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Abstract 

 

 
This thesis develops and applies a comprehensive, data-driven 

techno-economic framework for floating photovoltaic (FPV) systems, 
combining high-resolution reanalysis inputs with class-specific 
performance and cost parameters to inform project design and site 

selection. Our Python model ingests ERA5 solar-radiation, wave-
height, bathymetry and wind-speed fields alongside CMEMS wave-

period data to compute annual energy yield for three FPV platform 
classes—robust HDPE-pipe rafts (Class 1), modular floats (Class 2) 
and pontoon systems (Class 3)—each corrected by empirically-

derived yield factors. Capital-expenditure (CAPEX) sub-components 
(moorings, platforms, solar modules, electrical balance-of-system) 
and operational-expenditure (OPEX) are calculated explicitly and 

then scaled with power-law exponents (α = β = 0.9) to capture 
economies of scale. To demonstrate geographical sensitivity, the 

model is applied to two contrasting sites, one in the semi-enclosed 
Mediterranean Sea and one in a more exposed North Sea location—
where local water depths, nearest-port distances, and meteorological 

regimes differ markedly. For each site and platform class, we 
quantify CAPEX, OPEX, levelized cost of energy (LCOE), net present 

value (NPV) and payback time across 1,10,100 MW scales. 
Comparative analysis reveals that Mediterranean conditions (lower 
wave heights, higher irradiance) favor higher yields and shorter 

payback for Class 2 rafts, whereas North Sea deployments require 
more robust Class 3 pontoons but benefit from stronger economies 
of scale at large capacities. Break-even tariff thresholds are 

identified via sensitivity scans on energy price, and seasonal removal 
strategies are evaluated for their impact on OPEX and annual energy 

production. To streamline platform selection, we integrate a scoring 
system that maps site-specific environmental parameters (Hs, Tp, 
wind speed, and depth) into the most suitable FPV class. This 

automated, scoring-driven assignment ensures structural resilience 
and economic efficiency, offering a robust decision-support tool for 

rapid site screening and optimization of floating solar projects under 
realistic environmental and financial constraints. In the North Sea, 
small-scale FPV installations remain uneconomic due to limited 

solar irradiance, but beyond a threshold of ~50 MW the sub-linear 
CAPEX scaling drives NPV positive having LCOE=€70.38 for class1, 
LCOE=€82.91 for class 2, LCOE=€87.70 for class 3 and payback 

below project life. 
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In contrast, Mediterranean conditions yield positive NPVs even at 

modest capacities (1–20 MW), having LCOE=€65.84 for class1, 
LCOE=€77.57 for class 2, LCOE=€82.04 for class3 for Pn=1MW, and 
when Pn=20MW, having LCOE=€48.94 for class1, LCOE=€57.65 for 

class2, LCOE=€60.98 for class3 with payback times consistently 
under 20 years across all three platform classes. These results 
underscore that site-dependent environmental factors (Hs, Tp, wind 

speed, depth) critically govern economic viability, and that large-
scale deployment is especially crucial for higher-latitude, low-

irradiance locations.  

Class 1 HDPE‐pipe rafts represent a mid-range, “universal” solution, 
balancing moderate cost with solid performance across most marine 
conditions. Class 2 modular floats are the least expensive option—

up to 20 % lower CAPEX/OPEX—but deliver slightly reduced energy 
output (≈ 10 % less than Class 1), making them ideal where budget 

is constrained and wave conditions are mild. Class 3 pontoons carry 
the highest CAPEX and OPEX but offer the greatest structural 
robustness and roughly 10 % higher annual energy yield compared 

to Class 1. This tool provides a robust decision-support platform for 
screening and optimizing FPV projects under realistic 

environmental, structural and economic constraints, and offers 
generalizable insights for accelerating floating solar integration in 
diverse marine settings. 
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Chapter 1 

Introduction  
 
 

Floating photovoltaic (FPV) systems—where PV modules are 
mounted on rafts or pontoons on water bodies—offer a compelling 
solution to land-use constraints faced by conventional ground-

mounted solar installations. By leveraging unused surfaces on 
reservoirs, lakes, and coastal zones, FPV can simultaneously reduce 

evaporation losses, improve module cooling through direct water 
contact (enhancing yield), and avoid competition with agriculture or 
urban development. To date, most deployments have been inland, 

benefiting from calmer waters and existing hydropower 
infrastructure; offshore applications remain nascent, however, due 

to harsher wave and wind regimes, higher mooring and installation 
costs, and limited design guidance for robust open-water platforms. 
 

A critical research gap exists in quantifying how site-specific 
environmental parameters—significant wave height (Hs), peak wave 
period (Tp), wind speed, and water depth—influence both the 

structural design and the overall economics of FPV projects. Top-
down studies suggest FPV capex can be 30–40 % higher than 

equivalent ground-mounted PV, but detailed bottom-up cost 
breakdowns—especially contrasting offshore pontoons vs. modular 
float and HDPE-pipe raft solutions—are scarce. Moreover, most 

techno-economic analyses assume a single fixed plant size and 
ignore the effects of economies of scale and platform-class–

dependent performance. 
 
This thesis develops a dynamic, data-driven FPV model that 

integrates high-resolution ERA5 and CMEMS reanalysis data with 
class-specific yield and cost parameters for three platform types. We 
apply this framework to two representative sites—a Mediterranean 

location characterized by low Hs and high irradiance, and a North 
Sea site with high wave energy and moderate solar resources—to 

compare capex, operational expenditures (OPEX), levelized cost of 
energy (LCOE), net present value (NPV), and payback time across 
capacities ranging from X to Y MW. An embedded scoring system—

based on Hs, Tp, wind speed, and depth—automatically assigns the 
optimal platform class to each site, balancing structural resilience 
with economic efficiency. 

 
By combining bottom-up cost analysis, economies-of-scale 

modeling, and environmental scoring, this work delivers a robust 
decision-support tool for rapid site screening and optimization of 
offshore FPV projects. The insights will inform deployment strategies 
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and investment decisions, helping to unlock the untapped potential 
of floating solar in coastal and offshore settings. 

Chapter 2: Technical Foundations of Floating PV Systems 
Covers the structural and functional components of FPV systems, 

including PV modules, tracking systems, electrical balance of system 
(BOS), mooring setups, and platform classifications. Three main 
platform classes (HDPE-pipe rafts, modular floats, and pontoons) 

are discussed along with superficial designs, including rigid and 
flexible variants suited to specific marine environments. 
Chapter 3: Methodology & Model Framework 

Details the step-by-step modeling framework built using Python. It 
includes data acquisition (ERA5 and CMEMS), technical sizing, and 

economic calculations such as CAPEX, OPEX, LCOE, and NPV. 
Environmental scoring is integrated to assign platform classes 
automatically. Assumptions and limitations are acknowledged, with 

emphasis on using a bottom-up approach. 
Chapter 4: Case-Study Site Characterization & Environmental 

Assessment 
Describes selection and environmental profiling of two sites: 
Pantelleria in the Mediterranean and a North Sea location. Wave 

height, solar radiation, wind speed, and bathymetry are analyzed to 
guide platform suitability. Environmental metrics are used to 
classify which FPV type is structurally viable at each site. 

Chapter 5: Energy Production Analysis 
Presents the model for calculating annual energy output, factoring 

in solar irradiance, degradation, and platform-specific yield 
modifiers.  
Chapter 6: Detailed Cost Breakdown and Modeling Approach 

Breaks down CAPEX for each platform class using a bottom-up 
method. Material choices, weight, and manufacturing complexity are 
quantified. Electrical and mooring costs are also included. Class 2 

is the most cost-effective but structurally less robust, while Class 3 
is the most expensive but offers superior durability. 

Chapter 7: Energy, Environmental, and Economic Assessment 
Analyzes economic performance via NPV, payback time, and LCOE 
for various system sizes. Hybrid grid-diesel pricing is used for 

realistic cost offsets. Larger systems (>10 MW) show significant gains 
from economies of scale. Pantelleria proves more economically viable 

than the North Sea at smaller scales. 
Chapter8: Results and Discussions 
Synthesizes results across all classes and sites. Class 1 yields fastest 

payback and best LCOE, especially in the Mediterranean. Class 3 is 
favored for harsher environments. Economic feasibility improves 
dramatically with scale. Pantelleria outperforms the North Sea 

under current assumptions, particularly in carbon offset and return 
on investment. 

Summary 
This thesis highlights the strong potential of Floating Photovoltaic 
(FPV) systems in both calm and challenging marine environments. 
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By combining detailed environmental data and cost modeling, three 
FPV platform types were evaluated at sites in the Mediterranean and 

North Sea. Results showed: 
• Small-scale FPV (1 MW) is only viable in favorable conditions 

like Pantelleria. 
• Larger systems (10–100 MW) are viable even in rougher 

environments due to economies of scale. 

• Class 1 platforms offered the best economic performance, 
Class 3 delivered the highest yields, and Class 2 provided a 
balanced option. 

Future Outlook 
Offshore FPV promises large-scale clean energy due to: 

• Low land use and synergy with other coastal systems 
• Opportunities for design innovation, digital monitoring, and 

hybrid systems 

• Policy support as a key driver for wider adoption 
FPV is poised to become a key solution for sustainable offshore 

energy development. 
Appendix A  
User manual for the Python tool 

Appendix B 
Python code with important functions 
Bibliography 

References and sources used  
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Chapter 2.  

Technical Foundations of Floating PV 
Systems 
 

A typical FPV installation consists of photovoltaic modules for energy 
capture, buoyant floating platforms, a support frame for the panels, 
a mooring arrangement to prevent drift, and the necessary electrical 

balance‐of‐system components to connect into the grid. As shown in 

Fig. 2.1, FPV systems operate on the same basic principles as land‐
based PV arrays; the only fundamental distinction is that the solar 
panels are affixed to a floating structure rather than fixed to the 

ground. 

 

 
Figure 2.1: Conceptual layout of an FPV installation [2] 

 

 

2.1 PV module 

 
Floating PV installations employ the same module technology as 

land-based systems:           solar cells made from light-absorbing 
semiconductors that capture photons and generate electricity via the 
photovoltaic effect. Although commercial FPV arrays typically use 

standard crystalline-silicon modules, experimental thin-film 
panels—valued for their flexibility under wave loading—are under 

investigation but not yet widely deployed. In a marine setting, 
modules must also endure higher mechanical stresses and resist 
saltwater corrosion, which accelerates degradation and exacerbates 

soiling losses from dust, bird droppings, and airborne particles. 
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Surface fouling can create shaded “hot spots” that permanently 
damage cells, so we account for an annual performance decline of 2 

% to capture degradation effects. Bifacial modules, which harvest 
light from both faces by exploiting ground-reflected albedo, offer up 

to a 13.5 % yield increase when paired with reflective float surfaces, 
although their benefit over water—naturally low in albedo—is 
limited without added reflectors. 

 
 

2.2 Tracking Systems 

 
Tracking mechanisms can significantly boost FPV output by 

allowing the PV modules to follow the sun’s path. Both single‐axis 

(horizontal or vertical) and dual‐axis trackers are possible: a vertical‐
axis tracker might use a submerged rotating platform that turns the 

entire floating array, whereas a horizontal‐axis tracker simply 

mounts the panel frame on an adjustable‐tilt structure. Whether a 

given tracking solution is feasible depends on the pontoon design—
some float types only support fixed, flat panels with no tilt 

adjustment. Dual‐axis trackers can raise energy yield by up to 30 %, 
but they also nearly double system costs 

 

2.3 Electrical components 

 

Power generated by the FPV array must be collected and converted 
before feeding into the grid, requiring a network of underwater or 
overhead cables and electrical balance-of-system components. All 

cables, whether buried beneath the water or suspended above—
must be fully waterproof and specified to withstand intense UV 
exposure and wide temperature swings. Because solar output is 

intermittent, DC–DC converters are used to step up the array’s 
voltage, followed by an inverter to transform DC into grid-compatible 

AC. 
These power‐electronics can be housed either onshore or directly on 
the floating platform. In an onshore substation configuration, the 

export cable from the FPV system carries DC to land, where all 
voltage conversion and inversion occur before connection to the 

transmission network. Alternatively, if the converters and inverters 
are mounted on the floats, the export cable carries AC directly to the 
grid. Whenever feasible, locating the substation onshore is 

preferred—installation is simpler, maintenance costs are lower, and 

critical equipment remains accessible without marine‐environment 
service challenges. 
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2.4 Mooring and anchoring system 

 

The mooring system is critical for keeping the floating platform 

securely in place against wind, waves, and currents, thereby 
preventing collisions or structural damage. In offshore FPV 
installations, mooring lines are usually made of steel chains and 

anchors often consist of driven concrete piles. Mooring 
arrangements generally fall into four categories: 

 
 
•  Catenary mooring: Relies on heavy chain weight to create a 

natural, curved profile that provides both flexibility and restoring 
force to stabilize the platform. 

 
•  Compliant mooring: Builds on the catenary approach by adding 
floats or weights along the lines to tune their stiffness and dynamic 

response. 
 
•  Taut mooring: Keeps the lines under constant high tension, often 

using additional buoyancy elements, resulting in minimal platform 
displacement. 

 
•  Rigid mooring: Uses fixed structural members anchored directly 
to the seabed; it allows vertical movement with waves but constrains 

horizontal drift and sway. 

 

2.5 Design and classification of the floating 

structure 

 
In recent years, a wide variety of floating photovoltaic platforms have 

emerged, tailored to local conditions through different materials and 
designs. The DNV Recommended Practice DNVGL-RP-0584 defines 

three primary FPV configurations: 
 
•  Pure float systems: PV modules are secured directly onto 

individual floats using integrated clamps or fixtures. Each float is 
engineered to carry one or more modules. 
•  Membrane-based systems: Solar panels rest on a reinforced, 

buoyant membrane that is supported by tubular rings or similar 
structures, which also house auxiliary equipment like combiner 

boxes. 
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•  Taut‐mooring systems: Lines remain in constant tension—often 
aided by extra buoyancy elements—to minimize platform movement. 
 

•  Rigid‐mooring systems: Structural members are fixed firmly to the 
seabed, permitting only vertical heave while preventing horizontal 
drift and sway. 

 
An alternate, widely cited classification group FPV by how the panels 

relate to the water surface. “Superficial” arrays mount modules 
directly at the waterline, benefiting from enhanced natural cooling 

but facing greater wave-induced stress. In contrast, “pontoon‐type” 
systems elevate the panels on a floating deck or platform, providing 

more robust protection while still leveraging water cooling effects. 

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. 

  

Class 1 
 

Class 1 FPV platforms represent the original floating designs, 
featuring rafts composed of parallel HDPE cylinders topped with 

steel, aluminum, or fiber-reinforced–plastic support structures. 
With minimal water contact, these systems readily integrate features 

such as single‐axis trackers but incur higher costs than other 

classes. The world’s first large-scale, commercial FPV installation—
a 200 kW freshwater array in Suvareto, Italy—used this Class 1 
configuration. In marine settings, Class 1 arrays have performed 

well under moderate wave conditions, though they can experience 
excessive flexural stresses. To mitigate this, hinged connections or 
alternative floater geometries are sometimes employed. For example, 

the Swimsol SolarSea system replaces cylindrical floats with aligned 
pontoons and mounts the panels on an elevated aluminum truss to 

minimize saltwater exposure. 
 

Class 2 
 
Class 2 FPV platforms, first commercialized by Ciel & Terre in 2011 

under the Hydrelio brand, mount each solar panel on an individual 
float equipped with integrated rails. These floats can incorporate 

electrical housing, function as perimeter barriers, or even serve as 
walkways. Adjacent floats snap together via pins, eliminating the 
need for a separate supporting superstructure. As a result, Class 2 

systems are more cost-effective than Class 1 designs, though their 
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modular rail-based layout limits customization—such as adding 
tracking or other efficiency upgrades. 

With greater surface contact with water, Class 2 floats are 
more prone to material wear and environmental stress, and while 

they typically perform well in freshwater at wave heights up to 1 m, 
they are less suited to open-sea conditions. Nevertheless, their 
affordability has driven widespread adoption: for example, a 

sheltered nearshore installation in the Persian Gulf employed 
bifacial panels to resist salt spray, and Chenya Energy’s Hydrelio 
array off Taiwan briefly held the title of world’s largest offshore solar 

plant. Despite these successes, fully offshore deployments continue 
to pose durability and performance challenges for this class. 

 

Class 3 
 
Class 3 FPV platforms are built by connecting individual floats into 
a single, walkable “island” on which solar panels and electrical 

equipment are mounted independently. Their rigid deck eliminates 
the need for narrow catwalks, resulting in a highly stable, safe 

structure that simplifies maintenance—albeit at a higher cost than 
other designs. Variations include replacing HDPE floats with 
concrete pontoons for even greater durability. Because of their 

robust construction, Class 3 systems excel in harsh marine 
conditions; for example, Oceans of Energy’s Dutch North Sea 
installation—the world’s first “high-wave” FPV—has withstood 

storms with wave heights up to 10 m. 
 

 

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 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. In 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 can 

submerge up to 2 meters and to be able to withstand the waves 
loads, this is since the wave induced velocity of water it decrease 
with water depth. 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. 



9 

 

 

 
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. 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. 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 closest distance from the water enhances cooling, 

potentially increasing yield by 5% over pontoon systems. Ocean Sun 
is testing systems in the Canary Islands and South Korea. A Dutch 
company is also test in a 20-kW pilot system in the Port of 

Rotterdam, aiming to scale it up to 5 MW on the North Sea. 
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Chapter 3.  

Methodology & Model Framework 
 

3.1 Research Workflow 

 
The research workflow employed in this thesis follows a structured, 
systematic approach designed to evaluate the techno-economic 

viability of floating photovoltaic (FPV) systems. This workflow 
encompasses multiple integrated steps: 
 

1. Definition of Input: 
 

o Selection of geographic coordinates (latitude and longitude). 
 

o Specification of analysis parameters, including year, desired 

system capacity, and platform class. 
 
2. Environmental Data Retrieval: 

 
o Utilization of ERA5 and CMEMS datasets to obtain site-

specific environmental data, including solar radiation (SSRD), 
wave characteristics (Hs, Tp), wind speed components (u10, 
v10), and bathymetric data. 

 
o Extraction and analysis of logistical data, particularly 

distances to the nearest ports from the deployment sites. 
 
3. Metric Computation: 

 
o Processing and summarizing data into meaningful annual 

metrics (e.g., mean wave height, mean wind speed, total 

annual solar irradiance). 
 

o Calculation of derived metrics such as the energy production 
potential in MWh per MW installed. 

 

4. Technical Sizing: 
 

o Determination of FPV system dimensions, including module 
counts, array area, and the selection of appropriate structural 
and mooring designs based on environmental scoring. 

 
5. Economic and Financial Assessment: 
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o Bottom-up estimation of capital expenditures (CapEx) and 
operational expenditures (OpEx), factoring in economies of 

scale. 
 

o Calculation of key financial indicators, including Net Present 
Value (NPV), payback time, and Levelized Cost of Energy 
(LCOE). 

 
6. Integration and Analysis: 
 

o Synthesizing environmental, technical, and economic data 
into a comprehensive analysis for decision-making support. 

 
 

 
Figure 3.1: Research Workflow Flowchart 

 
The above workflow provides a robust framework to systematically 
compare FPV projects across diverse geographic and environmental 

conditions. 
 

 

Inputs definition (Location, Year, 
Capacity, Platform Class)

Environmental Data Retrieval 
(ERAS, CMEMS, Port Database) 

Metric Computation (Hs, Tp, Wind, 
SSRD, Depth)

Technical Sizing (Modules, 
Mooring, Structures)

Economical & Financial Assessment 
(CapEx, OpEx, NPV, LCOE, Payback)

Integration and Analysis (Decision 
Support, Comparison)



12 

 

3.2 Data Sources 

 
The primary data sources utilized in this study include: 

 
ERA5 Reanalysis Dataset: Provided by ECMWF, this dataset 
supplies meteorological parameters, including solar radiation 

(SSRD), wind components (u10, v10), and bathymetric data. 
 

Copernicus Marine Environment Monitoring Service (CMEMS): 
Supplies high-resolution wave data, specifically significant wave 
height (Hs) and peak wave period (Tp). 

 
Port Data: Geographic information extracted from a comprehensive 
port database (CSV format), which includes locations and related 

logistical details critical for site accessibility assessments. 
 

 
Table 3.1: Summary of data sources, parameters, resolutions, and application in 

analysis. 
 

Data 
Source 

Parameters Spatial 
Resolution 

Temporal 
Resolution 

Application 

ERAS SSRD, wind 
speed, 
bathymetry, 

Hs 

0.1° Hourly/ 
Daily 

Environmental 
Analysis, 
Energy yield 

CMEMS Tp 0.2° Hourly Wave climate 

characterization 

Port 

Database 

Port 

locations, 
distances 

Point data Static Logistical cost 

estimation 

 

 

 
 

3.3 Data Processing & Metrics 

 
Environmental and logistical data retrieved from various sources 

undergo standardized processing to yield meaningful and 
comparable metrics: 
 

Wave Climate Metrics: Calculation of annual mean significant wave 
height (Hs) and peak period (Tp), including percentile analysis to 

characterize extreme events. 
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𝐻𝑠𝑚𝑒𝑎𝑛 =
1

𝑁
∑ 𝐻𝑠𝑖

𝑁

𝑖=1

               (3.1) 

𝑇𝑝𝑚𝑒𝑎𝑛 =
1

𝑁
∑ 𝑇𝑝𝑖

𝑁

𝑖=1

                 (3.2) 

 
Wind Regime Metrics: Derivation of average annual wind speed 

through vector calculations based on u10 and v10 wind 
components. 

 

𝑊𝑚𝑒𝑎𝑛 =
1

𝑁
∑ √𝑢10𝑖

2 + 𝑣10𝑖
2𝑁

𝑖=1        (3.3) 

 

 
Solar Resource Metrics: Computation of total annual surface solar 
radiation downward (SSRD), subsequently converted to energy yield 

(MWh/MW/year). 
 
Bathymetric Metrics: Determination of average water depth within 

the defined spatial boundaries for site assessment. 
 

𝐷𝑒𝑝𝑡ℎ𝑚𝑒𝑎𝑛 =
1

𝑁
∑ 𝐷𝑒𝑝𝑡ℎ𝑖

𝑁

𝑖=1

      (3.4) 

 
Logistics Metrics: Identification of the nearest port and calculation 
of geodesic distance to quantify potential logistical impacts on 

project feasibility. 
 
These computed metrics form a crucial basis for subsequent 

technical and economic evaluations. 
 

 
 

  

 

 

 

 

 

 

 

 

 
Figure 3.2: Example Raw Environmental Data from ERA5 Portal                  

(https://cds.climate.copernicus.eu) 
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3.4 FPV Techno-Economic Model 

 
The FPV techno-economic model developed in this study integrates 

multiple components and processes to assess the viability and 
performance of floating photovoltaic systems comprehensively. The 
model includes: 

 
Technical Sizing: Calculation of FPV system size, including the 

determination of the required number of photovoltaic modules, 
platform size, and mooring components based on environmental 
metrics and targeted power generation. 

 
Capital Expenditure (CapEx) Estimation: Detailed breakdown of 
initial investment costs, covering modules, floating structures, 

anchoring and mooring systems, electrical infrastructure, and 
installation activities. 

 
Operational Expenditure (OpEx) Estimation: Evaluation of recurring 
maintenance, operational management, and logistical support 

expenses over the project lifespan. 
 

Economies of Scale: Integration of scaling factors to reflect cost 
efficiencies realized with increasing project size. 
 

Financial Metrics: Calculation of economic performance indicators, 
including Net Present Value (NPV), Payback Period, and Levelized 
Cost of Energy (LCOE), to facilitate investment decisions. 

 

 

 

3.5 Implementation & Assumptions 

 
The FPV techno-economic model was implemented using Python 

programming language, employing various scientific libraries such 
as cdsapi, xarray, pandas, geopandas, and NumPy to ensure 
efficient data handling and processing. Key assumptions made 

during model development include: 
 

A constant discount rate of 6% for financial evaluations. 
 
Fixed photovoltaic module efficiency and performance ratio. 

 
Utilization of fixed-depth and fixed-distance assumptions where 
detailed measurements are unavailable. 
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Limitations inherent to the model include uncertainties associated 
with the reanalysis data sources, potential variability in real-world 

logistical constraints, and assumptions of stable economic factors 
over the project's lifetime. 
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Chapter 4 

Results and Discussions 
 

4.1 Site Selection Criteria 

 
The selection of case-study sites in this thesis is guided by the need 
to assess floating photovoltaic (FPV) feasibility across distinct 

marine environments. The goal is to evaluate how environmental 
variability—especially in wave energy, irradiance, and bathymetry—
affects platform choice, energy yield, and cost-efficiency. 

 
The two selected sites reflect contrasting but realistic deployment 

scenarios: 
 
Site A: A sheltered Mediterranean location with high solar radiation 

and low wave activity, typical of southern Europe’s coastal energy 
profile. 
 

Site B: A North Sea location characterized by higher wave energy, 
moderate irradiance, and more demanding structural conditions. 

 
Key selection criteria include: 
 

Wave regime: Differentiated significant wave height (Hs) and peak 
wave period (Tp) 

 
Solar potential: High vs. moderate SSRD (surface solar radiation 
downwards) 

 
Wind speed: Representative average marine wind speeds 
 

Water depth: Feasible mooring depths (15–25 m range) 
 

Port access: Proximity to coastal infrastructure to support 
installation and maintenance 
 

Data availability: Full-year environmental data from ERA5, CMEMS, 
and Polito datasets 

 
By contrasting these sites, the analysis reveals how FPV 
performance and costs scale under varied marine forcing, guiding 

location-specific technology choice and financial planning. 
 
The two geographic points selected for this analysis are: 
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Site A: Mediterranean Sea – Pantelleria, Italy 
 

Coordinates: 36.823° N, 11.3203° E 
 

Located between Sicily and Tunisia, Pantelleria lies in a solar-rich 
region with moderate wind and very low wave activity. The site 
benefits from relative shelter, low turbidity, and proximity to small 

harbor infrastructure. These factors make it a strong candidate for 
Class 1 or Class 2 floating platforms. 
 

Site B: North Sea – West Frisian Islands, The Netherlands 
 

Coordinates: 53.42° N, 5.6° W 
 
This open-water site lies offshore of the Dutch coast, exposed to 

frequent Atlantic weather systems. It experiences strong winds and 
higher wave energy compared to the Mediterranean, making it 

representative of challenging North Sea conditions. The proximity to 
Dutch ports supports offshore logistics but necessitates more robust 
platform solutions such as Class 3. 

 
These sites were selected not only for their geographic contrast but 
also for their relevance to ongoing marine energy research and data 

accessibility. 
 

 

 
Figure 4.1: Regional Map of Mediterranean Case-Study Site 
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Figure 4.2: Regional Map of North Sea Case-Study Site 
 

 

 

 
Figure 4.3 and 4.4: Histogram of Significant Wave Height (wave.est.polito.it) 

 

 

Figure 4.3: Probability distribution of significant wave height (Hs) at 
Site A (Pantelleria) over a 12-month period. Most Hs values fall below 

1.5 meters, with over 60% of observations below 1.0 m, indicating 
predominantly calm sea states favorable for Class 1 or 2 floating 

platforms. 
 

Figure 4.4: Probability distribution of significant wave height (Hs) 

at Site B (North Sea). The distribution is broader than at Site A, 
with a peak around 0.8–1.0 m and a longer tail extending beyond 

5.0 m, indicating the presence of more frequent and higher-energy 
wave events. 
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Figure 4.5 and 4.6: Histogram of Wave Energy Period (wave.est.polito.it) 
 

 

Figure 4.5: Probability distribution of wave energy period (Tp) at Site 
A (Pantelleria). Most wave periods fall between 3.5 and 6.5 seconds, 

peaking around 4.5–5.0 seconds. These short-period swells indicate 
relatively benign wave forcing, favorable for lighter mooring and 
platform configurations.  
 
Figure 4.6: Probability distribution of wave energy period (Tp) at Site 
B (North Sea). The distribution peaks around 4.5 to 5.0 seconds, 

with a broad tail extending beyond 8.0 s. This indicates the presence 
of longer-period waves compared to Site A, consistent with deeper 

water and higher fetch exposure. 
 

 

Figure 4.7 and 4.8: Monthly Analysis of Significant Wave Height 

(wave.est.polito.it) 

 
 
Figure 4.7: Monthly variation in significant wave height (Hs) at Site 

A (Pantelleria), showing 5th percentile (red), mean (yellow), and 95th 
percentile (green) values. The summer months (June–August) 

exhibit the calmest conditions, while winter months (December–
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February) see increased wave heights, reaching up to 3.2 m at the 
95th percentile. 

 
Figure 4.8: Monthly variation in significant wave height (Hs) at Site 

B (North Sea). Winter months (Dec–Feb) show higher mean and 95th 
percentile values, with peak events exceeding 3.0 m. Summer 
months (Jun–Aug) exhibit calmer conditions, though still more 

energetic than Site A. 
 

 
Figure 4.9 and 4.10: Monthly Analysis of Wave Energy Period (wave.est.polito.it) 

 
 

Figure 4.9: Monthly variation in wave energy period (Tp) at Site A 
(Pantelleria), displaying 5th percentile (red), mean (yellow), and 95th 
percentile (green) values. Tp values are shortest during summer 

months (June–August) and longest in winter (November–January), 
following the seasonal wave energy trend in the Mediterranean. 

 
Figure 4.10: Monthly variation in wave energy period (Tp) at Site B 
(North Sea). Mean values remain above 5.0 s year-round, with 95th 

percentiles reaching 7.5–8.0 s during the winter season. These 
longer periods reflect high-energy swells, underscoring the need for 
structurally resilient FPV platforms. 

 

 
Figure 4.11 and 4.12: Yearly Analysis of Significant Wave Height 

(wave.est.polito.it) 
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Figure 4.11: Annual variation in significant wave height (Hs) at Site 

A (Pantelleria) from 2010 to 2019. While year-to-year variability is 
modest, the mean remains relatively stable (~1.0 m), with 95th 

percentile values fluctuating between 2.4 and 2.9 m, confirming 
long-term suitability for FPV deployment in a low-wave regime. 
 

 
 
 

Figure 4.12: Yearly variation in significant wave height (Hs) at Site 
B (North Sea) from 2010 to 2019. The mean Hs remains stable 

around 1.1–1.2 m, while 95th percentile values consistently range 
from 2.4 to 3.0 m, reflecting a persistent high-energy environment 
over the decade. 

 

Figure 4.13 and 4.14: Yearly Analysis of Wave Energy Period (wave.est.polito.it) 
 
 

Figure 4.13: Yearly variation in wave energy period (Tp) at Site A 
(Pantelleria) from 2010 to 2019. The mean Tp remains consistent 

(~5.0 s), with 95th percentile values ranging from 6.8 to 7.5 seconds. 
The limited variability further supports stable long-term design 
assumptions for platform classification and mooring design. 

 
Figure 4.14: Yearly variation in wave energy period (Tp) at Site B 

(North Sea) from 2010 to 2019. Mean Tp remains steady around 5.2–
5.4 seconds, with 95th percentile values consistently between 6.8 
and 7.3 seconds. This indicates persistent long-period swell 

conditions, supporting the need for robust platform anchoring 
systems. 
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Figure 4.15 and 4.16: Joint Occurrence Matrix of Hs and Tp (wave.est.polito.it) 

 
Figure 4.15: Joint occurrence matrix of significant wave height (Hs) 

and wave energy period (Tp) at Site A (Pantelleria). Most wave events 
cluster below 1.5 m in Hs and between 3–6 s in Tp, confirming the 
low-energy sea state. This reinforces the suitability of lightweight 

mooring and Class 1–2 floating structures. 
 
Figure 4.16: Joint occurrence matrix of significant wave height (Hs) 

and wave energy period (Tp) at Site B (North Sea). The most frequent 
sea states occur between 0.9–1.5 m in Hs and 4.0–6.0 s in Tp, 

indicating frequent exposure to mid-energy waves typical of shallow 
shelf seas. 
 

 
Table 4.1: Summary of Key Environmental Metrics (2023) with 0.1`box size 

(11km*11km area centered around the locations) 

 

Parameter Site A Site B 

   

Mean Hs (m) 0.86 1.26 

Mean Tp (s) 4.28 8.15 

Mean Wind Speed (m/s) 5.50 7.16 

Depth (m) 191 24 

Closest Port Tazerka Oil Terminal Harlingen 

Distance to Port (km) 40.8 29 
 

 

 

 

4.2 Platform Class Assignment 

 
Platform class assignment is based on key environmental 
parameters, including significant wave height (Hs), wave energy 

period (Tp), and wind speed. These variables are compared against 
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refined thresholds derived from design criteria and classification 
studies. 

 
Table 4.2: Platform Class Criteria Based on Environmental Thresholds 

 

Parameter Class 2 Class 1 Class 3 

Hs (m) 𝐻𝑠 < 1.47 1.47 ≤ 𝐻𝑠 < 2.08 2.08 ≤ 𝐻𝑠 ≤ 4.03 

Tp (s) 𝑇𝑝 < 5.5 5.5 ≤ 𝑇𝑝 < 7.0 𝑇𝑝 ≥ 7.0 

Wind Speed 
(m/s) 

𝑊𝑆 < 6.0 6.0 ≤ 𝑊𝑆 < 8.0 𝑊𝑆 ≥ 8.0 
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4.3 Energy Production Analysis 
 

 

4.3.1 Method Overview 

 
 

This chapter presents the methodology and results of the energy 

production analysis for floating photovoltaic (FPV) systems at the 
two selected case-study sites. The objective is to estimate the annual 
electricity yield in megawatt-hours (MWh) based on site-specific 

solar irradiance and system characteristics, while accounting for 
platform class variations. 

 
The primary environmental input for energy production is the 
annual surface solar radiation downward (SSRD), sourced from the 

ERA5 reanalysis dataset. SSRD values are extracted for each site’s 
bounding box and summed over the calendar year to obtain the total 
incoming solar energy in joules per square meter. These values are 

converted to kilowatt-hours per square meter (kWh/m²) using the 
standard factor: 

 

𝑆𝑆𝑅𝐷𝑘𝑊ℎ/𝑚2 =
𝑆𝑆𝑅𝐷𝐽/𝑚2

3.6 × 106
        (4.1) 

 
 

Figure 4.17: Annual surface solar radiation downward (SSRD) for Site A 

(Pantelleria) and Site B (North Sea) over the period 2009–2023. Pantelleria shows 
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consistently higher irradiance with low interannual variability, whereas the North 

Sea exhibits moderately lower and more variable solar availability 
 

4.3.2 Solar Resource and Yield Model 

 
 

The net energy output of the FPV system is calculated using the 
following formula: 
 

 

𝐴𝑛𝑛𝑢𝑎𝑙 𝐸𝑛𝑒𝑟𝑔𝑦 𝑂𝑢𝑡𝑝𝑢𝑡 = 𝑆𝑆𝑅𝐷𝑘𝑊ℎ/𝑚2 × 𝜂𝑆𝑇𝐶 × 𝑃𝑅 × 𝐴 × 𝐸𝐹  (4.2) 

 

 
Where: 
ηSТС is the module efficiency under standard test condition (assumed 

20%) 
PR is the performance ratio accounting for system losses (assumed 

80%) 
A is the active module required to achieve the system capacity 
EF is the energy factor, which adjusts output based on FPV platform 

class 
Active area A is calculated as: 
 

𝐴 =  
𝐶𝑎𝑝𝑎𝑐𝑖𝑡𝑦𝑀𝑉 × 106

1000 × 𝜂𝑆𝑇𝐶
     (4.3) 

 

Platform class influences energy production through the class-
dependent energy factor (EF): 

 
Class 1: EF = 1.00 

 
Class 2: EF = 0.90 (e.g., limited tracking or tilt adjustment) 
 

Class 3: EF = 1.10 (e.g., bifacial modules or active cooling systems) 
 

𝑃𝑐𝑜𝑟𝑟𝑒𝑐𝑡𝑒𝑑 = 𝛾 × 𝑃,       𝛾 = 1.10                (4.4) 
 
Finally, to account for annual degradation in energy yield over time 
(with degradation rate δ = 2%), the yearly production for year y is 

given by: 

𝐸𝑦 = 𝐸1 × (1 − 𝛿)𝑦−1           (4.5) 

 
This methodology enables consistent and scalable energy yield 

estimation across both sides and all platform configurations. 
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4.3.3 Annual Energy Output by Site and Class 

 

To evaluate the effect of platform design on energy output, the gross 
annual yield from each site is scaled by the corresponding class-

based energy factor (EF). This adjustment accounts for differences 
in yield-enhancing features such as bifacial modules or tracking 
systems. 

 
Table 4.3: Estimated Annual Energy Output by Platform Class (1 MW System) 

 

Site  Class 1 (EF = 1.00) Class 2 (EF = 0.9) Class 3 (EF = 1.10) 

Site A 1,462 MWh 1,316 MWh 1,609 MWh 

Site B 928 MWh 835 MWh 1,020MWh 

 

 
As expected, Site A consistently delivers higher energy output across 
all platform classes due to its superior solar resource. Class 3 

systems offer enhanced yields owing to design improvements, but 
these must be weighed against higher capital and operational costs 
in later chapters. 

 

4.3.4 Sensitivity to Performance Parameters. 

 

To assess the robustness of the energy yield model, we analyze its 
sensitivity to key system parameters, namely: 

o Module Efficiency (ηSTC) 
o Performance Ratio (PR) 
o Degradation Rate (δ) 
o Energy Factor (EF) 

 
Variation in Module Efficiency  
Assuming the base case ηSTC = 0.2, we explore a ±2% range: 
 

Table 4.4 shows variations in Module Efficiency 

 

Efficiency  Site A Output (MWh) Site B Output (MWh) 

0.18 1,316 835 

0.2 1,462 928 

0.22 1,609 1,020 
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A change in PR from 0.75 to 0.85 shows: 
 

 
Table 4.5 shows variation in Performance Ratio (PR) 

 

PR value Site A Output (MWh) Site B Output (MWh) 

0.75 1,371 870 

0.8 1,462 928 

0.85 1,553 986 
 

 

Degradation Over Time 
Considering a 2% annual degradation: 
 

𝐸𝑦 = 𝐸1 × (1 − 0.02)𝑦−1    (4.6) 

 
This results in approximately 32% cumulative energy loss over 25 

years. Class 3 systems, with higher initial production, may preserve 
more long-term value despite a slightly steeper decline. These 
sensitivities emphasize the importance of site-specific calibration 

and class-appropriate performance assumptions in techno-
economic modeling. 
 

Figure 4.18 Annual Energy Production Over 20 Years With 2% Degradation 
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4.4 Detailed Cost Breakdown and Modeling 

Approach 

 
A bottom-up approach (BuA) is utilized to estimate the costs related 

to various floating platform designs and their associated mooring 
systems. This method involves breaking down each FPV platform 
into its essential structural components, characterized by defined 

material properties and geometric parameters. The cost of each 
element is then calculated independently, and the overall platform 

cost is derived by summing the individual component costs [50]. 
 
After specifying the geometry and material composition, the total 

cost of the platform is computed using the following equation: 
 

𝐶𝑝𝑙𝑎𝑡𝑓𝑜𝑟𝑚 = ∑ (𝑢𝑖𝑖 × 𝑄𝑖) + 𝐶𝑚𝑎𝑛𝑢𝑓𝑎𝑐𝑡𝑢𝑟𝑖𝑛𝑔    (4.7) 

 
Where ui represents the unit cost of material i, and Qi is the 

corresponding quantity required. The term Cmanufacturing 
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 

 

4.4.1 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 m2 is considered, allowing for the installation 
of approximately 70 photovoltaic modules. 
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Figure 4.19: Class 1: typical floater design 

 
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 light weight and high corrosion 

resistance, suitable for components under lower structural loads, 
and the floaters are abricated from High-Density Polyethylene 
(HDPE), chosen for its UV and saltwater resistance, mechanical 

robustness, and relatively low cost. 
 
Table 4.6: Cost breakdown of Class 1 materials, including unit price, weight, and 

total cost 

Material Mass Cost Total Cost 

Aliminium 
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, forming the basis for further techno-economic analysis 

of Class 1 systems. In Table 4.6, the overall cost estimation is 
completed by including the manufacturing and assembly expenses. 
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Table 4.7: Total cost summary for Class 1 platform, including material and 

manufacturing costs 

 
Material/Service Cost Unit of Measure 

Aliminium 5005 336 € 

Steel AISI 205 7,845 € 

HDPE 1,291 € 

Manufacturing work/assemmbly  1,894 € 

Total 11,366 € 

 

 

4.4.2 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 
 

Figure 4.20: Class 2: floater design from Ciel&Terre [22]. 

 
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 4.8: 
 

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 
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module. The material usage and associated costs per floater are 
summarized in Table 4.8: 

 
Table 4.8: Cost breakdown of Class 2 materials, including unit price, weight, and 

total cost 

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

Aliminium 

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 4.9 summarizes the cost 
breakdown for the Class 2 platform, including material costs and 

the estimated manufacturing and assembly expenses. 
 

Table 4.9: Total cost summary for Class 2 platform, considering materials and 

increased manufacturing complexity. 

Material/Service Cost Unit of Measure 

Aliminium 5005 4.86 € 

HDPE 63.86 € 

Manufacturing work/assemmbly  27.5 € 

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 €. 

 

 

4.4.3 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 

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 paltfrom 
can host 80 modules. 
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Figure 4.21: 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 4.10. The structure 

primarily consists of aluminium, supported by HDPE and stainless 
steel components. 
 

Table 4.10: Cost breakdown of Class 3 materials, including unit price, weight, 
and total cost. 

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

Aliminium 

5005 

3,500 2.43 8,505 

HDPE 1,500 1.22 1,830 

Steel AISI 205 500 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 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 4.11: 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 

Aliminium 5005 8,505 € 

HDPE 1,830 € 

Stainless Steel  1,500  

Manufacturing work/assemmbly  4,668 € 

Total 16,503 € 
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4.4.4 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 lexibility to withstand varying sea 
conditions, which is essential for offshore floating PV installations. 
The mooring chain length lchain is determined by the sea depth Hd, 

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 
is reduced [9]. So the chain length can be calculated as follows: 

 

𝑙𝑐ℎ𝑎𝑖𝑛 = 1.4 × 𝐻𝑑   (4.8) 
 

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

Table 4.12: Summary of the main characteristics of the mooring chain. 

Characteristics 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: 

𝐶𝑐ℎ𝑎𝑖𝑛 = 𝑙𝑐ℎ𝑎𝑖𝑛 × 18.2 × 2.75   (4.9) 
 

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: 

𝐶𝑑𝑟𝑎𝑔 = 736,000 ×
0.052

9.81
   (4.10) 

 

Resulting in: 
 

𝐶𝑑𝑟𝑎𝑔 = 736,000 ×
0.052

9.81
≈ 3,901.32 €   (4.11) 

 

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

𝐶𝑚𝑜𝑜𝑟𝑖𝑛𝑔 = 𝐶𝑐ℎ𝑎𝑖𝑛 + 𝐶𝑑𝑟𝑎𝑔  (4.12) 
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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 dcoast of 1,000 m and a water 

depth of 40 m, the chain length per mooring line is set to 56m. The 
number of mooring lines required varies by platform class: 
• Class 1: 1 mooring line per platform 

• 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: 
 

𝐶𝑚𝑜𝑜𝑟𝑖𝑛𝑔 = 56 × 18.2 × 2.75 + 3,901 = 5,802 €/𝑙𝑖𝑛𝑒   (4.13) 
 

 
 

 

 

4.4.5 Electrical components 

 

 
As mentioned in Section above, there are two main layout options 
for electrical design. First place all the necessary electrical 
components—such as inverters and transformers—on the floating 

platforms. In this case, the electricity is converted to AC offshore, 
and an underwater AC cable is used to transmit it to 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 4.13: 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 Pn and dcoast, it’s possible to determine the total cost of 
the substation Csubstation and of the submarine cable Ccables: 
 

𝐶𝑠𝑢𝑏𝑠𝑡𝑎𝑡𝑖𝑜𝑛 = 157,360 × 𝑃𝑛   (4.14) 
 

𝐶𝑐𝑎𝑏𝑙𝑒𝑠 = 2.18 × 𝑃𝑛 × 𝑑𝑐𝑜𝑎𝑠𝑡  (4.15) 
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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 evaluated 
starting from the Pn: 

 
 

𝐶𝑃𝑉 =
𝑃𝑛

𝑃𝑝𝑎𝑛𝑒𝑙
× 𝐶𝑝𝑎𝑛𝑒𝑙    (4.16) 

 
 

Table 4.14: Cost breakdown of Class 2 materials, including unit price, weight 

and total cost. 

 

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

Aliminium 
5005 

2 2.43 4.86 

HDPE 13 4.86 63.86 
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4.5 Energy, Environmental, and Economic 

Assessment 

 
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 NPV 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 Bt 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 chosen [9]: 

 
 

𝑁𝑃𝑉 = −𝐼 + ∑
𝐵𝑡−𝑀𝐶𝑡

(1+𝑖)𝑡
𝑛
𝑡=1         (4.17) 

 

 
The i corresponds to the capital expenditures CapEx, which are 
composed of several components: 

 
 

𝐼 = 𝐶𝑎𝑝𝐸𝑥 = 𝐶𝑐𝑜𝑛 + 𝐶𝑒𝑙 + 𝐶𝑝𝑙𝑎𝑡𝑓𝑜𝑟𝑚 + 𝐶𝑚𝑜𝑜𝑟𝑖𝑛𝑔 + 𝐶𝑃𝑉 + 𝐶𝑖𝑛𝑠𝑡𝑎𝑙𝑙𝑎𝑡𝑖𝑜𝑛    (4.18) 

 
 

Where Cplatform and Cmooring 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 MCt accounts 

for the maintenance cost during each period, which represents the 
operational expenditures OpEx, and is defined as: 
 

𝑀𝐶𝑡 = 𝑂𝑝𝐸𝑥 = 0.025 × 𝐶𝑎𝑝𝐸𝑥     (4.19) 
 
In this analysis, the Bt 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 
 

 

𝐵𝑡 = 𝐸𝑛𝑒𝑟𝑔𝑦𝑡 × 𝐶𝑘𝑤ℎ  (4.20) 
 

 
Since the two selected locations (Pantelleria and North Sea) are 
either island-based or exposed marine zones with potential 

infrastructure constraints, the cost of electricity 𝐶kWh is evaluated 
under a hybrid supply assumption. Specifically, we assume that 
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80% of the electricity demand is met by the national grid, while the 
remaining 20% is produced using diesel generators for backup or 

peak demand. 
 

According to literature (Casillas et al. [54]), the specific fuel 
consumption of typical diesel generators (55–110 kW range) falls 
between 0.41 and 0.52 L/kWh, with an average of 0.465 L/kWh 

used in this study. The diesel generation cost 𝐶diesel-kWh is calculated 
using local diesel prices for each site and this conversion factor. 
 

The cost per kilowatt-hour of electricity generated by diesel 

generator 𝐶diesel-kWh is estimated using the following equation. 

 

𝐶diesel−kWh = 𝐶diesel × 𝜂𝑑𝑖𝑒𝑠𝑒𝑙   (4.21) 

 

 

Where the average fuel consumption 𝜂𝑑𝑖𝑒𝑠𝑒𝑙 used for this calculation 
is: 

 

𝜂diesel =
0.41 + 0.52

2
= 0.465 𝐿/𝑘𝑊ℎ 

 

The final CkWh used in the analysis is calculated as a weighted 
average, where 80% of the electricity is assumed to come from the 
grid and 20% from diesel generators: 

 
 

𝐶diesel−kWh = 0.2 × 𝐶diesel−kWh + 0.8 × 𝐶𝑔𝑟𝑖𝑑 (4.22) 

 

 

In this analysis, parameters such as unit selling price, and retail 
value are assumed to remain constant throughout the system’s 
lifetime. The NPV 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 tPBT, which is 
defined as the period required to recover the initial investment 
through accumulated savings or revenues [53]. The tPBT is 

determined by the condition: 
 

𝑃𝐵𝑇 = 𝑡𝑃𝐵𝑇  →  𝑁𝑃𝑉(𝑡𝑃𝐵𝑇 ) = 0 
 
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, 
considering both CapEx and OpEx over the project’s lifetime [7] 
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𝐿𝐶𝑂𝐸 =
𝐼+∑

𝑀𝐶𝑡
(1+𝑖)𝑡

𝑛
𝑡=1

∑
𝐸𝑡

(1+𝑖)𝑡
𝑛
𝑡=1

     (4.23) 

 

 
 

 
 

4.5.1 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: 
 

𝐶
𝑖𝑛𝑠𝑡𝑎𝑙𝑙 𝑃𝐹 𝑉

(𝑥, 𝑦) = 𝑛𝐹𝑃𝑉 [𝑇𝑖𝑛𝑠𝑡𝑎𝑙𝑙 +
2𝑑(𝑥,𝑦)

𝑣𝑏𝑜𝑎𝑡
] ×

𝐶𝑏𝑜𝑎𝑡+𝐶𝑑𝑖𝑣𝑒𝑟𝑠+𝐶𝑤𝑜𝑟𝑘𝑒𝑟𝑠

𝑛𝐹𝑃𝑉𝑝𝑒𝑡𝑟𝑖𝑝
,   (4.24) 

 
 
where: 

1. nFPV: total number of floating units to be installed in the project 
2. nFPV_petrip: number of floating units that can be transported and 

deployed per trip by the installation vessel. 
3. Tinstall: time required to install a single FPV unit once on site. 
4. d(x,y): distance from the installation site to shore, expressed 

as a function of its spatial coordinates. 
5. Vboat: speed of the jack-up vessel used during the transport 

and installation phases.  

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

7. Cdivers: cost of divers (per unit of time). 
8. Cworkers: cost of workers (per unit of time). 

 

 
The input parameters used in the equation are summarized in 

Table 4.15: 
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Table 4.15: Input parameters used for the installation cost estimation. 

 

Symbol Value  Unit of Measure  Source 

ηFPV Depends on system size - Assumed 

ηFPV_pertrip Depends on class type units/trips - 

Tinstall 0.5 hours/unit - 

d(x,y) - km - 

vboat 2000 m/h [18] 

Cboat 120 € [58] 

Cdivers 50 € [58] 

Cworkers 90 € [58] 
 

The Tinstall of each platform and nFPV_pertrip are assumed by 
considering the values of deployment of similar off-shore 
technologies. In the case of Class1 and Class2 we consider 5 units 

transported per trip, while for class3 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.    
 

 
 

 

4.5.2 Comparative plots 

 

Figure 4.22 Cost Breakdown by Platform Class 
 
 
 

Figure 4.21Here is the cost breakdown chart for your three platform 
classes using fixed parameters from your code (1 MWp system, 20 

m depth, 5 km distance). The costs are separated into components—
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Mooring, Platform, Panels, Electrical, and Labor—and displayed in 
thousands of euros (€k). 
 
Figure 4.21 illustrates the absolute cost breakdown (in thousands 

of euros) of Floating Photovoltaic (FPV) systems across three 
structural classes—Class 1, Class 2, and Class 3—for a 1 MWp 
system, assuming fixed environmental conditions (water depth of 20 

m and distance to shore of 5 km). The cost components are divided 
into mooring, platform, panels, electrical infrastructure, and labor. 
 

Despite constant panel and electrical costs across all classes (since 
these components are independent of structural classification), the 

figure highlights significant cost variations in mooring and platform 
structures. Class 3, which includes a composite triangle design with 
higher structural robustness, incurs the highest mooring and 

platform costs, followed by Class 1. Class 2, based on simpler 
pontoons, demonstrates the lowest structural cost contributions, 

but at the expense of operational resilience. This visualization is 
crucial in emphasizing the trade-offs between cost and platform 
durability in varying marine conditions. 

 
 

 
Figure 4.23: Share of cost components for each class. 

 

 
Figure 4.22 presents the relative share (%) of each cost component 
within the total system cost for each FPV class. The pie charts 

normalize the data from Figure 4.21, providing insight into the 
internal cost structure of each platform configuration. 

 
For Class 1, platform costs dominate (≈25%), while panels contribute 
nearly half of the total cost. Class 2 shows an even stronger 

dependence on panel costs (≈56%), making it the most panel-
dominated configuration due to reduced structural expenditures. In 

contrast, Class 3 exhibits a more balanced cost distribution, with 
mooring (≈18%) and platform (≈27%) taking a more substantial 
share, reflecting its robustness for harsher sea conditions. 
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These visualizations support a comparative techno-economic 
assessment, revealing how class selection affects not only total 

capital expenditure but also the allocation of investment across 
different subsystems. 

 

Figure 4.24: CapEx sensitivity to Pn.  
 
 

 
The graph shows the capital cost trajectory for each platform class 
(Class 1, 2, and 3) as the installed power increases from 0.1 MW to 

2.0 MW. The cost trend follows a sub-linear scaling governed by the 
exponent P0.9, as implemented in your code.  

 
Class 3 consistently exhibits the highest CAPEX due to more 
complex structures and higher platform and mooring costs.  

 
Class 2, optimized for cost efficiency, remains the most economical 

configuration. 
The divergence in cost curves widens with increasing system size, 
reinforcing that scaling up amplifies the economic impact of platform 

choice. 
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4.5.3 Economies of Scale in CapEx and OpEx Estimation 

 

To more accurately reflect the behavior of large-scale FPV systems, 
the cost model integrates the effect of economies of scale. In real-
world deployments, unit costs generally decrease as system capacity 

increases due to improved purchasing power, shared infrastructure, 
and operational efficiencies. 

 
In this thesis, both capital expenditures (CapEx) and operational 
expenditures (OpEx) are adjusted using scaling exponents derived 

from relevant literature on floating solar system design and cost 
modeling.[61] 
 

The scaled CapEx is given by: 
 

𝐶𝑎𝑝𝐸𝑥𝑡𝑜𝑡𝑎𝑙 = 𝐶𝑎𝑝𝐸𝑥𝑢𝑛𝑖𝑡 × 𝑃𝑛
0.9       (4.25) 

 
Similarly, OpEx is scaled by: 

 

𝑂𝑝𝐸𝑥𝑡𝑜𝑡𝑎𝑙 = 𝑂𝑝𝐸𝑥𝑢𝑛𝑖𝑡 × 𝑃𝑛
0.9    (4.26) 

 
Where Pn is the installed capacity in MW. The exponent value of 0.9 

reflects a mild sub-linear relationship (i.e., the cost increases less 
than proportionally with power capacity). This approach is 

consistent with commonly adopted methods in the techno-economic 
evaluation of solar energy systems, particularly in floating and 
offshore applications. 

 

Figure 4.25: CapEx per MW vs. System Size for both Pantelleria and the North 

Sea. 

 

 
This figure illustrates the impact of economies of scale on the capital 
cost per unit of installed capacity for all three FPV platform classes 

across two locations: Pantelleria (Site A) and the North Sea (Site B). 
The curves show how CapEx per megawatt (€/MW) decreases with 
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increasing system size, following a sub-linear scaling law defined by 
a power exponent of 0.9. 

 
The effect is especially pronounced in the lower capacity range (0.1–

1.0 MW), where marginal gains from scaling are strongest. As 
capacity increases, the CapEx per MW for each class asymptotically 
approaches a lower bound, demonstrating diminishing returns but 

still indicating cost advantage at scale. 
 
Pantelleria consistently shows slightly lower unit costs across all 

classes, mainly due to reduced mooring complexity and labor 
assumptions. Class 3, being structurally more complex, maintains 

a higher CapEx baseline, though it too benefits from scale. This 
figure confirms that system sizing plays a key role in project viability 
and cost efficiency, particularly for offshore and nearshore 

applications where fixed overheads and anchoring dominate total 
expenditure. 

 
 
 

 

4.6 CO2 Emissions Avoided 

 

 
One of the primary environmental benefits of deploying FPV systems 
is the reduction in carbon dioxide (tCO2) emissions through the 
displacement of fossil fuel-based electricity generation. This section 

quantifies the total tCO2 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. 

 

𝐶𝑂2,𝑎𝑣𝑜𝑖𝑑𝑒𝑑 = 𝐸𝑦 × 𝐸𝐹𝑎𝑣𝑔    (4.27) 

 

 
Where EFavg is the average emission factor of the displaced 

electricity source, expressed in tons of CO2 per megawatt-hour 
(kgCO2/MWh) 
 

The EFavg 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 
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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 EFavg from diesel-based 
electricity production is estimated at 1.585 kgCO2/kWh. A weighted 
average EFavg 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 

 

𝐸𝐹𝑎𝑣𝑔 = 0.2 × 𝐸𝐹𝑑𝑖𝑒𝑠𝑒𝑙+0.8 × 𝐸𝐹𝑔𝑟𝑖𝑑   (4.28) 

 
 
 

In Table 4.16 the results relating to the average emission factor for 
each location, EFavg, are summarized, where in Et the first year is 
considered. 

 
Table 4.16: Estimated annual tCO2 emissions avoided by FPV deployment at each 

location. 

Site  Ey (MWh/yr) EFavg (tCO2/MWh) tCO2/year avoided 

Pantelleria 1462.73 0.547 800.59 

North Sea 928.04 0.357 331.32 

 

 
The analysis shows that the FPV system deployed in Pantelleria has 

a significantly higher CO₂ offset compared to the same system in the 

North Sea. This is primarily due to: 
 
A higher solar yield (leading to more energy production), 

 
And a dirtier grid mix in southern Italy versus offshore Dutch power, 
which is already heavily decarbonized. 

 
These findings underline the dual environmental and economic 

benefits of deploying FPV in semi-isolated, diesel-dependent regions. 
They also reinforce the policy case for prioritizing renewable 
investments in areas with higher marginal carbon intensity. 
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Figure 4.26 Cumulative tCo2 emissions avoided overtime 

 

Here's the plot illustrating the cumulative tons of CO₂ emissions 
avoided over a 25-year period for the two selected locations—

Pantelleria and the North Sea site: 
 

Figure: Cumulative tCO₂ Emissions Avoided Over Time 

Pantelleria starts with a higher annual CO₂ displacement (800.59 

tCO₂/year), which results in significantly greater cumulative avoided 
emissions. 
 

North Sea exhibits a more modest CO₂ displacement rate (331.32 

tCO₂/year), reflecting its cleaner baseline energy mix and lower solar 
yield. 
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Summary 

 
This chapter synthesizes the analytical results and visualization 
outputs from the preceding technical and economic modeling. While 
Chapters 5 through 7 focused on energy estimation, cost structure, 

and financial indicators, here we consolidate those findings and 
provide additional interpretations to highlight comparative strengths 

and weaknesses of the two locations (Pantelleria and North Sea) and 
three platform classes. 
 

Table 5.1 summarizes the energy and economic results for both 
Pantelleria (Site A) and North Sea (Site B)—at three system sizes: 1 

MW, 10 MW, and 100 MW. Values are derived from the techno-
economic model using fixed assumptions: 20 m bathymetry depth, 
5 km distance to shore, and site-specific irradiance and 

environmental metrics. 
 

Table 5.1 Key metrics for 1Mwh 
 

Site  Class Energy 
(MWh/yr) 

CapEx 
(€M) 

NPV 
(€M) 

LCOE 
(€/MWh) 

Payback 
(yr) 

Pantelleria  Class 1 1462.73 1.093 0.686 65.84 10 

Pantelleria  Class 2 1316.46 1.189 0.412 77.57 14 

Pantelleria  Class 3 1609.00 1.530 0.406 82.04 15 

North Sea Class 1 928.04 1.093 -0.039 103.78 None 

North Sea Class 2 835.24 1.189 -0.240 122.27 None 

North Sea Class 3 1020.85 1.530 -0.391 129.31 None 
 

 
 

At 1 MW scale, the results highlight substantial differences between 
the two sites. Pantelleria significantly outperforms the North Sea 
across all platform classes in terms of net present value (NPV), 

levelized cost of energy (LCOE), and payback period. For instance, 
Class 1 in Pantelleria achieves an LCOE of €65.84/MWh and a 
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payback of 10 years, while the same class in the North Sea results 
in a much higher LCOE of €103.78/MWh with no payback within 

the project lifetime. 
 

These discrepancies are largely driven by environmental 
differences—Pantelleria benefits from higher solar irradiance and 
calmer sea conditions, leading to greater energy production and 

lower capital risks. In contrast, the North Sea's harsher wave regime 
and lower solar yield reduce both technical and financial 
performance at small scale. 

 
 

 

Table 5.2 Key metrics for 10Mwh 

 

Site  Class Energy 
(MWh/yr) 

CapEx 
(€M) 

NPV 
(€M) 

LCOE 
(€/MWh) 

Payback 
(yr) 

Pantelleria  Class 1 14627.32 8.711 9.495 52.45 7 

Pantelleria  Class 2 13164.58 9.475 6.910 61.79 10 

Pantelleria  Class 3 16090.05 12.196 7.669 65.36 10 

North Sea Class 1 9280.45 8.711 2.250 82.67 16 

North Sea Class 2 8352.40 9.475 0.389 97.39 22 

North Sea Class 3 10208.49 12.196 -0.300 103.01 None 

 
 

 
As capacity increases to 10 MW, economies of scale begin to take 

effect. Both sites show improved financial viability, although 
Pantelleria still leads in all classes. Class 1 sees its LCOE drop to 
€52.45/MWh in Pantelleria and €82.67/MWh in the North Sea. 

Payback periods also shorten, most notably for Class 1 in Pantelleria 
(7 years), reinforcing its suitability for cost-effective deployment. 
 

Interestingly, Class 3 in the North Sea remains financially infeasible 
at this scale (NPV still negative), suggesting that more structurally 

robust platforms require either higher capacity or more favorable 
conditions to break even. 
 

Table 5.3 Key metrics for 100Mwh 

 

Site  Class Energy 

(MWh/yr) 

CapEx 

(€M) 

NPV 

(€M) 

LCOE 

(€/MWh) 

Payback 

(yr) 

Pantelleria  Class 
1 

146273.17 69.199 116.182 41.67 5 

Pantelleria  Class 
2 

131645.85 75.269 91.574 49.08 7 

Pantelleria  Class 
3 

160900.48 96.879 105.758 51.92 7 
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North Sea Class 

1 

92804.47 69.199 43.730 65.67 10 

North Sea Class 
2 

83524.02 75.269 26.367 77.36 14 

North Sea Class 
3 

102084.92 96.879 26.061 81.83 15 

 
At 100 MW, the impact of scaling becomes fully apparent. Every 

configuration, including those previously unprofitable, becomes 
viable. For example, Class 1 in the North Sea, which failed to repay 
in 25 years at 1 MW, achieves a 10-year payback and an LCOE of 

€65.67/MWh at 100 MW. Pantelleria achieves peak performance 
here, with Class 1 delivering an LCOE as low as €41.67/MWh and 

an NPV exceeding €116 million. 
 
The results confirm that system scale is a decisive factor for project 

viability, particularly in offshore or harsher environments. While 
Pantelleria remains superior across all classes and sizes, even the 

North Sea becomes financially attractive when leveraging large-scale 
installations and the resulting cost dilution. 
 

Figure 5.1 Annual share of exploited vs non-exploited Energy 

 
 

Here is the figure showing the annual share of exploited vs. non-
exploited energy due to solar radiation (SR) for both locations: 

 
Pantelleria exhibits high solar utilization, with approximately 80.4% 
of the potential solar energy being exploited. 

 
North Sea shows a lower utilization rate, with only 61.9% of the 

potential solar radiation being harnessed, and 38.1% remaining 
unused due to lower irradiance or inefficiencies. 
 

 



49 

 

Interpretation of Class Performance 

 
 

Class 1 platforms consistently yield the fastest payback and lowest 
LCOE at both sites, making them attractive for cost-sensitive 

deployments in moderate wave conditions. 
Class 3, while more expensive, delivers higher energy output and 
long-term revenue potential, particularly in environments where 

structural resilience is critical. 
 
Pantelleria's higher solar resource offsets its higher diesel-grid cost 

mix, producing more favorable economic metrics overall. 
 

 

Comparison and Deployment Recommendations 

 

Pantelleria outperforms the North Sea across all financial metrics, 
mainly due to stronger irradiance and calmer sea conditions. 

The North Sea, while more structurally demanding, can justify 
higher-class investments if subsidy frameworks or hybrid 

configurations are available. 
For scalability beyond 1 MW, both locations benefit from significant 
cost reductions per MW, as confirmed in the CAPEX scaling plots. 
 
The comparative techno-economic analysis performed in this thesis 
demonstrates the compelling case for floating photovoltaic (FPV) 

systems in both moderate and challenging marine environments. 
Through the integration of detailed environmental datasets, bottom-
up cost modeling, and scalable performance metrics, we assessed 

three distinct platform classes across two geographically and 
climatically different locations: Pantelleria in the Mediterranean Sea 

and the North Sea above the West Frisian Islands. 
 
At lower capacities (1 MW), only favorable irradiance and calm sea 

conditions (as found in Pantelleria) yielded economically viable 
configurations. However, as installed capacity scaled to 10 MW and 

100 MW, even harsher environments (e.g., the North Sea) became 
financially attractive, driven by economies of scale and class-specific 
performance gains. 

 
From a technology perspective, Class 1 platforms (modular floats) 
consistently performed best in terms of payback and LCOE, while 

Class 3 systems (triangular pontoons) excelled in yield but required 
higher upfront investment. Class 2 served as a balanced 

intermediary. Environmental conditions—particularly irradiance, 
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wave period, and water depth—strongly influenced performance-
class matching. 

 
The model’s flexibility allows for site-specific evaluation of structural 

costs, energy production, and financial returns under different 
assumptions, making it a robust planning tool for developers and 
policymakers. 

 
 

Future Outlook 
 
Looking ahead, FPV technology is expected to play a central role in 

offshore energy strategies due to its: 
 

Minimal land use footprint and land-use conflict 
 
Synergies with hydropower, aquaculture, and coastal protection 

systems 
 

Potential for high scalability in sheltered seas and nearshore regions 
 
To further develop FPV viability and competitiveness, several 

avenues are worth pursuing: 
 
Design optimization: Advanced structural modeling and material 

innovation can reduce platform and mooring costs. 
 

Digital twins: Real-time performance tracking integrated with 
predictive maintenance can reduce O&M costs. 
 

Hybridization: Coupling FPV with storage or wind systems can 
mitigate intermittency and improve grid stability. 

 
Policy support: Targeted incentives, streamlined permitting, and 
integration with blue economy initiatives will accelerate deployment. 

 
With its expanding commercial interest and alignment with global 
decarbonization goals, offshore FPV represents one of the most 

promising frontiers in the solar energy landscape. The findings of 
this thesis not only highlight current technological and economic 

potential but also pave the way for scalable, resilient, and 
environmentally sound energy solutions in coastal and offshore 
zones. 
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Appendices 

Appendix A – FPV Techno-Economic 
Model: User Manual 

 
1. Overview 

This manual describes a Python-based techno-economic model for 
evaluating floating photovoltaic (FPV) energy systems. It integrates 
environmental data retrieval, energy yield estimation, and economic 

analysis to assess the viability of FPV installations at specified 
marine locations. 

 
2. Script Structure 
The script is structured into the following components: 

- Main Script: Coordinates user inputs and model execution. 
- DynamicFPVCostModel class: Performs all calculations related to 

cost, energy, and finance. 
- Environmental Data Functions: Download and process ERA5 data. 
- Helper functions: Load ports, find closest port, etc. 

 
3. Environmental Metrics 
Environmental inputs include significant wave height, wave period, 

wind speed, and bathymetry. These are retrieved using ERA5 
datasets and used to classify the site into one of three environmental 

classes (Class1, Class2, Class3). 
 
4. Energy Production 

Energy yield is estimated to be based on surface solar radiation data. 
The model uses standard efficiency and performance ratio 

assumptions and adjusts for technology-specific factors. 
 
5. Cost and Financial Analysis 

The model calculates: 
- CAPEX and OPEX based on component cost breakdowns 
- Levelized Cost of Energy (LCOE) 

- Net Present Value (NPV) 
- Internal Rate of Return (IRR) 

- Payback Period 
 
6. Technology Classes 

The model supports three environmental technology classes: 
- Class1: Baseline 
- Class2: Reduced energy and OPEX factor 

- Class3: Higher CAPEX and energy factor 
 

7. Required Python Libraries 
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Ensure the following Python packages are installed: 
- cdsapi 

- xarray 
- numpy 

- pandas 
- geopy 
- shapely 

- geopandas 
 
8. Usage Instructions 

Run the script in a Python environment. You'll be prompted for 
inputs: 

Latitude, Longitude, Capacity (MW), Box size (deg), Year, and 
Technology type. 
 

Example: 
Latitude: 38.5 

Longitude: -9.1 
Capacity [MW]: 5 
Box size [deg]: 0.1 

Year: 2023 
Technology: Bifacial PV 
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Appendix B - Python scripts of the tool 
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