power wind turbines [293], the results presented herein reveal a contrasting
trend. In the context of the Mediterranean Sea, and particularly in regions like Cyprus, where
wind resources are notably weaker compared to areas such as the North Sea, turbines with lower
specific power proved to be more effective. This divergence arises from the local wind profile,
which is skewed towards lower wind speeds, making larger rotors (and thus lower specific power)
more efficient for harnessing energy. As a result, the LCoH experiences relevant reductions, with
savings up to 1.50 €/kg H,, corresponding to a 17% decrease in Cyprus. These findings suggest
that turbine optimization for hydrogen is completely region-specific, with local wind conditions
playing a pivotal role in determining the most cost-effective design approach. Another interesting
comparison can be made by looking at the LCoH found in the literature. While studies focused
on the North Sea have proposed average hydrogen costs of 3-4 €/kg [67,277], average prices of
5-6 €/kg have been estimated for the Mediterranean Sea [128], which are consistent with the
outcomes of this study.

Additionally, a comparison with the outcomes obtained for the Dutch North Sea should be
addressed. In the North Sea (Figure 2.8), dedicated offshore fixed bottom wind farms coupled
with centralized or decentralized electrolysis show relatively favorable LCoH, with minimum
values reaching ~3 €/kg in the most optimistic cases. This cost level is a key benchmark for the
economic competitiveness of green hydrogen. Interestingly, the cost distribution remains in a
relatively narrow range across distances from shore, with only a moderate increase at larger
distances. Both ALK and PEM electrolyzers perform similarly, although PEM tends to exhibit
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slightly higher variability in LCoH. In this case, the combination of high CF and the possibility of
adopting bottom-fixed foundations keeps LCoH relatively low in the North Sea.

On the other hand, the Mediterranean scenarios (Figure 5.18) show systematically higher
LCoH values, with minimum costs approximately 3 €/kg above those obtained in the Dutch case.
This offset is consistent across all configurations and represents a significant barrier to achieving
parity with Northern European benchmarks. Two main drivers explain this difference:

e Floating offshore wind adoption: unlike the North Sea, the Mediterranean cases rely
on floating offshore wind technology. The higher CAPEX and OPEX associated with
floating foundations directly translate into increased hydrogen production costs.

e Lower CFs: Mediterranean wind resources are generally less favorable than those in
the North Sea. The adoption of low-specific-power wind turbines improves the CF and
brings costs down compared to conventional designs, but even in optimized scenarios,
production levels remain below the benchmark represented by the North Sea.

The comparison also shows that in the Mediterranean, the choice of electrolyzer technology
plays a larger role. AEM electrolysis is included in the Mediterranean assessment, and its cost
performance is less favorable, with systematically higher LCoH compared to ALK and PEM. This
further increases the gap in achievable costs between the two regions.

Another noteworthy observation is the cost distribution spread. In the North Sea cases, costs
remain clustered, and the variation between the lowest and highest values is relatively modest.
In the Mediterranean, however, the spread is wider, reflecting higher sensitivity to local wind
resource conditions (see the difference between Sicily and Cyprus) and technology
configurations. This suggests that site-specific optimization will play a more critical role in
Southern Europe compared to Northern Europe, where high CFs can be more consistently
guaranteed.

Overall, the results underline that while advances such as low specific power turbines can
help narrow the gap between Mediterranean and North Sea hydrogen production, structural
differences in wind resources and offshore technology requirements maintain a persistent cost
disadvantage. Overcoming this gap would likely require either significant cost reductions in
floating wind, relevant incentives from the governments, or hybrid approaches (e.g., combining
offshore and onshore renewable resources, integrating solar PV) to improve capacity factors and
reduce LCoH volatility.

From a technical perspective, future reductions in minimum power thresholds and startup
times will be crucial for enhancing electrolyzer integration into renewable energy systems.
Attention should be paid to electrolyzer control strategies. In configurations where electrolyzer
stacks are connected in series rather than parallel, better utilization of partial power input is
possible, even if this introduces a higher frequency of shutdowns of the modules. Smarter control
algorithms that minimize downtime while preserving system longevity could offer significant
gains in performance and economic return.

Nonetheless, several limitations must be acknowledged. The degradation model employed
does not currently capture the impact of fluctuating power input or frequent shutdowns, which
could significantly influence the lifespan and stack efficiency, particularly under highly variable
wind conditions. Moreover, although other electrolysis technologies, such as Solid Oxide
Electrolyzers, are gaining momentum, they have not been included in this study due to their
limited commercial deployment and the scarcity of performance data in the literature. This
exclusion narrows the generalizability of the findings to currently more mature electrolyzer
technologies. Only centralized, onshore hydrogen production systems have been considered.
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While this choice reflects the relatively short distances from shore for both installation sites and
the immaturity of decentralized offshore hydrogen infrastructure, it limits extrapolation to
offshore or distributed production paradigms, which may lead to different economic and
technical outcomes. Finally, the wind farm optimization has been performed only by selecting
the LCoE as the objective function. Although the LCoH may lead to a different optimized layout,
the statistical approach allowed by TopFarm can result in significant errors due to the
impossibility of accounting for the electrolyzer technical constraints. Future works on this topic
may be aimed at comparing the optimal wind farm layout obtained by looking at energy or
hydrogen costs.

5.6 Conclusions

In conclusion, this study advances the body of knowledge by showing some of the cross-
interactions taking place when the design of an offshore renewable hydrogen production system
is at hand. Electrolyzer flexibility, wind resource variability, and turbine configuration all interact
in defining the system operation and LCoH. The key points can be summarized as:

e Electrolyzer flexibility vs. cost trade-off: The ability of PEM and AEM to better operate
under variable and low-power conditions enhances hydrogen production efficiency in
intermittent power input scenarios. However, ALK electrolyzers, despite the lower
flexibility, at the time of writing, remain the most cost-effective solution due to lower
degradation rates and capital costs.

e Local wind patterns: The performance of offshore wind-to-hydrogen systems is highly
site-specific. With reference to the study cases analyzed herein, Sicily’s stronger and
more consistent wind distribution yields greater hydrogen output, while in Cyprus
low-specific-power turbines with larger rotors are needed in order to improve energy
capture under lower average wind speed conditions.

e Turbine-electrolyzer synergy: Turbines with lower specific power values smooth wind
power fluctuations and allow for the exploitation of low wind speeds, which is
particularly beneficial for electrolyzers with higher minimum operating thresholds like
ALK. Tailoring turbine design to local wind profiles significantly enhances system
efficiency and reduces hydrogen costs.

e Economic sensitivity to design choices: LCoH exhibits strong variations by site and
configuration, with reductions up to €1.50/kg (or 17%) in Cyprus when using
optimized turbine-electrolyzer pairings. This underscores the need for region-specific
optimization strategies rather than one-size-fits-all solutions.

Technology selection should therefore be deeply contextualized, leveraging site-specific resource
profiles to align electrolyzer characteristics and wind energy capture for optimal performance
and economic efficiency. As electrolyzer technology continues to evolve and control systems
become more sophisticated, future work should integrate more detailed degradation models and
expand the scope to include emerging configurations and offshore scenarios.
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This thesis has investigated the techno-economic feasibility, design choices, and system-level
interactions that shape the future deployment of offshore wind-to-hydrogen systems. By
combining high-resolution modeling of offshore hydrogen production configurations, an in-depth
analysis of low specific power FOWTs, a comparative assessment of battery and hydrogen
storage options for curtailment mitigation, and a region-specific evaluation of electrolyzer—
turbine synergies, this work has contributed to a more integrated understanding of how
renewable hydrogen can be produced and delivered at scale in diverse Mediterranean and
European contexts.

The main findings and their implications are summarized and synthesized below.

Offshore hydrogen production configurations. The comparative analysis of C-ON, C-OFF, and
D-OFF configurations has shown that offshore electrolysis is not only technically feasible but also
increasingly competitive when integrated with large-scale offshore wind farms. Among the three
options, C-OFF consistently emerges as the most cost-competitive configuration, driven by the
relative cost advantage of hydrogen transmission pipelines over HVDC cables at increasing
distances from shore.

The wide LCoH range across scenarios in the North Sea (3.0-10.5 €/kg) reflects both
technological uncertainty and the heterogeneity of input assumptions. When benchmarked
against expert-validated parameters, however, costs narrow to a more plausible band of 4.1-6.5
€/kg H,, in line with recent literature estimates for early large-scale projects. These findings
reinforce the view that offshore electrolysis will remain more expensive than fossil-based
hydrogen in the near term, but that it is already approaching levels considered viable under
supportive policy frameworks and carbon pricing.

Decentralized offshore electrolysis resulted to be the less cost-effective solution despite its
higher system-level efficiency. Nevertheless, D-OFF may retain strategic value in specific
contexts, such as where modular deployment, shorter permitting timelines, or redundancy in
infrastructure are considered.

A clear conclusion emerging from this work is that the choice of electrolyzer matters, but the
ranking of technologies depends strongly on operational conditions. While PEM electrolyzers are
best suited to handle the variability of wind power input, the lower cost and durability of ALK
maintain their competitiveness under stable, high-energy conditions. This underlines the
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importance of aligning technology selection with site-specific wind profiles and operational
strategies.

Low specific power floating wind turbines. The assessment of LSP FOWTs demonstrated their
potential in moderate-wind regions such as the Mediterranean Sea. By lowering specific power
and enlarging rotor diameter, LSP turbines increase capacity factors and enhance the economic
viability of sites traditionally considered marginal for offshore wind. This strategy reduces the
LCoE, helping to expand offshore wind deployment to new sea basins.

However, the study also revealed that the LSPs are not beneficial a priori. In high-wind
environments, such as those in the North Sea or parts of the French Mediterranean coast, larger
rotors do not compensate for the associated cost increase, leading to higher LCoE. Optimal
turbine design is therefore highly site-specific, requiring integrated design methodologies that
account simultaneously for aerodynamic performance, structural scaling, floating substructure
costs, wake effects, and cable layouts.

From an environmental standpoint, LSP turbines may reduce the overall ecological footprint
of offshore wind deployment. By generating more energy per unit of material, they help balance
the increased resource intensity of larger machines. This aligns with the broader objectives of
sustainable and resource-efficient energy transitions.

Storage integration and curtailment mitigation. The analysis of curtailment management
strategies confirmed that both BESS and electrolyzers can play a significant role in improving the
financial viability of offshore wind farms. For a 1 GW plant in the Mediterranean Sea, curtailments
were shown to energy raise production costs by up to 18 %, but the integration of storage,
whether through hydrogen production or large-scale batteries, can mitigate substantial revenue
losses.

Brand-new BESSs improve NPV by up to 30 %, while SLBs, although more uncertain in terms
of lifespan and performance, provide a promising low-cost alternative if their CAPEX falls below
~70 €/kWh. On the hydrogen side, ALK electrolyzers become attractive once hydrogen prices
exceed ~4.2 €/kg, with break-even conditions relative to BESS achieved between 8.5 and 9.5 €/kg.

These results suggest that hybridization strategies, in which batteries are used for short-term
balancing and electrolyzers for long-term conversion into hydrogen, may represent the most
robust pathway forward. From a policy perspective, however, targeted incentives will be needed
to de-risk both battery and hydrogen investments, given their capital intensity and evolving
supply chains.

Site-specific turbine—electrolyzer synergies. The regional case studies of Sicily and Cyprus
highlighted the critical role of local wind resource distributions in determining both hydrogen
output and LCoH. While Sicily’s stronger winds support higher production across all electrolyzer
types, Cyprus demonstrated how low-specific-power turbines with larger rotors can enhance
hydrogen production by capturing low-wind events and smoothing variability.

The interplay between turbine sizing and electrolyzer flexibility revealed that no single
electrolyzer technology dominates across contexts:

e PEM and AEM excel under variable, low-wind conditions thanks to their lower
minimum load requirements.

e ALK remains the most cost-effective under stable, high-load conditions, especially
when coupled with large rotors that reduce shutdowns.
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This underlines the necessity of tailored optimization, where turbine—electrolyzer pairings are
designed in accordance with site-specific wind profiles. It also suggests that future offshore
hydrogen systems may benefit from hybrid electrolyzer facilities, combining alkaline stacks for
baseload production with PEM/AEM stacks to capture residual low-wind energy.

Mediterranean vs. North Sea. A recurring theme across the analyses is the persistent cost
gap between Mediterranean and North Sea offshore hydrogen production. In the Dutch North
Sea, LCoH can fall to ~3 €/kg in optimistic scenarios, while Mediterranean sites remain ~3 €/kg
higher across comparable configurations. This gap is driven primarily by:

e Floating wind reliance, which raises CAPEX and OPEX relative to bottom-fixed
foundations.
e Lower capacity factors, even when optimized with LSP turbines.

The Mediterranean also exhibits wider LCoH variability, reflecting greater sensitivity to local
conditions and technology configurations. This means that site-specific optimization is more
critical in Southern Europe, while Northern Europe benefits from more uniformly favorable wind
resources.

Bridging this cost gap will require a combination of technological innovation (e.g., cheaper
floating platforms, advanced electrolyzer control strategies), hybrid renewable integration (wind
+solar), and strong policy support to ensure investment certainty and accelerate learning curves.

Implications and future directions. The findings of this thesis provide actionable insights for
different stakeholder groups:

e For policymakers: Centralized offshore electrolysis deserves priority in policy
roadmaps with bottom-fixed applications, as it consistently outperforms alternatives
under current conditions. However, incentives for floating wind, electrolyzers, and
hybrid storage systems are necessary to ensure Mediterranean regions can
participate in the hydrogen economy on competitive terms.

e For industry: The design of LSP turbines and turbine—electrolyzer pairings should be
guided by site-specific conditions rather than generic benchmarks. Early movers may
gain an advantage by developing flexible hybrid systems that combine multiple
electrolyzer technologies or integrate hydrogen with battery storage.

e For researchers: The results highlight the importance of time-dependent, high-
resolution modeling of system interactions. Future work should incorporate
electrolyzer degradation under variable load, hybrid value-based metrics (beyond
LCoH and LCoE), and multi-objective optimization that includes environmental and
social dimensions alongside cost.

This thesis has shown that the pathway to large-scale offshore hydrogen production is neither
linear nor uniform. Technological choices, site-specific wind regimes, infrastructure
considerations, and market frameworks all interact in shaping outcomes. While Northern
European basins currently enjoy a cost advantage, Mediterranean regions can still emerge as
viable players through strategic deployment of LSP floating wind turbines, tailored turbine—
electrolyzer configurations, and hybrid storage solutions. The competitiveness of offshore
hydrogen will not be determined solely by minimizing costs but by maximizing value through
system integration, grid resilience, and alignment with broader decarbonization strategies. By
developing a deeper understanding of these complex interactions, this thesis contributes to
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building the knowledge base required for informed decisions in one of the most critical areas of
the energy transition.
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