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Abstract

The global shift toward renewable energy has introduced new challenges regarding
space availability in Europe, particularly for solar-based systems, which have low
energy density. This means they require significantly larger areas compared to
traditional energy plants. Offshore floating photovoltaic (FPV) systems represent
a promising solution, particularly in the Mediterranean region, where no extreme
weather events have been recorded in the past forty years. Despite this, Europe
still has limited FPV installations compared to other global regions. This thesis
focuses on six representative European locations: Pantelleria, Gulf of Gabes, Ceuta,
Jersey, Gotland, and Zadar. These locations are selected based on geographical
diversity and environmental relevance, and their need for energy for both industrial
and civil use. To evaluate the structural sustainability of different FPV platforms
at each site, a data-driven approach (DDA) is developed, where the principal
decision-making parameter is the significant wave height (H). Findings from this
method indicate that Class 3 platforms can withstand higher Hg, while Class 2
represents the less robust structure. This study also investigates the possibility of
applying seasonal removal (SR), a key operational consideration during limited
periods with challenging water conditions, where the system must be dismantled
and reinstalled annually. Thanks to this, for different locations, it was possible to
opt for a cheaper platform type. These operations are explicitly taken into account
during the techno-economic optimization analysis conducted in the thesis to ensure
a more accurate and realistic long-term feasibility assessment. In parallel, a bottom-
up approach (BuA) is applied to estimate the capital expenditure (CapEx) related
to the filtered platform types found in the literature, focusing on the pontoon type.
The cost breakdown includes floating, mooring, electrical substations, submarine
cables, and labor, and the results show that the most robust platforms also have the
highest C'apFEx. This thesis also discusses the limitations of using tracking systems
on different platforms and how this affects daily and annual energy production
(AEP). Other economic parameters, such as the Levelized Cost of Energy (LCOE)
and Payback Time (tppr), are also analyzed and compared across the selected
locations. The results show significant variations in technical, economic, and
environmental performance across the selected locations. Ceuta and Pantelleria
demonstrate strong economic performance, and the good results are driven by
different factors: Ceuta benefits from high solar irradiance and the use of a tracking
system enabled by its Class 1 configuration, while Pantelleria’s profitability is due
to the absence of SR and a high local electricity price, despite using a simpler
fixed-tilt system. In contrast, the Gulf of Gabes faces limited revenues due to
the significant impact of SR and the technical limitations of the Class 2 platform,



while Gotland shows negative returns due to environmental constraints that result
in reduced energy output and high operational costs. One of the key conclusions
is that the assigned platform class is a major driver of energy performance, as
it determines structural flexibility and the ability to integrate tracking systems,
significantly impacting yield. Moreover, a key environmental finding is that offshore
FPV systems, since they are deployed in semi-isolated areas, can achieve higher
tCO4 savings, as they replace electricity from carbon-intensive sources like diesel,
resulting in higher avoided emissions. Further analysis evaluates whether applying
SRis economically convenient by examining the trade-offs between reduced CapFEx,
AEP and increased OpEx. The findings indicate that SR is only advantageous when
it enables a shift from more Class 3 platforms to Class 1 configurations—where
the integration of tracking systems compensates for the shorter operational period.
Conversely, applying SR to downgrade from Class 1 to Class 2 often results in a
net loss due to AEP and higher OpFEx.
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Chapter 1

Introduction

Addressing climate change is a cornerstone of international policies, particularly
within Europe, where reducing greenhouse gas emissions is crucial to meeting the
ambitious targets outlined in the European Union’s Green Deal, which includes
a goal of achieving a 32% renewable energy share by 2030 [1]. As global demand
for renewable energy continues to increase, there has been significant innovation
in photovoltaic (PV) technologies. While land-based PV systems have become
widespread, floating photovoltaic (FPV) systems —especially those deployed on
inland water bodies such as lakes and reservoirs—are gaining attention as a valid
alternative [2, 3]. However, the potential of FPV systems in coastal and offshore
environments remains largely unexplored, despite the advantages they offer. PV
systems traditionally suffer from low energy density production, which means they
need a large portion of land compared to other sources of energy, which becomes
problematic in areas with scarce and expensive land—such as small islands or
densely populated regions [4]. So, from here we have one of the main key benefits
of FPV systems, that is, reduction in land use; another advantage is given by the
mitigation of water evaporation in lakes and water reservoirs. Another point that
is interesting also in off-shore FPV systems is the potentially increased energy
efficiency through natural water cooling effects, given by the lower operational
temperatures of PV, that decrease the thermal losses and degradation over the life
time of the system [5].

While FPV systems have been successfully deployed in inland water bodies[2,
3], their application in offshore environments remains limited. This is primarily
due to harsher conditions such as strong winds and large waves. Despite this,
offshore systems offer significant advantages, including abundant space, high solar
irradiance, and proximity to urban centers, with over 40% of the global population
living within 100 km of coastlines [6]. However, at the moment, only a small fraction
of installations have been placed offshore. Moreover, existing literature has largely
concentrated on systems installed in continental water bodies and hydropower
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Introduction

reservoirs, rather than truly marine environments. For example, several studies
have assessed the integration of FPV with inland water resources, including in Spain
and Italy, or conducted techno-economic analyses for systems installed on lakes and
reservoirs [2, 3]. In the literature, there is also a lack of detailed cost breakdowns:
most studies rely on a top-down approach (TdA) to estimate the capital cost
(CapEzx) of the FPV system —typically between 30% and 40%—compared to
ground-mounted system [7, 8]. These methods don’t provide enough details about
the choice of materials for the floating structure, mooring layout, or installation
challenges specific to marine environments. However, in this study, a bottom-up
approach (BuA) is used to break down the cost component by component, based
on actual design and site conditions.

Among the few studies using the BuA, [9] carried out a detailed techno-economic
analysis of a Class 1 floating platform. However, their work is limited to a fixed
nominal power and doesn’t examine how economic metrics like CapEx, levelized
cost of energy (LCOE), or net present values (N PV') might change with different
system sizes. As a result, questions about the scalability and adaptability of FPV
cost structures are still largely unanswered in the existing literature. Another key
innovation of this study is the use of a data-driven approach (DDA) to determine
the structural performance limits of different FPV platforms. To date, no existing
study has systematically analyzed the robustness of these structures based on real-
world data. By examining significant wave height (H) data from locations where
these platform types have already been deployed, this work derives the maximum
sea conditions each platform can withstand, offering valuable insights into their
operational limits. In terms of energy production, the structural layout of each
platform is also taken into consideration, as it can significantly influence system
performance. For instance, some platforms are compatible with solar tracking
systems, while others are not, resulting in notable differences in energy yield and,
consequently, in key economic indicators such as the LCOE and Payback Time
(tper). The findings of this study aim to support the development of offshore
FPV systems, offering a clear comparison between different platform configurations
and providing a solid basis for future investment and implementation strategies.
In addition, a parametric tool with a user-friendly dashboard interface has been
developed as part of this work. The tool allows users to input key parameters—such
as the selected location and the nominal power of the desired system—and receive
recommendations on the most suitable platform configuration for that site. It also
provides performance metrics, including estimated energy production, and key
economic indicators such as the LCOE, tpgr, CapEz, and the OpEx.

The following chapters of this thesis are organized as follows:

o Chapter 2: presents the current state of the art in FPV applications, including
technological components such as PV modules, tracking systems, and mooring
strategies, as well as the structural classification of floating platforms.
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Introduction

Chapter 3: discusses the criteria for selecting the case study locations and
introduces the six selected sites, reflecting a wide range of maritime and
climatic conditions across Europe and the Mediterranean.

Chapter 4: details the DDA for the platform classification, using the H, to
assign platform classes and assess seasonal removal (SR) feasibility.

Chapter 5: focuses on energy production analysis, evaluating solar irradiance,
optimal orientation of PV modules, and the effect of water cooling on energy
yield.

Chapter 6: presents the BuA estimation methodology, breaking down the
costs for different platform classes and associated components.

Chapter 7: integrates the energy, environmental, and economic assessments,
including metrics such as LCOE, N PV, tpgr, and the tonnes of carbon dioxide
tCO3) emissions avoided.

Chapter 8 discusses and interprets the results obtained from the previously
described methodologies, highlighting the performance differences between
the various locations and FPV systems from an economic, environmental, and
financial perspective. It also assesses the overall impact of SR on energy yield,
and consequently, on the economic feasibility of the system.

Chapter 9 outlines future improvements to the methodology, including
addressing current limitations and suggesting directions for further research
and development.

Chapter 10 summarizes the main results of the thesis.



Chapter 2

State of the Art in Floating
PV Applications

A FPV system is usually composed of: modules to capture the solar energy, floating
structures to provide buoyancy, a structure that supports the solar panels, a
mooring system that prevents uncontrolled movement of the whole system, and
the electrical components need to integrate the power system to the grid [10]. As
illustrated in Fig. 2.1, the concept of FPV systems is very similar to the traditional
on-shore PV systems, the only difference is that the PV modules are mounted on
the floating structure [4].

Transmission

Helical screw

bank anchor
Central
inverter

> Surrounding
T topography

Input from

Elastic
other arrays

mooring line

Percussive

Anchoring bank anchor

Figure 2.1: Conceptual layout of an FPV installation [2]
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State of the Art in Floating PV Applications

2.1 PV module

The PV modules used in floating systems are similar to those in land-based
installations. They consist of solar cells that utilize light-absorbing materials to
capture photons and generate free electrons through the photovoltaic effect [11].
Standard crystalline solar PV modules have been the most used for commercial
large-scale FPV plants, but in some cases, have been used with thin-film modules .
These types of modules have the advantage of being flexible, which is beneficial for
enduring the wave loads in marine applications [12], but they have not yet been
commercialized. In the marine environment, the modules need to resist higher loads
and withstand saltwater corrosion [13], because this environment can accelerate
the degradation, and the soiling loss: due to dust accumulation, bird dropping and
other particles that covers the surface of the PV module, decreasing the energy
production [14]. Unfortunately, the energy loss production is not the only problem;
these types of soiling loss can shade the PV and form hotspots: high temperature
locations that can permanently damage the modules [13]. The loss of productivity
due to the panel degradation is considered by including a decrease factor equal
to 2% per year [9]. There is also the option to exploit bifacial modules: modules
that can convert light arriving on both the front, so the second face of the module
exploit the albedo coming from the ground, in the case of FPV applications, this
technology is not that beneficial due to the low albedo of water compared to the
ground [14]. But installing reflectors on the floats can increase the albedo, and
therefore the yields of the bifacial module would be 13.5% times greater of the
monofacial ones [15].

2.2 'Tracking Systems

The tracking system in FPV systems can be applied to improve the energy yield by
adding a mobile structure that supports the PV modules [10]. We can have both:
vertical and horizontal axis tracking systems, the first one can be implemented
in different ways, for example, as a submerged structure that rotates the floating
following the path of the sun, while for the horizontal axis we need just to make the
frame structure with a variable tilt angle [16]. But it depends on the pontoon-type
that we are using, it will be seen that some configurations allow the installation of
just horizontal panels, without the possibility of adjusting the tilt angle. It has
been proven that a dual-axis system can increase the energy yield by almost 30%,
but on the other hand, we can have a cost increase of almost 100% [17]. This
significant increase is attributed to the advanced mechanical and control systems
for dual-axis tracking , leading to substantially higher initial investments.

5
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2.3 Electrical components

For the transport and transformation of the electricity from the FPV to the grid,
we need an array of cables and electrical components. The cables can be installed
under the water or kept above, but in both cases, we need to make them waterproof,
and also in the design of the cables, the high level of UV radiation and the great
temperature fluctuations need to be considered [10]. The use of a DC-DC converter
is needed to reach the needed voltage, due to the intermittent nature of solar power
plants. Then an inverter that converts DC to AC at the desired frequencies to be
then put in the grid. These components can be installed directly onshore or the
floating system. In the first case, we will have an on-shore substations, that do the
needed transformations, before putting the current in the grid: so the export cable
that comes from the system will be DC, while if all the electrical components are
kept on the platform, it will have an AC cable that connects directly to the grid
[18]. When it is possible is always better to go for an on-shore substation, as doing
so will be easier to install and cheaper OpFEx when needed, since the most critical
components are on-shore.

2.4 Mooring and anchoring system

The mooring system is essential to restrict the free movement of the floating
structure, counteracting environmental forces such as wind, waves, and currents. Its
primary function is to prevent damage and collisions between floating components|9,
7]. In marine applications, mooring lines typically consist of steel chains, while
anchors are commonly constructed from concrete piles [18, 19]. Mooring systems
can be classified into four main categories[10]:

Catenary mooring: Consists of chains whose own weight creates a force that
offers flexibility and stability to the moored structure.

o Compliant mooring: A variation of catenary mooring, which uses floats and
weights to modify and adjust the arrangement of mooring lines.

o Taut mooring: keep the lines under constant tension, using extra buoyancy to
hold everything in place.

» Rigid mooring uses solid structural components fixed to the seabed. It allows
the platform to move up and down with the waves but limits horizontal
movements like drifting or swaying.
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State of the Art in Floating PV Applications

2.5 Design and classification of the floating struc-
ture

A large number of projects in the last few years have led to the development of
different floating structures, with different designs and materials, based on the site
conditions. There are two main classifications, one is given by DNV Recommended
Practice document DNVGL-RP-0584 [20], where there are three main types:

o Pure float: this type of FPV array has the PV modules that are mounted
directly onto the floats. The floating structure is designed with built-in
mechanisms, such as clamps or fixings, to secure the PV equipment in place.
Each float in a pure floats system can be designed to support multiple PV
modules.

e Membranes: In this type of FPV array, the PV equipment is mounted on
a reinforced membrane, which is supported by additional structures, such
as tubular rings, to provide buoyancy. The combination of the reinforced
membrane and tubular ring serves as both the float and the floating structure.
The tubular ring may also support components like combiner boxes.

o Taut mooring: keep the lines under constant tension, using extra buoyancy to
hold everything in place.

» Rigid mooring uses solid structural components fixed to the seabed. It allows
the platform to move up and down with the waves but limits horizontal
movements like drifting or swaying.

There is another classification for FPV, which is frequently cited in the literature
9, 10, 14], and is always based on their structural arrangement. A first division
is based on the relative position of the PV modules to the water surface. When
modules are placed directly at the waterline, they benefit from better cooling,
which can potentially improve their efficiency. However, this configuration also
increases their exposure to the stress caused by the wave forces. FPV systems can
therefore be categorized as either superficial, where modules are mounted directly
above the water, or pontoon-type, where the modules are supported by an elevated
floating platform that acts as an intermediary structure [10].

2.5.1 Pontoon-type

The main characteristic of the pontoon type is the presence of a raft to give stability
to the solar modules, and there are three different main classes based on the different
existing design [10].
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Class 1

The earliest FPV structures are categorized as Class 1, consisting of rafts made
with parallel HDPE cylinders as floats and supported by steel, aluminum, or
fiber-reinforced plastic components. These designs have minimal contact with the
water and can easily accommodate features like single-axis tracking systems [14,
10]. While robust and versatile, Class 1 systems are generally more expensive
compared to other alternatives [10]. The first large-scale, non-experimental FPV
plant belongs to this category, and it had a nominal power of 200kW and was
installed in fresh water in Suvareto, Italy [14]. In marine environments, Class
1 systems have been installed in locations with moderate wave conditions [10].
However, they face challenges, such as excessive flexural stress from incoming waves,
which can be addressed using hinged structural elements [21]. One example, the
Swimsol SolarSea system, is designed for marine conditions, using aligned floaters
instead of cylindrical floats. The floaters are connected by an aluminum truss that
raises the panels above the water to prevent saltwater splashes [10].

Class 2

Class 2 FPV systems were first introduced by Ciel & Terre in 2011 under the
commercial name Hydrelio [22, 10]. With this design is each PV panel is supported
by a single float with built-in rails. These floats can also house electrical components,
serve as perimeter barriers, or create walkways. The floats are connected via pins,
eliminating the need for an additional supporting structure [14]. This makes Class
2 systems more affordable than Class 1, though they are less customizable, limiting
the integration of efficiency-enhancing technologies. Class 2 systems have a larger
contact surface with the water, which can lead to faster material degradation and
a higher environmental impact [10]. These systems are mostly used in freshwater
applications and can resist waves up to 1 meter, making them not ideal for open-sea
environments. However, due to their cost advantages, several companies have
adopted similar designs, and deployments in marine conditions have been made.
A notable example is a nearshore FPV plant built in the Persian Gulf, where the
site was naturally sheltered, and bifacial solar modules were used to withstand the
constant salt spray [23]. Chenya Energy also constructed a Class 2 FPV plant off
the coast of Taiwan, which became the world’s largest offshore solar plant at the
time [24, 10]. Despite these advancements, Class 2 designs may still face challenges
in fully offshore environments.

Class 3

(Class 3 FPV systems consist of floats assembled to form a large floating platform or
"island", where the PV modules and electrical components are installed separately.
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These platforms are typically rigid and walkable, eliminating the need for catwalks.
This design results in a stable and safe structure, making maintenance easier, and
this makes the cost higher compared to other types [10, 14]. This type of floating
platform has a variety of designs: in some instances, the usual HDPE floats have
been replaced by concrete platforms. Thanks to the robust design, the Class 3
systems are suitable for marine environments TThe world’s first high-wave FPV is
installed by the company Oceans of Energy in the Dutch North Sea, and falls into
this category, having resisted storms with waves up to 10 meters [25].

2.5.2 Superficial

This category has the characteristics of having a thin layer of water covering the PV
modules: this has the advantage of increasing the cooling effect and to mitigates
the effect of wind loads on the modules, while on the other hand we have direct
loads from the waves and the increase of corrosion due to the salinity of the sea
water [26]. In [10] two different strategies have been proposed to withstand these
environmental conditions: the rigid and the flexible approach.

Rigid

A rigid FPV plant has been proposed by, and it’s said that it can submerge up
to 2 meters and to be able to withstand the wave loads. This is because the
wave-induced velocity of water decreases with water depth [10]. But the light that
can reach the modules will be much lower, due to the light absorbed by the water,
with the consequence of reduced energy production by the system.

Flexible

The flexible FPV strategy includes two main approaches: Thin-film flexible mod-
ules, typically made from amorphous silicon, and the crystalline silicon modules
supported with flexible foam [27] . Thin-film modules are lightweight, use minimal
materials, and offer advantages like natural cooling, fewer components, better
wave resistance, and lower mooring system costs due to reduced hydrodynamic
interaction [10]. However, they cannot be tilted or tracked, and wave motion may
affect module orientation, lowering efficiency compared to pontoon-based systems.
Even if they are not submerged, the closed distance from the water enhances
cooling, potentially increasing yield by 5% times over pontoon systems. Ocean Sun
is testing systems in the Canary Islands and South Korea [28]. A Dutch company
is also testing a 20-kW pilot system in the Port of Rotterdam, aiming to scale it
up to 5 MW on the North Sea [29, 10].



Chapter 3

Location selection criteria

3.1 Why The Mediterranean Sea and Europe

The Mediterranean Sea presents an attractive location for the deployment of FPV
systems due to several favourable environmental and climatic conditions. Ensuring
the safety and reliability of FPV systems under varying wave and wind conditions is
crucial for their successful deployment and long-term operation. In this paragraph,
we will compare it to the rest of the world. To assess the wind and wave conditions,
David Firnando Silalahi et al. [30] has utilized ERAS5 reanalysis data from the
European Centre for Medium-Range Weather Forecasts. ERA5 reanalysis is a
comprehensive global climate and weather reanalysis tool that provides hourly
data on wind speeds (W) and H, over 40 years (1980-2020) [31]. The ERA5
dataset includes W data arranged in an 11km x 11km grid format. This dataset
provides the u-component and v-component of Ws at 10 meters above water
level, representing the horizontal speed of air moving eastward and northward,
respectively. W was calculated hourly using the following formula:

W =+vu? +v? (3.1)

In the map in fig 3.1 , we have marked in red the maritime areas that have
experienced H than 10m and W larger than 20m/s at sometimes over the last 40
years.

We can see that the Mediterranean is one of the five main areas where we didn’t
have any extreme events and in the last 40 years, together with Southeast Asia, the
Red Sea, Equatorial Africa, and South America. Now, by focusing on the different
Mediterranean regions, we can see, according to the work of Francesco Barbariol et
al. [32], we have the median wave heights through the year, as depicted in Fig. 3.2.

The median Hy in the Mediterranean varies by season. During winter (November
to March), the largest waves, up to 1.5 meters, occur in the western and southern
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Figure 3.2: Geographical distiribution of the median wave height [32]
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parts of the sea due to stronger winds, while in spring (April and May) and
autumn (September and October) we have that the wave patterns are similar, with
typical heights around 1 meter, particularly energetic in the western basin near the
Sardinian Sea. In summer (June to August), the median H, are very low, and the
whole region is calm. For extreme wave conditions (99th percentile), we can see
the variations in Fig. 3.3.
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Figure 3.3: Geographical Distribution of the 99th precentile [32]

The Gulf of Lyon and the Sardinian Sea experience the most severe Hy, reaching
up to 5.5 meters in winter and 4.0 meters in summer. H, are also notable in the
[onian and Levantine Seas, influenced by various wind patterns such as the Sirocco,
which generates high waves along the eastern coastlines. But by keeping focus
on the extreme events during the winter season, we have several regions having
comparatively calmer conditions:

o Adriatic Sea: Particularly along the Croatian coast and the northern areas of
the Adriatic Sea.

o Gulf of Gebes (Tunisian East Coast): This region experiences calmer seas in
winter due to its location away from the main paths of the more severe winter
storms that affect the western Mediterranean.
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o Aegean Sea (Greek and Turkish Coasts): Especially along the Aegean Sea and
parts of the Levantine Basin

Wave conditions are not the only critical factor when selecting suitable locations
for offshore FPV deployment—bathymetry also plays a key role. By consulting
the bathymetry map generated through EMODnet [33] in Fig. 3.4, it is possible to
observe that the Mediterranean Sea is generally shallow, with an average depth of
1500 m, it reaches a maximum depth of 5150 m off the southern coast of Greece.

" EMO
i E

Figure 3.4: Depth in the Mediteranean See [33]

The Aegean Sea, with its varied depths ranging from shallow coastal waters to
deep basins exceeding 2,500 meters, contrasts sharply with the northern Adriatic
Sea, which averages around 250 meters in depth with its extensive continental
shelf. For FPV systems, the shallow and stable waters of the northern Adriatic are
more favourable due to easier installation, mooring, and maintenance, whereas the
Aegean Sea’s deeper areas may require advanced technology and incur higher costs
for stable anchoring and maintenance of FPV systems. That is why we decided to
exclude the Aegean Sea from our sites of interest. While the Gulf of Gabes and
the northern Adriatic Sea, with their shallow waters never exceeding 50 meters,
facilitate easy installation and anchoring of FPV systems. Since in our studies we
are interested in diverse climatic and maritime conditions, we will also focus our
interests on less stable regions.
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3.2 Ceuta

Ceuta is an autonomous city located on the north coast of Africa, Fig. 3.5, bordered
by Morocco and situated along the Strait of Gibraltar. This strategic location
provides Ceuta with unique geopolitical significance. The city covers an area of
about 18.5 square kilometers and has a population of approximately 85,000 residents
[34]. Ceuta enjoys a Mediterranean climate characterized by mild, wet winters and
hot, dry summers, which is conducive to solar energy projects due to high solar
irradiance. Given its strategic location and climatic conditions, there is significant
potential for integrating RESs to meet Ceuta’s energy needs sustainably. Ceuta
benefits from high solar irradiance, making it a prime candidate for solar energy
projects. The abundant sunlight throughout the year can be harnessed to support
various energy needs, reducing the city’s dependence on non-RESs and lowering
greenhouse gas emissions. Enhancing energy efficiency and focusing on renewable
energy integration can help Ceuta address its growing energy demand, particularly
during the summer months when consumption peaks. Ensuring a reliable supply of
freshwater is also crucial for both residents and the tourism industry. By leveraging
its geographic and climatic advantages, Ceuta can develop innovative solutions to
enhance water and energy security, contributing to a more sustainable future.

Figure 3.5: Ceuta: Proposed FPV grid connection site along the coastline. [35]

Ceuta relies heavily on its desalination plant (DS) to meet its water demand.
With an installed capacity of 30,137 cubic meters per day, the plant produces
an annual desalinated volume of 8.4 hm3. Given the city’s total annual water
demand of 9.5 hm?, the DS covers approximately 88% of the water needs. This
high desalinated-to-demand ratio underscores the critical role of desalination in
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ensuring a reliable freshwater supply for Ceuta [36]. The DS in Ceuta is located at
the coordinates [35.898331, -5.340907], situated inland. This strategic location in
a re-entrant ensures that the plant is protected from the heavy maritime traffic
passing through the Strait of Gibraltar, minimizing potential disruptions and
operational issues related to sea traffic.

Figure 3.6: Ceuta Desalination Plant [35]

By analysing the bathymetry of area, it is possible to observe that the seabed
never goes deeper than 25 meters, making it easy to install the mooring system
and since the main root of ships is far from this area, we are free to install the
system in the surrounding area without constraints.

3.3 Pantelleria

The island of Pantelleria, with the following coordinates [36.780, 11.953], is situated
in the Strait of Sicily between Italy and Tunisia, and serves as a strategic point
approximately 100 km southwest of Sicily [37]. The island relies heavily on a diesel
power plant for its energy needs, generating 39.0 GWh annually, supplemented
by 0.5 GWh from distributed PV systems on rooftops. This dependence on diesel
generators results in high import costs, as fossil fuels are transported from the
mainland [38].

The island’s water supply relies on energy-intensive desalination processes,
consuming about 3.7 GWh of electricity per year. This interdependence between
water and energy systems underscores the potential benefits of integrating FPV
systems. By exploiting more solar energy, the island could reduce its reliance
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on costly diesel imports, optimize the desalination process, and improve overall
sustainability. It has also proven that there is an alignment between the peak water
production/electricity demand and high solar irradiance[38], further supporting
the feasibility of this renewable energy solution.

Concerning desalination, there are currently two reverse osmosis plants on
Pantelleria island: one comprises 4 desalination modules with a production capacity
of 1200 m3/day each, while the other one has a single module for 1000 m3/day.
The two plants are located in Maggiuluvedi and Sataria [39].

Mean depth
-6000 m
-5500 m
-4800 m
-3000 m
-500 m
-200 m

-40 m

Figure 3.7: Bathymetric map of the area surrounding Pantelleria Island, illustrat-
ing depth contours critical for FPV site assessment. [33]

3.4 Zadar

Zadar is a historic city located on the Adriatic Sea in Croatia, approximately
300 kilometers southwest of the capital, Zagreb. It covers an area of about 25
square kilometers and has a population of approximately 75,000 residents. Zadar
benefits from a Mediterranean climate with high solar irradiance, making it an
ideal candidate for solar energy projects. This abundant sunlight makes Zadar
well-suited for initiatives focused on renewable energy and sustainability [40].
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Figure 3.8: Zadar: Proposed FPV grid connection site along the coastline. [35]

The Port of Zadar is the largest cruise port in Croatia and serves several anchor
clients in the dry bulk, liquid bulk, and general cargo sectors. In 2015, it welcomed
2 million ferry passengers on both domestic and international routes, making it
the country’s second-largest passenger port after Split. One of the main trends in
energy and environment policy is the adaptation of green policies. The reduction
of greenhouse gas emissions is becoming a top priority for the port and transport
sectors, as new regulations are being drafted at both the EU and international
levels. Considering the Green Port Concept, the Port of Zadar should aim to
become a “green” port to increase its focus on environmental sustainability. This
involves implementing green policies and practices to reduce emissions and enhance
sustainability. By leveraging its high solar irradiance, Zadar can integrate solar
energy projects to support these green initiatives, positioning the port as a leader
in environmental stewardship and sustainable development [40].

3.5 Gulf of Gabes

The Gulf of Gabes, located off southeastern Tunisia, spans about 70 kilometers and
is characterized by shallow waters and extensive tidal flats. It has a Mediterranean
climate with hot, dry summers and mild, wet winters, benefiting from high solar
irradiance. The main cities along the Gulf are Gabes and Sfax, which support
a significant population. These coastal cities play a crucial role in the region’s
dynamics and development.
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Figure 3.9: Gulf of Gabes: Proposed FPV grid connection site along the coastline.
[35]

Tunisia is a global leader in phosphate rock production, with key industrial and
chemical complexes in Gabés. These facilities, crucial to the country’s economy,
transform phosphate ores into various products. To support these energy-intensive
operations, developing sustainable energy solutions is essential. One such solution
is installing FPV Systems along the coastline of the Gulf of Gabes. Tunisia aims
to achieve 30% of its energy production from RESs by 2030, as outlined in the
Tunisian Solar Plan. The installation of FPVs will provide a reliable and RESs,
efficiently powering the industrial activities in Gabes and contributing to Tunisia’s
renewable energy goals [41]. The area surrounding the Port of Gabes is ideal
for FPVs. This region hosts the Tunisian Chemical Group, established in 1972,
specializing in transforming phosphate ores, and other major chemical industries
[42]. The strategic placement of FPVs near the Port of Gabes will ensure easy
access to high energy demand, providing a consistent and sustainable energy supply
to these critical industrial operations. Another advantage, is the higher solar
radiation in this region compared to the rest of the country, which is already high
across Tunisia [43]: that can reach almost 2300kWh/m2/year.

3.6 Jersey

Jersey is located in the English Channel near the coast of Normandy, France, as it
is shown in Fig 3.10. The island covers approximately 118.2 square kilometers and
has a population of around 108,000 residents. Jersey enjoys a temperate maritime
climate with mild winters and cool summers. The island receives relatively high
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levels of sunshine compared to the UK, making it suitable for solar energy projects.
The island has significant energy and water needs due to its high population density
and economic activities. Given the temperate climate and high sunshine levels,
integrating solar energy solutions can help meet these demands sustainably. Jersey’s
strategic location and favorable climate conditions make it an ideal candidate
for renewable energy projects, enhancing its energy security and contributing to
environmental sustainability.

Figure 3.10: Jersey: Proposed FPV grid connection site along the coastline. [35]

Jersey faces several significant energy challenges that necessitate innovative solu-
tions. The island’s electricity system, managed by the Jersey Electricity Company,
heavily relies on imported electricity from France through an interconnector with
a capacity of 120MW [44]. However, this capacity is insufficient to meet Jersey’s
maximum peak loads, which can reach up to 150MW during the coldest winter
evenings. To bridge this gap, Jersey relies on local diesel generators, which are
costly to operate and produce high carbon emissions. Additionally, the island faces
high costs for imported electricity during peak times, further increasing the eco-
nomic challenges. Moreover, Jersey has limited land space for expanding RESs like
rooftop PV, and there is minimal development in renewable energy infrastructure.
A promising solution to these problems is the installation of FPV Systems, which
can exploit the island’s offshore potential, providing a significant RES without
occupying valuable land space. This approach can reduce Jersey’s dependence
on costly and high-emission diesel generation by supplying clean energy to cover
peak loads. Furthermore, FPVs can help mitigate the high costs associated with
super-peak pricing by generating electricity locally during peak demand times. By
integrating FPVs, Jersey can exploit its surrounding waters to generate renewable
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energy, addressing both its energy security and environmental sustainability goals
[44]. The main industry facilities are located in the south of the island, in the city
of Saint Helier. So, it would be a good spot to connect the system.

3.7 Gotland

Gotland is Sweden’s largest island, located in the Baltic Sea approximately 90
kilometers east of the Swedish mainland and 130 kilometers from the Baltic
States. It covers an area of about 3,140 square kilometers and has a population
of approximately 60,000 residents, with about 23,000 living in Visby. Despite
Sweden’s general reputation for limited solar potential, Gotland enjoys significantly
higher solar irradiance compared to the rest of the country, making it a prime
candidate for solar energy projects. The global solar radiation in Sweden is less
than 950 kWh/m?, while for Gotland it is around 1150 kWh/m? [45]. The island’s
geographic position in the Baltic Sea and its relatively clear skies contribute to
this higher level of sunlight exposure. This can also be seen by the map shown in

Fig. 3.11, generated with SOLARGIS [46].
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In Sweden, ensuring a reliable source of freshwater poses no challenge, but
Gotland experiences significant water demand, especially during the summer due
to tourism, which saw 950,000 visitors in 2018. In 2015, the total water need was
20.8 million cubic meters, with 3.8 million used by households. Due to summer
water shortages, restrictions like banning garden watering have been implemented,
and two DSs have been built: Herrvik DP in 2016 and Kvarnakershamn DP in
2019. Gotland’s electricity demand is generally met throughout the year, with an
annual usage of about 1,000 GWh and a power need of 120-130 MW, peaking at
180 MW in winter. However, power outages have occurred, prompting projects
like Smart Grid Gotland to modernize the grid and increase RES. Gotland aims to
utilize 100% RES, including significant wind and solar power installations. The
island’s grid is connected to Sweden’s main grid via an HVDC link with a capacity
of 195 MW [47]. By focusing on the DSs, we have that the one in Kvarniakershamn
produces 7500m2/day of clean water versus the 480m2/day of the one in Herrvik.
Considering Gotland’s significant water needs and its goal of achieving 100% RES ,
installing a FPVs in front of the DS is a viable solution.

21



Chapter 4

Data-Driven Platform
Classification Based on
Reference Site Analysis

To accurately select the best FPV platform design for each chosen marine location,
a data-driven approach (DDA) is employed. This approach relies on detailed
comparisons of significant wave height (H) between reference locations—where
FPV systems have already been successfully deployed—and the targeted installation
sites. By analyzing and correlating this data, it is possible to objectively determine
which FPV system classes offer the best structural compatibility and operational
performance for each specific location. By applying this method, real performance
data are analyzed, and no models or simulations are needed, making the decisional
tool more accurate, and also simplifying the decision-making, since no need for
structural analyses or on-site tests, making this operation faster and cheaper.

4.1 Data collection and sources

Significant wave height (H;) is used as the main parameter to asses the platform
suitability. Hy is defined as the average height of the highest one-third of waves
observed during a specific measurement period. It is a standard metric used in
ocean engineering and coastal studies to characterize wave conditions and assess
their potential impact on marine structures: mathematically defined as:

1 N3
Hip=—— S H, (4.1)
V3T N3 JZ_‘; ’

Where j is not the sequence number in the record [48]. To implement the
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data-driven approach, comprehensive environmental datasets were gathered from
validated meteorological and oceanographic sources: More-EST-Platform and ESOX
by Lautec, both rely on ERA5 [31], which merges observations and models for
consistent climate and wave data. The collected dataset covers a period of 10
years, providing hourly H, data for both potential installation sites and established
reference locations. However, a notable limitation arises from ERA5’s spatial
resolution of approximately 0.5° ( 55 km at the equator), which can introduce
uncertainties in accurately capturing local wave height variations, particularly in
nearshore or sheltered areas.

4.2 Environmental Assessment of Reference Lo-
cations

For each platform, at least two locations are needed to have statistical sense data.
For Class 1 have been identified three sites of installation have been identified,
two from the company Swimsol and a third one, a prototype installed by Hongik
University. While the Class 2 sites, one from Ciel&Terre and the other from
Sumitomo Mitsui, and for Class 3, two prototypes have been found, one built by
SolarSea and the other by Oceans of Energy.

Table 4.1: Reference Floating PV Installations and Their Characteristics.

FPV Installed Location Coordinates Developer
Type Capacity
(Pn)
Class 1 891 kWp South Male 4.106166, Swimsol
Atoll, Maldives  73.525695
Class 1 427 kWp Bawah Reserve, 2.514473, Swimsol
Indonesia 106.040949
Class 1 3.68 kW Buksin Bay, Ko- 34.863095, Hongik  Univer-
rea 128.417212 sity
Class 2 88,038 Changhua, Tai- 24.108560, Ciel & Terre
kWp wan 120.420267
Class 2 80 kWp Island of Nurai, 24.616598, Sumitomo Mitsui
UAE 54.476092
Class 3 3.25 kW Baa Atoll, Mal- 5.056940, SolarSea
dives 73.202271
Class 3 17T kW Dutch North Sea 52.330337, Oceans of Energy
4.043162
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It’s important to observe how this study excludes the superficial platform
category, as no large-scale installations of this type currently exist, and available
systems are limited to prototype stages [14]. Moreover, their partially submerged
configuration introduces substantial uncertainty in energy production estimates due
to light attenuation in water. Factors such as water turbidity, biological growth,
suspended particles, water clarity, and temperature—which vary significantly by
location and over time—make it extremely difficult to accurately analyze their
energy efficiency. Accordingly, the focus of this study is on offshore FPV systems
utilizing pontoon-type platforms, specifically those categorized as Class 1, Class 2,
and Class 3.

Table 4.2 provides key statistical metrics of H, for each reference location,
enabling a better understanding of their environmental profiles:

Table 4.2: Summary of H, Statistics at Reference Locations.

Location N  py, [m] H, m] op, (m] Homn [M]  Hgmax [m]
South Male 87600 0.73 0.72 0.15 0.40 1.20
Atoll, Maldives

Bawah Reserve, 87550 0.69 0.68 0.16 0.35 1.15
Indonesia

Buksin Bay, Ko- 87590 0.85 0.84 0.18 0.45 1.30
rea

Changhua, Tai- 87610 1.12 1.10 0.22 0.55 1.70
wan

Island of Nurai, 87580 0.58 0.57 0.14 0.30 1.00
UAE

Baa Atoll, Mal- 87570 0.74 0.73 0.15 0.42 1.22
dives

Dutch  North 87620 1.35 1.33 0.25 0.60 1.90
Sea

The collected Hy data for reference locations generally align well with the ex-
pected wave conditions and the type of floating platforms installed. This coherence
confirms that the benchmarking method—based on hourly wave height data over
10 years—is reliable in most cases.

However, the data for Changhua, Taiwan, revealed unusually high H, values that
appear inconsistent with the known operational conditions of the platform installed
at that site. The location is nearshore and protected by artificial breakwaters
(man-made sea walls), which significantly reduce the wave energy reaching the
installation area.

To correct this overestimation, a transmission coefficient K; is applied. This

24



Data-Driven Platform Classification Based on Reference Site Analysis

factor adjusts the significant wave height to account for the energy dissipation
caused by the breakwaters and is defined as:

Hs, inside — Kt : Hs, offshore

where 0 < K < 1, representing the fraction of wave energy transmitted past the
breakwater. Applying this correction improves the accuracy of the dataset, making
it more representative of the real conditions at the Changhua installation site.

To better visualize the wave climate characteristics of each reference location,
a box plot analysis was conducted on the significant wave height (H) data. To
ensure clarity and avoid distortion caused by extreme values, only data below the
Xg9.5 Were retained, effectively removing statistical outliers from the datasets. This
thresholding process can be expressed as:

Hfltered — {Hs | H, < "L‘99.5(Hs>}

This approach allows for a more accurate comparison of the wave height distri-
butions across locations. Furthermore, the locations are grouped and color-coded
according to their FPV platform classification, providing a clear visual association
between wave conditions and platform types, as it is shown in 4.1.

L s Platform Class ~
35 I Class 1

' Hl Class 2
30 Il Class 3

Significant Wave Height Hs [m]

Location

Figure 4.1: Comparison of H; distributions across reference locations. Values
above the xg95 were excluded to remove outliers. Colors correspond to FPV
platform classes.

Based on the filtered H, data and comparison with reference locations, threshold
values were defined to categorize the environmental limits each of the three platform
types can withstand, as shown in Table 4.3.
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Table 4.3: Classification thresholds based on Hj.

Platform Class Significant Wave Height (H;)

Class 2 H, <147 m
Class 1 1.47 < H, < 2.08 m
Class 3 208 < H, <4.03m

These thresholds serve as the basis for classifying potential sites and reflect

typical operational limits for existing floating photovoltaic platforms in varying sea
states.

4.3 Environmental Assessment of Target Loca-
tions

This section provides a detailed environmental classification of the six target
locations selected for this study. Following the same methodology used for reference
locations, hourly Hy data were extracted and summarized over the full dataset.
Table 4.4 presents the key descriptive statistics for each site.

Table 4.4: Summary of significant H, statistics for target locations.

Location N py, [m] H, m] op, (m] Homn [Mm] Hgmax [m]
Ceuta 87,647 0.88 0.77 0.44 0.17 3.96
Gotland 87,647 0.97 0.81 0.66 0.05 6.06
Gulf Gabes 87,647 0.55 0.48 0.30 0.07 3.55
Jersey 87,647 0.83 0.72 0.47 0.12 3.45
Pantelleria 87,647 1.09 0.87 0.78 0.09 6.07
Zadar 87,647 0.47 0.34 0.38 0.04 3.54

As done for the reference locations, a boxplot analysis was also conducted for
the target sites to support a clearer interpretation of the wave data. In this case,
the H, values were filtered to exclude the top 0.5% of the data (only values below
the xgg.5 were retained), effectively removing extreme outliers and ensuring a more
robust statistical comparison across locations.
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Figure 4.2: Distribution of H, across the analyzed target locations. Values above
the x99 5 were excluded to remove outliers. Horizontal dashed lines indicate the
class boundaries identified in the reference location analysis.

4.4 Seasonal Removal Decision

The possibility of SR of FPV platforms will be considered for each installation
location, to address months characterized by the worst wave conditions. Extreme
events can significantly influence the structural design, potentially leading to an
unnecessarily robust and expensive platform, for rare events that cover limited
periods of the year. To avoid such over-dimensioning, the classification will be
refined by excluding the month exhibiting the most extreme wave heights from the
design criteria. This approach ensures that the platform selection reflects realistic
operational conditions, rather than rare scenarios, enabling the use of lighter and
more cost-effective platform types. This will have the consequence of less energy
production, since the system will not be operating for a while, and this will be
considered during the energy production evaluation. As shown in Fig. 4.3, Ceuta,
Gotland, Jersey, and Pantelleria all fall within the threshold of Class 3, while the
Gulf of Gabes and Zadar are within Class 1. SR will be considered for Ceuta
and Jersey to potentially bring them into Class 1, and for the Gulf of Gabes and
Zadar, to move them to Class 2. On the other hand, Pantelleria and Gotland
are significantly above the threshold for Class 1 and will not undergo SR, as the
reduction in wave height would not be sufficient to change their classification. To
determine the appropriate period for SR, an analysis of the monthly variation in
H, was conducted. The approach involves identifying the consecutive months with
the highest average H, values and designating these as non-operational periods.
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This strategy helps avoid over-dimensioning the FPV platform for extreme but
short-lived conditions. Fig. 4.3 illustrates the average monthly H for all target
locations. The shaded grey areas highlight the months during which SR is applied.

Ceuta Gotland Gulf Gabes

Mean H; [m]
Mean Hs [m]
Mean Hs [m]
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Jersey Pantelleria Zadar

Mean H; [m]
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Figure 4.3: Monthly average H, across the analyzed target locations. The shaded
areas indicate the months during which FPV platforms are removed.

Fig. 4.4 shows the modified wave height distributions after SR has been applied.
The impact is particularly evident in Ceuta and Jersey, where the exclusion of
the most turbulent months successfully reclassifies them from Class 3 to Class 1.
Likewise, the Gulf of Gabes and Zadar—initially in Class 1—are upgraded to Class
2. These shifts confirm the effectiveness of seasonal adaptation in reducing design
constraints without compromising safety. While this approach does result in some
downtime and therefore reduced annual energy output, this trade-off is justified by
the substantial benefits in structural optimization and cost reduction. The energy
production analysis will later account for these seasonal interruptions to assess the
overall feasibility and performance of each installation.
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Figure 4.4: H, distributions for target locations after applying SR. The SR
strategy reduces design constraints by excluding the months with the highest wave
activity, allowing a reclassification of some sites into lower wave intensity classes.
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Chapter 5

Energy Production Analysis

5.1 Solar Irradiance Assessment

To evaluate the energy production of the FPV systems at the selected locations, a
first analysis of solar irradiance was carried out. Solar irradiance is a fundamental
parameter that directly influences the performance and energy yield of PV systems,
and its spatial and temporal variability must be carefully considered in the system
design phase.

For this analysis, data were obtained from the Photovoltaic Geographical In-
formation System (PVGIS) [49], a widely used tool developed by the European
Commission’s Joint Research Centre. PVGIS provides high-resolution histori-
cal solar irradiance data derived from satellite observations and ground-based
measurements.

Specifically, the hourly irradiance data for 10 years for each of the target locations
is extracted. This rich temporal dataset allows for a comprehensive assessment of
the solar resource availability, allowing the identification of seasonal patterns and
periods of low irradiance that could affect system performance. These irradiance
profiles form the basis for subsequent modeling of the expected energy output from
the FPV systems.

In order to better visualize the temporal distribution of solar availability, the
hourly irradiance data from the past 10 years were first averaged by computing
the mean value for each specific hour of each calendar day. This process results in
a typical hourly irradiance profile that smooths out year-to-year variability. The
averaged hourly values were then summed over each 24 hours to obtain the total
daily irradiance, producing a representative time series for a typical year that
highlights seasonal patterns and daily fluctuations.

Let Gy qn represent the irradiance value (in W/m?) for year y, day d, and hour
h. The average hourly irradiance for a typical year is computed as:
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_ 1 N
Gd,h = *ZG d,h
Ny:1 Y

where:
. Gd,h is the mean irradiance for hour h on day d,

o N is the number of years of data (in this case, 10),

e Gyqn is the irradiance value at hour h on day d in year y.
Then, the daily total irradiance for a representative year is calculated by summing

the averaged hourly values for each day:

24
GPY =3 Gan (5.2)
h=1

where G4 is the total daily irradiance for day d.
The resulting plot, shown in Fig. 5.1illustrates the variation in daily solar energy

received at the surface throughout the year for each location. This visualization
provides insight into the overall solar potential, highlighting periods of high solar
availability as well as low-irradiance seasons, which are critical when estimating
the energy yield of the FPV systems.
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Figure 5.1: Daily average solar irradiance G4, over the year for each location,
where shaded areas indicate the periods during which the FPV systems are removed.

As shown in the Fig. 5.1, all locations exhibit a clear seasonal variation, with
lower irradiance levels during the winter months and peaks in summer. Gulf of
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Gabes and Pantelleria show the highest overall irradiance, followed by Ceuta and
Zadar, while Gotland records the lowest values, particularly in winter. These trends
are consistent with expectations based on latitude and reinforce the importance
of solar resource availability in selecting suitable sites for offshore FPV systems.
Notably, the shaded grey areas representing periods of seasonal FPV removal
coincide with the months of lowest solar irradiance. This highlights the strategic
value of temporary decommissioning, as it minimizes energy production losses while
addressing structural or environmental challenges during less productive seasons.

5.2 PV Module Orientation: Optimal Tilt and
Azimuth Settings

This section discusses the setup related to the orientation and the tracking system,
and how they change depending on the location and class used. As said in
Section 2.2, there are the following assumptions regarding the module angles and
setup for each platform class:

o Class 1 platforms are equipped with a fixed optimal tilt angle, optimized for
annual yield but not adaptable to changing solar positions throughout the
day.

o (lass 2 platforms are structurally compatible with single-axis solar tracking
systems, enabling them to follow the sun’s path and thereby increase energy
capture, particularly during early morning and late afternoon hours.

o (lass 3 platforms require horizontal mounting of PV modules due to stability
constraints. This configuration simplifies installation and improves structural
resilience, but results in lower energy yield compared to tilted or tracked
systems.

For the locations where the Class 2 platforms are selected, which include a
tracking mechanism, it is considered that 1% of the energy produced is used to
power the tracking system itself, in line with findings from other techno-economic
studies. In this case, the tracking system should be able to evaluate the solar
elevation, that is given by the following equation:

0 = arcsin (sin ¢ - sin d + cos ¢ - cos § - cosw) (5.3)
where:

o 0, solar elevation angle [°]

 ¢: latitude of the location [°]
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e J: solar declination angle [°]

o w: hour angle [°], with w = 0° at solar noon and changing by £15° per hour

since its dependence on ¢ is not the same for all locations.

The ideal tilt tracking angle (¢) for a single-axis vertical or inclined tracking
system is typically adjusted such that the module is perpendicular to the sun’s
rays:

B(t) = 90° — 0, (¢) (5.4)

So:

B(t) = 90° — arcsin (sin ¢ - sind + cos ¢ - cosd - cosw) (5.5)

Where t is the time of day, and 5(t) the optimal tilt angle of the module at time
t.

While for the class 1 locations a fixed optimal tilt angle 3,y is chosen to maximize
the annual energy yield. A commonly used empirical rule is:

Bopt = ¢ — 10° (56)

where [, is the optimal fixed tilt angle.

Alternatively, for a balanced energy production throughout the year, the tilt
angle may be approximated simply as:

Bopt = ¢ (5.7)

In all target locations analyzed in this study, the azimuth angle of the PV modules
was set to 0°, which corresponds to a south-facing orientation in the Northern
Hemisphere. This orientation is chosen because it maximizes solar exposure over
the course of the day, particularly around solar noon when irradiance is at its peak.
Since all selected sites are located in the Northern Hemisphere, a south-facing
configuration ensures optimal alignment with the sun’s path throughout the year.

In Table 5.1, we have summarised the structural classification, geographic
coordinates, tilt angle setup, and azimuth orientation for all target locations.
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Table 5.1: PV system orientation and configuration per location

Location = Coordinates (Lat, Lon)  Tilt Angle 5  Azimuth «

Gulf of Gabes 33.88°N, 10.10°E ¢ — 10° = 23.88° 0°
Pantelleria 36.83°N, 11.95°E 0° 0°
Jersey 49.21°N, -2.13°W B(t), see Eq. (5.5) 0°
Gotland 57.47°N, 18.52°E 0° 0°
Zadar 44.12°N, 15.23°E ¢ — 10° = 34.12° 0°
Ceuta 35.89°N, -5.31°W B(t), see Eq. (5.5) 0°

5.3 Energy Production Modeling and Cooling
Correction

The energy output of FPV systems varies significantly depending on both the
geographical location and the structural class of the platform used, as discussed
in the previous Sections 5.1 and 5.2. The energy production data for all target
locations were obtained using the PVGIS tool, consistently over 10 years, with
hourly resolution. In each case, a system loss factor of 15% was directly applied
within PVGIS to account for typical Balance of System inefficiencies.

As done for the irradiance data, to reduce interannual variability and generate
a representative production profile suitable for system design and performance
assessment, the hourly energy outputs were averaged across the 10 years—following
the same methodology applied to irradiance data.

Let P, denote the power output at hour h of year y, where h € [1,8760] and
y € [1,10]. The average hourly power profile P, is then defined as:

_ 1 N
P, =— Z Py, (5.8)
N &

where N = 10 is the number of years included in the dataset.

It is important to note that PVGIS assumes ground-mounted PV conditions
and does not account for the cooling effects introduced by floating installations.
To compensate for this limitation, an additional correction factor + of 1.10 was
applied to the estimated energy production to reflect the expected performance
gains from water-based cooling, as reported in the literature [5].

The correct energy production P, at the hour & is calculated as:

Pcorr,h =7" th (59)

Fig. 5.2 presents the typical Pj profiles for each target location for a year.
Each subplot displays the average daily power output (corrected using the floating
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cooling factor) based on a 10-year dataset. All profiles are generated assuming
a nominal system size of 1 MWp, ensuring consistency in the comparison across
different sites.
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Figure 5.2: Average hourly power P, profiles for all six target locations, taking
into account the cooling effects.

To evaluate the long-term energy yield of the FPV system, we estimated the
annual energy production over its assumed operational lifetime of 20 years. The
first year’s production is calculated as the sum of the average daily energy values
previously obtained for each location. From the second year onward, a linear
performance degradation factor ¢ of 2% per year is applied, in line with values
reported in the literature for floating PV systems.

This means that for year y, where y € [2,20], the annual energy output E, is
computed as:

E,=E -(1-6)Y", (5.10)

where F is the total energy produced in the first year. This approach allows for a
more realistic estimation of lifetime energy output, taking into account the gradual
loss in system performance over time.

In the following Fig. 5.3, the yearly production trend is plotted for each location,
showing how energy output declines over time due to the degradation factor. This
visual comparison allows for evaluating the expected long-term energy yield at the
different locations.
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Figure 5.3: Annual energy production F, for each location over 20 years, account-
ing for a 2% yearly performance degradation.
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Chapter 6

Bottom-up Cost Estimation
Methodology

A bottom-up approach (BuA) is employed to evaluate the costs associated with
different floating platform configurations and the mooring systems. In this approach,
each FPV platform is decomposed into its fundamental structural components,
based on specific material properties and geometric characteristics. The cost of
each component is estimated individually, and the total platform cost is obtained
by aggregating these values [50].

Once the geometry and materials are defined, the total cost of a platform is
calculated using the following formula:

C’platform - Z(uz : Qz) + Cmanufacturing (61)

i
where u; represents the unit cost of material ¢, and Q; is the corresponding
quantity required. The term Cpanufacturing accounts for manufacturing and assembly
costs, which are estimated based on the complexity of the structure, including
factors such as fabrication processes, required labor, and the level of customization.

6.1 Class 1

The material composition and structural configuration of the Class 1 floating
platform are based on the design presented by Guido et al. in [9]. As it’s shown
in Fig.6.1 the platform is divided into three main components: the floaters, the
module-supporting frame, and the support structure connecting the frame to the
floaters. A platform area of 124 m? is considered, allowing for the installation of
approximately 70 photovoltaic modules.
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Figure 6.1: Class 1: typical floater design [10].

The materials selected for each component were chosen based on mechanical
performance, corrosion resistance, and cost-effectiveness for offshore environments.
The Support structure is made of AISI 205 steel, selected for its structural strength
and corrosion resistance in saline conditions. While the Frame structure comes from
Aluminium 5005, which offers a balance between lightweight and high corrosion
resistance, suitable for components under lower structural loads, and the floaters
are fabricated from High-Density Polyethylene (HDPE), chosen for its UV and
saltwater resistance, mechanical robustness, and relatively low cost.

Table 7.1 summarizes the material usage, cost per kilogram, and total cost
associated with the fabrication of one Class 1 platform:

Table 6.1: Cost breakdown of Class 1 materials, including unit price, weight, and
total cost.

Material Mass Cost Total Cost
Aluminium 5005 138.1 2.43 336
Steel AISI 205 2,615.1 3 7,845
HDPE 265.36 1.216 1,291
* kg €/Kg €

This structured breakdown enables a detailed and transparent cost estimation,
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forming the basis for further techno-economic analysis of Class 1 systems.
In Table 6.2, the overall cost estimation is completed by including the manufac-
turing and assembly expenses

Table 6.2: Total cost summary for Class 1 platform, including material and
manufacturing costs.

Material /Service Cost Unit of Measure
Aluminium 5005 336 €
Steel AIST 205 7,845 €
HDPE 1,291 €
Manufacturing work, 1,894 €
assembly
Total 11,366 €

6.2 Class 2

For the Class 2 system, the design adopted is based on the commercially available
Hydrelio platform developed by Ciel & Terre [22]. This modular system consists
of floaters capable of supporting individual photovoltaic panels, with a detailed
structural layout illustrated in Fig. 6.2.

HOPE material
Inclination Angle 12
T iersgrgs: =1 mim

Weight- 95K Lisfeghia: max 160 mm
. ' HDPE matesial Width: 95 mm £ 3
i Non-slipping tarface Frame thickness: 2541 mm
/J-_ b Thigkness: =3 mm Cable lenght: 900--1200 mm
b & Weght: 15K Connecior: BC4 comparibdity

e

Certification NFT 58 000
S| Alumisias of EPD radl

Certilicated 150 330211996

Figure 6.2: Class 2: floater design from Ciel&Terre [22].
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Each floater includes a main float and a secondary float, both entirely constructed
from HDPE. A mounting rail system made of Aluminium 5005 is used to secure
the PV modules. According to Ghigo et al. [9], the aluminium requirement is
estimated at 2 kg per module. The material usage and associated costs per floater
are summarized in Table 6.3:

Table 6.3: Cost breakdown of Class 2 materials, including unit price, weight, and
total cost.

Material Mass (kg) Cost (€ /kg) Total Cost (€)

Aluminium 5005 2 2.43 4.86
HDPE 13 4.86 63.86

Given the more intricate geometry of the Hydrelio system and the modular
assembly required, an additional 40% manufacturing and assembly overhead is
applied.

Table 6.4 summarizes the cost breakdown for the Class 2 platform, including
material costs and the estimated manufacturing and assembly expenses:

Table 6.4: Total cost summary for Class 2 platform, considering materials and
increased manufacturing complexity.

Material /Service Cost Unit of Measure
Aluminium 5005 4.86 €
HDPE 63.86 €
Manufacturing work, 27.5 €
assembly
Total 96.2 €

For Class 2, multiple floats are considered to be connected through pins to form
a single platform measuring 10x10, consisting of 100 floats and 100 modules. As
such, the total cost of one Class 2 platform is 9,620 €.

6.3 Class 3

For the Class 3 system, the platform concept developed by SolarDuck [51], a Dutch
company specializing in offshore floating solar technology, is considered. Their full-
scale pilot features four interconnected triangular platform units, each supported
by floating pillars. The structure is entirely made of aluminium, elevating the
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solar panels and electrical components over three meters above the water surface,
providing protection from waves. According to Norsk Hydro [52]—the supplier of the
aluminium profiles used in the pilot—each triangular side measures approximately

16 meters, forming a stable and modular offshore solar island. Each platform can
host 80 modules.

ustration: SolarDuck

Figure 6.3: Class 3: floater design from SolarDuck [51].

The estimated material usage and associated costs for the Class 3 SolarDuck plat-
form are summarized in Table 6.5. The structure primarily consists of aluminium,
supported by HDPE and stainless steel components.

Table 6.5: Cost breakdown of Class 3 materials, including unit price, weight, and
total cost.

Material Mass (kg) Cost (€/kg) Total Cost (€)

Aluminium 5005 3,500 2.43 8,505
HDPE 1,500 1.22 1,830
Stainless Steel 500 3 1,500

Due to the more complex structure and larger scale of the Class 3 platform,
manufacturing and assembly processes are significantly more demanding. As a
result, an additional 40% overhead is assumed to account for the increased difficulty
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in fabrication and transport. Table 6.6 presents the cost breakdown for the Class
3 platform, including individual material costs and the estimated expenses for
manufacturing and assembly:

Table 6.6: Total cost summary for Class 3 platform, considering materials and
increased manufacturing complexity due to the modular Hydrelio design.

Material /Service Cost Unit of Measure
Aluminium 5005 8,505 €
HDPE 1,830 €
Stainless Steel 1,500 €
Manufacturing work, 4,668 €
assembly
Total 16,503 €

6.4 Mooring and anchoring system

The FPV platforms will use a catenary mooring system, anchored securely to the
seabed with drag-embedded anchors. This system design provides the necessary
flexibility to withstand varying sea conditions, which is essential for offshore floating
PV installations. The mooring chain length [q,i, is determined by the sea depth Hy,
with the total length required being 1.4 times the sea depth. This length is longer
than the sea depth by 40% to ensure that the chain is not taut; this slack is necessary
to allow free movement of the platform. By doing so, the mechanical stresses on the
mooring system are reduced [9]. So the chain length can be calculated as follows:

lchain =14- Hda (62)

The main properties of the mooring chain are summarised in Table
refmaterial-chain.

Table 6.7: Summary of the main characteristics of the mooring chain.

Characteristic Value Unit of Measure
Diameter 0.03 m
Unit weight 18.2 kg/m
Cost Steel 2.75 €/kg

Using the available data, the cost of the mooring chain per line is calculated as:
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Clnain = lehain - 18.2 - 2.75, (6.3)

where 18.2 is the chain mass per meter [kg/m|, and 2.75 is the cost per kilogram
[€/kg].

For the drag-embedded anchors, the cost depends on the Minimum Breaking
Load (MBL) required by the mooring system. In this study, the MBL is estimated to
be 736 kN for all platforms, based on structural constraints and safety considerations
[9]. The anchor cost is calculated using the following formula:

0.052

rag — MBL - y 4
resulting in:
0.052
Clrag = 736,000 - 8L ~ 3,901.32 € (6.5)

Therefore, the total cost of a single mooring line is given by:

C1m001"ing = C1chain + C(drag' (66)

This method offers a robust and detailed approach for estimating the mooring
system costs of a generic floating PV platform, accounting for structural flexibility
and hydrodynamic motion requirements.

Assuming a fixed distance from shore d.y.s of 1,000 m and a water depth of
40 m, the chain length per mooring line is set to 56 m. The number of mooring
lines required varies by platform class:

e (lass 1: 1 mooring line per platform
e Class 2: 1 mooring line per aggregated float structure

 Class 3: 2 mooring lines per platform (due to increased structural loads and
complexity)

Substituting the values, the mooring cost per line becomes:

Conooring = 56 - 18.2 - 2.75 + 3,901 = 5,802 €/line (6.7)

6.5 Electrical components

As mentioned in Section 2.3, there are two main layout options for the electrical
design. The first places all the necessary electrical components—such as inverters
and transformers—on the floating platforms. In this case, the electricity is converted
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to AC offshore, and an underwater AC cable is used to transmit it to the shore [9].
The alternative approach is to transmit the electricity as DC via a submarine cable
and carry out the voltage and frequency conversion at an onshore substation [18].
This study adopts the second option. The costs of the key electrical components
are summarized in the Table

refcost-eletrical:

Table 6.8: Estimated costs for electrical infrastructure components.

Component Cost Unit of Measure
Submarine DC cable 2.18 k€/(MW-km)
On-shore substation 157.36 k€/ MW

For a given P, and a dg..s , it’s possible to determine the total cost of the
substation Cyypstation and of the submairne cable Ceapes :

Csubstation - 1577360 : Pn (68)

Ccables =2.18- Pn : dcoast (69)

For the photovoltaic panel, the SunPower Maxeon 3 model is considered, which
has a nominal power of 400W and a cost of 300€ per unit [9]. So the total cost of
the PV modules is avaluted strating from the P, :

P,

P, panel

Cpy = - Chanel (6.10)
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Energy, Environmental, and
Economic Assessment

7.1 Economic Analysis

The economic viability of the project is assessed through the estimation of the Net
Present Value NPV, considering various configurations with different numbers of
modules to identify the most profitable option. The N PV is an economic indicator
used to evaluate the profitability of a cash flow resulting from a specific investment
[53]. It is calculated by summing the discounted net cash flows By over the plant’s
lifetime and subtracting the initial investment cost i , using a nominal discount
rate i provided by the investor. Since the technology is new, it means it has a high
level of risk; an i of 6.4% is choosen [9]:

NPV = -1+ Bt MCt, (7.1)

t=1 (1 + z)t
The i corresponds to the capital expenditures CapFEx, which are composed of
several components:

I = Capex - C(con + Oel + Oplatform + Cmooring + C’PV + Cinstallatiom (72)

Where Cpattorm and Crooring are evaluated through the bottom-up approach.
For the project to be economically sustainable, a positive NPV must be achieved.
This indicator is useful for comparing different investment options and quantifying
the actual monetary return. The term MC; accounts for the maintenance cost
during each period, which represents the operational expenditures OpFEx, and is
defined as:
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MC, = OpEx = 0.025 - CapEx (7.3)

In this analysis, the By is derived from the avoided cost of electricity that would
otherwise be supplied through a combination of grid and diesel generation sources,
as shown in eq. 7.4.

B, = Energy, - Ciouh (7.4)

Since the selected locations are semi-isolated in several cases, to evaluate the
cost of the energy (Crwy ), we assume that 80% of the electricity demand is covered
by the national grid, while the remaining 20% is generated locally using diesel
generators. According to the study by Casillas et al. [54], the fuel consumption
of typical 110 kW and 55 kW diesel generators (7giesel) ranges between 0.41 and
0.52 liters per kWh under standard operating conditions. By combining this
consumption range with the local diesel prices (Cgiesel) retrieved for each target
location [55] and local household electricity prices (Cgria ) [56, 57], we estimate the
cost per kWh of electricity generated by diesel (Cgieserkwn)- The resulting Ciwn
used in this analysis is the average between the grid price and the diesel-based
generation cost. The results are summarized in Table 7.1:

Table 7.1: Cost breakdown of Class 1 materials, including unit price, weight, and
total cost.

Location Cliesel (€/L) Ciesel-kwh Cerid Ciwn
(€/kWh) (€/kWh) (€/kWh)
Ceuta 1.37 0.637 0.115 0.2194
Gotland 1.75 0.814 0.087 0.2324
Gulf of Gabes 0.66 0.307 0.184 0.2086
Jersey 1.65 0.767 0.085 0.1880
Pantelleria 1.60 0.744 0.160 0.2814
Zadar 1.29 0.600 0.117 0.2424

The cost per kilowatt-hour of electricity generated by a diesel generator Cgjesel-xwh
is estimated using the following equation:

C’diesel—kVVh - C1diesel * Tdiesel (75)
Where the average fuel consumption 7gjese; used for this calculation is:
0.41 4+ 0.52

2
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The final Cywy, used in the analysis is calculated as a weighted average, where
80

Ciown = 0.2 - Caiesel-kwh + 0.8 - Cgyiq (7.7)

In this analysis, parameters such as unit selling price, and retail value are
assumed to remain constant throughout the system’s lifetime. The N PV does not
account for uncertainties related to these variables. Based on these assumptions,
it is possible to compute the NPV over time and determine the point at which
the investment breaks even. This corresponds to the Payback Time tpgt, which is
defined as the period required to recover the initial investment through accumulated
savings or revenues [53]. The tppr is determined by the condition:

PBT = tpBRT = NPV(thT) =0 (78)

The Levelized Cost of Energy (LCOE) is another critical economic metric used
to assess the cost-effectiveness of energy generation. It represents the per-unit cost
of energy produced by the system, taking into account both CapFEx and OpFEx
over the project’s lifetime [7].

n MC

I + Zt:l (1_;'_7;;1&
—E, (7.9)
21 (T+i)

LCOE =

7.1.1 Installation Cost

Estimating the installation cost of the floating structure and its mooring system
presents a challenge due to the emerging nature of the technology and the limited
availability of real-world cost data. To address this, the methodology adopted in
[18] is applied. This approach is adapted from offshore wind industry practices
and accounts for variables such as vessel chartering, installation time, and travel
distance from shore. The installation cost is expressed as:

(7.10)

2d($7 y)] . C(boat + C’divers + Cworkers
Uboat

Chstall_rPv(Z,Y) = nppy | Tinstan +
NEPV_ pertrip

Where:
1. nppy: total number of floating units to be installed in the project.

2. Nppy_pertrip: DUMber of floating units that can be transported and deployed
per trip by the installation vessel.

3. Tinstan: time required to install a single FPV unit once on site.
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4. d(x, y): distance from the installation site to shore, expressed as a function of
its spatial coordinates.

5. Vpoat: Speed of the jack-up vessel used during the transport and installation
phases.

6. Cpoat: daily or hourly charter cost associated with the use of the jack-up
vessel.

7. Caivers: cost of divers (per unit of time).
8. Cyorkers: cost of workers (per unit of time).

The input parameters used in the equation are summarized in Table 7.2:

Table 7.2: Input parameters used for the installation cost estimation.

Symbol Value Unit of Source
Measure
NFpv Depends on - Assumed
system size
NFPV pertrip Depends on class units/trip -
type
Tinstall 0.5 hours/unit -
d(x, y) - km -
Vboat 2000 m/h [18]
Choat 120 €/h [58]
Cdivers 50 €/h [58]
Cworkers 90 €/h [58]

The Tinstan of each platform and nppy pertrip are assumed by taking into account
the values of deployment of similar offshore technologies. In the case of Class 1 and
Class 2, we consider 5 units transported per trip, while for Class 3 we consider 2
platforms per trip. This model enables a more structured and location-sensitive
estimation of installation costs for FPV systems, particularly in the absence of
historical installation cost data.

7.1.2 Comparative Plots

To enable a fair comparison across all selected locations, we fix key parameters: a
Hy of 40 m, dioast €qual to 1,000 m, and a P, of 1 MWp.

Based on these standardized conditions, the following plot illustrates the cost
breakdown of the FPV for each location. As anticipated, the costs related to panels
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and electrical components remain consistent across different locations, as they are
independent of the system class. In contrast, the mooring, platform, and labor costs
vary significantly depending on the class of the system, with Class 3 installations
being noticeably more expensive than Class 1 and Class 2.

Platform Class

mmm Classl
700

mmm Class? |
mmm Class3

600

<]
=)

Cost [ke]
5
o

100

Mooring Platform Panels Electrical Labour

Figure 7.1: Cost breakdown by component for each system class at H;=40 m
depth, depast=1,000 m , and P,=1MWp

Additionally, the pie charts in Fig. 7.2 illustrate the relative share of each cost
component for the different system classes. Notably, the share of platform costs
is highest for Class 3 systems, reaching approximately 27%, while for Class 2 it
accounts for only around 17%. This visual representation highlights how the choice
of system class significantly influences the distribution of total costs.

Classl Class2 Class3

Labour Mooring Labour Labour

Mooring Electrical

Mooring

Electrical Electrical

Platform

Platform

Platform

Panels

Panels

Panels

Figure 7.2: Share of cost components for each class.

The following plot presents the results of a sensitivity analysis on CapFEx,

49



Energy, Environmental, and Economic Assessment

conducted by varying the P, from 0.1MW to 2MW in increments of 0.1MW. The
analysis reveals a linear increase in capital costs for all classes. However, as the
nominal power increases, the cost trajectories begin to diverge, with the gap between
the system classes widening. This indicates that higher capacity systems amplify
the cost differences between Class 1, Class 2, and Class 3 configurations.
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—e— Classl
Class2

3,500 4
—8— Class3
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Total Cost [k€]
~
[=]
[=]
S

1,500 A

1,000

500

T T T T T T T T
0.25 0.50 0.75 100 125 150 L75 2.00
Installed Power [MW]

Figure 7.3: CapFEx sensitivity to P,.

Table 7.3 presents the CapEx and OpEx values for each location. The OpFEx
are broken down into fixed cost (e.g., maintenance, monitoring) and additional SR
cost, which applies only to Class 1 and Class 2 systems. As a result, these classes
exhibit significantly higher total OpEz compared to Class 3 systems, which do not
require seasonal disassembly and redeployment. This highlights how structural
class influences not only the CapFEx but also long-term OpFEz, with Class 3 sites
being more cost-efficient in terms of annual OpE'z.
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Table 7.3: OpEx and CapEx estimates for different locations and platform classes,
evaluated at H;=40 m depth, dcpast=1,000 m , and P,,=1MWp

Location Platform Seasonal Fixed Total CapEx
Class Removal OpEx OpEx (k€]
OpEx [k€/y] [k€/y]
[k€/y]
Ceuta Classl 13.23 15.00 28.23 1,619.09
Gotland Class3 0.00 15.00 15.00 1,928.63
Gulf of Class2 9.45 15.00 24.45 1,383.53
Gabes
Pantelleria Class3 0.00 15.00 15.00 1,928.63
Zadar Class2 9.45 15.00 24.45 1,383.53
Jersey Classl 13.23 15.00 28.23 1,619.09

Figure 7.4 illustrates the N PV evolution over the 20-year project lifetime for all
locations. The analysis shows that the project is economically feasible in almost all
locations, where the N PV becomes positive before the end of the project horizon.
This indicates that the initial investment and operational costs are outweighed by
the revenues generated from energy production. In contrast, the only location that
does not reach a positive NPV within 20 years is Gotland, suggesting that under
the current assumptions, the project would not be financially viable in these cases.

2,000 4 — Ceuta
Gotland
—— Gulf_Gabes
1,500 - — Pantelleria
—— Zadar
— Jersey
1,000+

500

Cumulative NPV [k€]
o

-500 +

—1,000 4

—1,500 4

—2,000

T T T T T T T T
0.0 2.5 5.0 7.5 10.0 12.5 15.0 17.5
Year

Figure 7.4: NPV over 20 years for each location.
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7.2 CO2 Emissions Avoided

One of the primary environmental benefits of deploying FPV systems is the re-
duction in carbon dioxide (tCO;) emissions through the displacement of fossil
fuel-based electricity generation. This section quantifies the total tCOy emissions
avoided at each selected location by substituting a portion of the local energy
demand with electricity produced by the FPV systems.

To estimate the emissions avoided, the analysis assumes that the electricity
generated by the FPV system offsets the average local electricity mix, which, in
many semi-isolated or island regions, includes a significant share of diesel-based
generation. The emissions avoided are calculated using the following expression:

COZaVOided = Ey : EFavg (711)

Where EF,,, is the average emission factor of the displaced electricity source,
expressed in tons of CO, per megawatt-hour (kgCOo/MWh).

The EF,,, used in this analysis are based on a combination of data sources: for
electricity from the national grid were retrieved from the public dataset provided
by Our World in Data [59], which reports the carbon intensity of electricity
generation across countries. For diesel-based generation, the average emission
factor was taken from the study by Jakhrani et al. [60], which assessed the
carbon footprint of various diesel generators with different rated powers. According
to their findings, the average EF,,, from diesel-based electricity production is
estimated at 1.585 kgCOy/kWh. A weighted average E'F,,, for each location is
then calculated based on the assumed energy mix—20% from diesel and 80%
from grid electricity—to reflect the hybrid nature of power supply in semi-isolated
regions, as done for the energy price in the 7.1.2.

Elye = 0.2 Elyiesel + 0.8 - EFyiq (7.12)

In the Table 7.4 are summarised, the results related to the average emission
factor for each location E'F,,,, where E; the first year is considered.
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Table 7.4: Estimated annual tCO5 emissions avoided by FPV deployment at each
location.

Location E; (MWh) Grid EF EF tCO-
(tCO2/MWh) (tCO,/kWh)|  (t/year)
Ceuta 1563.74 0.115 0.4090 639.57
Gotland 856.49 0.036 0.3458 269.17
Gulf of Gabes 1228.40 0.560 0.7650 939.72
Pantelleria 1435.89 0.288 0.5474 786.01
Zadar 1138.26 0.174 0.4562 519.27
Jersey 1248.67 0.044 0.3522 439.78

As shown, the amount of avoided emissions varies not only with the energy
yield of the FPV system but also with the local carbon intensity of the existing
electricity supply. Locations with a higher reliance on diesel generation, such as
Pantelleria and the Gulf of Gabes, exhibit greater emission reduction potential.
On the other hand, regions with cleaner electricity mixes, such as Gotland, still
benefit from FPV deployment but to a lesser extent in terms of tCO, avoided.

Figure 7.5 shows the cumulative tonnes of CO, avoided over the system’s lifetime
for each location.
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Figure 7.5: Cumulative tCO, emissions avoided over time for each location.

These findings underline the dual benefit of FPV systems in such contexts:
providing renewable electricity while contributing to climate change mitigation
through substantial emission reductions.
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Chapter 8

Results and Discussion

8.1 Analysis and Interpretation of the Data-Driven
Results

One of the main findings of this study is the successful application of DDA to
classify offshore FPV platform types based on Hy. Instead of relying on theoretical
modeling or site-specific structural analysis, this approach uses historical wave
data from existing FPV installations to define operational thresholds for three
platform classes. By analyzing 10 years of hourly Hy data and filtering out extreme
outliers (above the 99.5th percentile), clear classification limits were established.
These were then used to assess the six target locations, enabling the selection of
appropriate platform types in a fast, consistent, and resource-efficient manner,
where the results are summarised in the table 4.3. This represents a key novelty
of the study, as no prior work has proposed any classification system for offshore
FPV platforms based on environmental conditions, making this the first attempt
to define quantitative thresholds linked to platform typologies. However, one of
the limitations of the proposed method lies in the use of ERA5 data, whose spatial
resolution of approximately 0.5° (about 55 km at the equator) may introduce
uncertainties in accurately capturing local wave height variations—especially in
nearshore or sheltered areas. Another important limitation is that the classification
is based solely on H,, without considering other relevant environmental loads such
as wind, currents, or the wave period. The absence of these parameters may lead
to an oversimplified structural assessment, which could limit the applicability of
the method in more complex offshore scenarios. However, the results obtained for
the assigned platform types across the six target locations align well with initial
expectations based on their known sea conditions, supporting the reliability and
practical relevance of the proposed classification method.
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8.2 Conclusions on the Energy, Environmental,
and Economic Impacts

The BuA employed in this assessment gives results that are consistent with findings
from other studies. As expected, the most robust platform types are also the
most expensive, confirming the trade-off between structural resilience and cost.
Among the system components, PV panels/modules represent the largest share
of the investment, followed by the platform costs. In terms of energy production,
Ceuta stands out as the most performant location, achieving 1,563.74 MWh over
20 years, despite the application of seasonal removal (SR) and only 8 months of
annual operation. This is primarily due to the high solar irradiance at the site
and the use of a tracking system enabled by the Class 1 configuration. In contrast,
Gotland records the lowest energy output among the selected locations (856.49
MWHh), even though SR is not applied and the system operates year-round. This
outcome reflects both the limited solar resource at that latitude and the constraints
imposed by the Class 3 configuration, which allows only for fixed horizontal panels
without tracking.

Among the selected locations, the highest Net Present Value (N PV') after 20
years is observed in Ceuta and Pantelleria, corresponding to Class 1 and Class
3 systems, respectively. In Ceuta, this is primarily due to the high energy yield
(1,563.74 MWh), supported by favorable irradiance conditions and the implementa-
tion of a tracking system. In Pantelleria, despite the use of a fixed horizontal panel
configuration typical of Class 3 and a slightly lower energy production (1,435.89
MWh), the high local electricity price (0.281 €/kWh) significantly boosts the eco-
nomic return, resulting in a cumulative N PV of nearly €1.74 million—even with a
higher CapFEx compared to Ceuta. Ceuta also achieves the fastest payback period,
mainly due to the relatively low initial investment required. In contrast, Gotland
is not economically viable due to its low energy production and high upfront costs.
Jersey, while producing a substantial amount of energy (1,248.67 MWh), shows the
lowest NPV among all locations. This is attributed to France’s lower electricity
prices, which diminish the economic benefit despite decent technical performance.

While the locations that exhibit the highest environmental benefit are those
with the greatest amount of CO, emissions avoided, the Gulf of Gabes stands out
with 939.72 tonnes of CO, saved over the system’s lifetime. This result is primarily
due to the high EFy4q of the Tunisian electricity grid, which means that replacing
grid electricity with clean PV generation leads to significant CO, savings. On the
other hand, Gotland shows the lowest environmental impact, with only 269.17
tonnes of CO, avoided. This is explained by the already high share of renewable
energy in Sweden’s grid, resulting in a lower E'Fq and consequently a reduced
potential for additional COs reductions through photovoltaic deployment.
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Table 8.1: LCOE, Cumulative NPV and tpgr for Each Location over 20 Years

Location = LCOE [€/MWh] Cumulative NPV tppT [years]

[€]
Ceuta 122.23 1,368,723 7
Gotland 240.06 -302,123 -
Gulf Gabes 133.27 812,920 9
Pantelleria 143.19 1,737,676 8
Zadar 143.82 1,008,612 10
Jersey 153.07 406,231 13

8.3 Techno-Economic Impact of Seasonal Removal
Strategies

Another important finding of this study is the introduction of a SR strategy as
a design optimization measure. By identifying and excluding the months with
the most extreme wave conditions, several sites initially classified under more
robust and costly platform categories could be reassigned to lighter structures.
Specifically, Ceuta and Jersey were reclassified from Class 3 to Class 1, while the
Gulf of Gabes and Zadar shifted from Class 1 to Class 2. This method allows
for a significant reduction in structural requirements and capital costs, without
compromising safety, by avoiding over-dimensioning for rare and short-lived events.
However, this strategy results in a reduction of the annual energy yield. The
following figure illustrates the relative share of energy lost due to the SR.

Gotland and Pantelleria show 100% energy exploitation, as no SR is applied. In
contrast, the share of directly lost energy due to SR ranges from 22.2% in Zadar
to 33.5% in the Gulf of Gabés. These represent only the immediate losses from
system deactivation. Additional energy losses occur in locations where platforms
are reassigned from Class 1 to Class 2 configurations, due to the absence of a
tracking system. Conversely, when moving from Class 3 to Class 1, there is a
trade-off: while SR reduces the total available days for energy production, the
introduction of a tracking system in Class 1 leads to a significant energy gain. The
following figure compares the daily energy production over one year for the four
studied locations—Gulf of Gabes, Ceuta, Zadar, and Jersey—highlighting how
energy output varies between platform classes and illustrating the combined effects
of tracking and SR.

The following Table 8.2 | the total energy losses over a 20-year system lifetime
for each location, accounting for an annual PV panel degradation rate of 2%.
For each site, it reports the cumulative energy lost due to SR strategies, along
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Figure 8.1: Annual share of exploited vs. non-exploited energy due to SR at each
location.
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Figure 8.2: Comparison of daily energy production between platform classes for
the Gulf of Gabes, Ceuta, Zadar, and Jersey. The plots highlight the impact of SR
and the presence or absence of tracking systems on the annual energy yield.
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with the corresponding monetary losses calculated using location-specific energy
prices. The table also includes estimated ClapFEx savings resulting from the use
of simpler platform classes. However, these savings are offset in some cases by
increased OpFx, as SR requires dismantling and redeploying the system each year,
leading to higher operational expenses. The final column presents the net financial
balance, combining all gains and losses to highlight the overall economic impact of
implementing SR strategies.

Table 8.2: Lifetime energy and monetary impacts due to SR.

Location Energy Energy CapEx [€] OpEzx [€] Net [€]
[MWHh] Value
Impact [€]
Ceuta -264,600.00
Gulf Gabes -18,957.72 -3,954,120.00 -189,000.00 -3,878,120.00
Zadar -13,355.23 -3,239,198.00 -189,000.00 -3,163,198.00
Jersey -264,600.00

For the Table8.2 is evident that SR is not always economically advantageous. In
particular, locations like Zadar and Gulf Gabes experience a net negative impact,
meaning the combined effect of reduced energy production, increased operational
costs, and loss of tracking system benefits outweighs the potential CapFEx savings.
These cases represent transitions from Class 1 to Class 2 configurations, where the
platforms are resticted to have fixed tilt and are also periodically removed from
the sea. This leads to both the loss of operational months and the absence of the
tracking system, significantly reducing energy output. Conversely, for locations
originally categorized as Class 3 and then recategorized to Class 1 with SR, such
as Ceuta and Jersey, despite shortening the annual operation window, they still
result in a positive net benefit. This is primarily due to the implementation of a
tracking system in Class 1, which compensates for the reduced operational time
by enhancing energy yield during the active months. These findings suggest that
the implementation of SR is most economically beneficial when it allows a location
to upgrade from a Class 3 to a Class 1 configuration—where the adoption of a
tracking system significantly boosts energy yield. Conversely, applying SR to Class
1 locations to reduce costs by shifting to Class 2 often leads to a net negative impact.
Therefore, maintaining a Class 1 setup is generally the most advantageous choice
whenever wave conditions already fall within Class 1 thresholds, and SRshould
primarily be considered as a strategic upgrade path for Class 3 sites.
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Future Outlook

The DDA has some limits discussed already in Section4, the main one is the use of
ERAS5 wave height data, with its coarse spatial resolution, which can overlook local
effects in nearshore environments. Additionally, the exclusion of dynamic loads
such as wind, currents, and wave periods may lead to underestimations in structural
requirements. Looking forward, future research could enrich this methodology by
integrating multi-parametric environmental data, validating design assumptions
through prototype testing, and exploring hybrid configurations or adaptive mooring
systems. Such efforts will help further bridge the gap between early feasibility
and detailed engineering design, accelerating the deployment of offshore FPV in
real-world scenarios.
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Chapter 10
Summary

This thesis introduced a replicable and clear methodology for assessing the techno-
economic and environmental feasibility of offshore FPV systems across diverse
maritime locations. By combining a DDA for the classification based on H, with a
BuA for the CapFEx estimation, the study fills a methodological gap in early-stage
offshore PV planning. The model described in this study allows a clear comparison
of the different platform typologies, highlights the cost-performance trade-offs of
structural classes, and supports choosing the best option for each location without
needing complex simulations. In Table 10.1 are summarised the final results related
to the DDA and BuA are summarised to evaluate the CapFEx for the whole FPV
system.

Table 10.1: Summary of Classification Results and CapEz Estimates for Each
Location Based on the DDA and BuA

Platform Class Max H,m Cost [€/kWp]
Class 2 1.47 1,383.53
Class 1 2.08 1,619.09
Class 3 4.03 1,928.63

Furthermore, the integration of a SR strategy has been proven to be a valuable
tool to adapt system design to site constraints and improve cost-efficiency in
marginal locations. Sometimes the SR leads to a shift from more advanced to
less flexible platform classes (see the case study of Gulf of Gabes and Zadar); the
outcome is often negative due to reduced energy production, higher operational
costs, and the loss of tracking capabilities. In contrast, applying SR to reclassify
systems from more constrained to more optimized configurations can result in a
net benefit, as the introduction of tracking systems boosts energy yields enough
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to offset the reduced operational time, as is possible to observe in case study of
Ceuta and Jersey, as is possible to see in the results summarised in Table 8.2,
where the impact of the SR is analysed for different locations. The results on the
environmental impacts demonstrate that FPV systems can substantially reduce
tCO, emissions, particularly because they are often deployed in semi-isolated areas.
These locations typically depend on diesel generators or other high-emission energy
sources, leading to elevated EF,,,, as shown in Table 7.4. Consequently, replacing
a portion of this electricity demand with clean solar energy from FPV installations
results in greater tCO4 savings compared to other RES installed in regions with
already decarbonized grids.
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Appendix A

Backend Functions of the
Parametric Tool

NN N

def design_function (Class ,capacity, sea_depth):
modules_ per_ platform = {
"Classl": 70, #for 70 modules
"Class2": 100, #for 100 modules
"Class3": 80 #for 80 modules
}
N_modules= capacity *10%%3/0.4 #Number of modules
N_platforms= int (N_modules/modules per_platform.get (Class,
None)) #Number of pltaforms
Chain_ Length=sea_depth*1.4 #Total length of one single chain

return N_modules, N_ platforms,Chain_Length

def mooring cost_function(Class, Chain_Length, N_ platforms):
N_lines = {
"Classl": 1, #for 70 modules
"Class2": 1, #for 100 modules
"Class3": 2 #for 80 modules

}

#Cost of the mooring system

C_chain=Chain_Length*18.2%2.75%N_ platforms+*N_ lines. get (Class ,
None) #Cost Chains
C_anchors=736000%0.052/9.81«N_ platforms«N_ lines. get ( Class , None)
#Cost anchors

Mooring  Cost=(C_ chain+C__anchors)

return Mooring  Cost
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def platfrom_cost_function (Class, N_ platforms):

class_type_mapping = {
"Classl": 11366, #for 70 modules
"Class2": 9620, #for 100 modules
"Class3": 16503 #for 80 modules

}

Platfroms_ Cost = class_type_mapping. get (Class, None)*N_ platforms
return Platfroms Cost
def electrical_cost (Power, distance):
#Power in MW
#Distance in km
C_substation=157360%xPower
C_ cables=2.18«xPowerxdistance
Panels_ Cost=300%10x*6xPower /400
Electrical cost=C_cables+C_substation
return Panels_ Cost, Electrical cost
5| def labour_ cost_function (Mooring Cost ,Platfroms_Cost, Electrical cost ,
Panels_ Cost):
#Total labour cost, equal to 5% of the total components cost
C_labour=(Mooring_Cost+Platfroms_ Cost+Electrical cost+Panels_Cost

)*0.05

return C_labour

1| def OPEX_ function(Class, distance ,N_platforms, capacity ,location):
class_type_ mapping = {

"Class1": 5, #for 70 modules

"Class2": 5, #for 100 modules

"Class3": 2 #for 80 modules

v__boat=20000 #mn/h
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73 ¢_boat=120 #e/h
74 ¢_divers=90%4 #e¢/h 4 divers
75 c_workers=50%3 #e/h i consider 3 workers

76 T_install=0.5 #Time required to install each floating PV
structure

78 if location in [’Ceuta’,’Jersey’, ’'Gulf_Gabes’, Zadar’]:

79 cost_ SPR=N_ platforms*(T__install+2«distance/v_boat)*(c_boat+
c_divers+c_workers) /class__type_mapping. get (Class, None)

80 else: cost_SPR=0

82 #Yearly opertional Cost equal to $15 for each kw of nominal power
83

84 Opex=(capacity*15+x10%*3+cost_SPR) /10%%3 #result in kEuro

86 return Opex

87

88

oo| def COSTS(Class ,Power, sea_depth, distance):

91 [N_modules, N_platforms,Chain_Length]=design_function (Class |,
Power, sea_depth)

92 Mooring_ Cost=mooring_ cost_ function (Class, Chain_Length,

N_ platforms)

93 Platfroms_Cost=platfrom_ cost_function(Class, N_ platforms)

04 [Panels_ Cost, Electrical cost] =electrical cost (Power, distance)
95 C_labour=labour_ cost_ function (Mooring_Cost, Platfroms_ Cost ,
Electrical__cost ,Panels_Cost)

96 return Mooring_ Cost, Platfroms_Cost, Panels_ Cost, Electrical_cost
, C_labour

97
98
oo| def calculate_lcoe (life_time , capex, opex, production):

100

101 years=list (range (0, life_ time))

102 discount rate=0.06

103 # Calculate discounted OPEX and production

104 discounted opex = [opex / (1 + discount rate) %% year for year in
years |

105 discounted__production = [production / (1 4 discount_rate) *x year

for year, production in zip(years, production)]
106
107 # Exclude the last year for discounted production sum

108 discounted_production_sum = sum(discounted__production[: —1])

109

110 # Calculate LCOE

111 lcoe = (capex + sum(discounted opex)) / discounted_ production_sum

113 return lcoe
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O (nlogn)

numpy
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