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A B S T R A C T

Expanding offshore wind energy in sea basins with moderate wind speeds and higher depths by means of floating 
offshore wind turbines (FOWTs) is indicated as a priority to meet the challenging goals about renewable energy 
generation set by many countries worldwide. Upon reviewing the literature, a clear trend emerges for these sites, 
which suggests prioritizing the development of a different turbine technology with lower specific power than that 
in use to date, which can be able to ensure suitable energy conversion factors also at lower wind speeds. 
However, the same review also shows that the potential of low-specific-power rotors has not been studied so far 
in a sufficiently comprehensive manner to ensure robust assessments. Therefore, the first objective of this study is 
to develop an original and comprehensive simulation framework for floating wind farms, which is able to ac
count for different rotor designs, floaters, moorings, and farm layouts. The techno-economic data in the model 
have been synthesized from an extensive and critical review of scientific papers, technical reports, and industry- 
provided insights. The second objective is then to apply such simulation framework to a variety of sites in the 
Mediterranean Sea, characterized by different wind speed distributions that span over the range of moderate 
wind speeds currently under study for new FOWT installations. Results for four rotors, having specific power 
values ranging from 331 to 175 W/m2, show increases in annual energy production of low-specific-power tur
bines compared to reference designs that range between 13 % and 30 %, providing potential decreases in LCoE 
between 3 % and 13 % across the examined locations. Results of this critical perspective are unprecedented in 
this form and are thought to potentially represent a catalyst for more detailed industrial studies.

1. Challenges in floating offshore wind development: a review

The transition to a low-carbon energy system cannot be further 
delayed if we want to mitigate the impacts of climate change. The Eu
ropean Union, which is at the forefront of this global effort, aims to reach 
net-zero emissions by 2050 [1]. Offshore wind energy plays a critical 
role in this shift, as it offers a reliable and scalable renewable energy 
source, harnessing steadier wind conditions, which can enable higher 
capacity factors compared to onshore installations [2]. The Global 
Offshore Wind Report 2024 indicates that Europe remains a leader in 
offshore wind capacity, with cumulative installations reaching approx
imately 75 GW by the end of 2023, with a capacity increase of 24 % from 
the previous year [3]. Currently, the North Sea is the primary region for 
European offshore wind development, owing to its high average wind 
speeds (WS) and relatively shallow waters [4]. An estimated 5800 km2 

of sea lots will be occupied by offshore farms, corresponding to 170–325 
TWh/year, before 2027 [5,6]. These favorable conditions support 
fixed-bottom turbines, which are well-suited to the region’s bathymetry 
and have been optimized over time to produce power at competitive 
costs. The report highlights that the Netherlands and the UK are among 
the largest contributors, with new installed capacity commissioned of 
1.9 GW and 833 MW, respectively [7]. Other similar installations can be 
found in other countries, so far targeting “premium” installation sites 
with high average wind speeds and shallow waters.

Recent studies have highlighted potential issues in the continued 
expansion of offshore wind energy in these markets. In fact, the 
deployment of large-scale wind farms presents multiple challenges, 
including technical, economic, and environmental issues [8]. For 
instance, dense clusters of wind turbines may result in revenue re
ductions due to the wake interactions between aerogenerators. In fact, 
the more densely packed the turbines, the more relevant the impact of 
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wakes [9]. The relevance of these losses can be assessed in large offshore 
wind farms, such as Horns Rev I & Nysted [10,11], where the reported 
AEP reductions span from 10 to 25 %. Moreover, projections show that 
for very large-scale wind farms with conventional inter-turbine spacing 
[12] (e.g., 7 diameters in streamwise and 5 diameters in crosswind di
rections), AEP losses due to wakes could exceed 60 % [13,14]. In 
addition, the evermore dense clustering of wind farms in the North Sea 
has caught the attention of project developers and researchers, which 
have highlighted potentially significant losses in production due to 
neighboring wind farm wake effects [15–17]. In addition, clustering 
offshore wind energy production in a single region can lead to curtail
ment and grid stability issues, as recently observed in many northern 
European countries [18–21]. Moreover, even in the absence of curtail
ment, clustering wind farms in a specific region could also lead to a 
“self-cannibalization” effect [18], where spot electricity prices are 
driven down by the high availability of wind energy in periods of high 
winds in a certain region [22].

Expanding offshore wind energy to other basins, which often have 
different characteristics from locations that have exploited up to the 
current point, is seen in all reports as the only way to meet the ambitious 
targets in terms of offshore wind power generation [23]. In Europe, for 
example, focus is given to the Mediterranean Sea, as it borders countries 
with high energy needs that could strongly benefit from local wind en
ergy generation. However, the Mediterranean Sea presents several 
unique challenges for offshore wind development [24], namely deep 
waters and a lower average wind resource. Therefore, tailored solutions 
are required to cost-effectively exploit these regions.

The key component to making offshore wind energy economically 
viable in deep waters are Floating Offshore Wind Turbines (FOWTs). 
However, FOWTs are still an emerging technology with high capital and 
operational costs [25]. Currently, only three floating offshore wind 
farms, namely Hywind Scotland (30 MW) [26], Kincardine (50 MW) 
[27], and WindFloat Atlantic (25 MW) [28], are operational and con
nected to the electrical grid, while several additional projects are in 
various stages of commissioning, construction, or planning [29]. Despite 
the rapid advancements in floating wind technology, the levelized cost 
of energy (LCoE) for floating wind remains substantially higher than 
that of fixed-bottom offshore wind [29]. The International Renewable 

Energy Agency recently published a report that anticipates that global 
offshore wind capacity could reach nearly 1000 GW by 2050. It em
phasizes the potential of floating foundations to exploit deeper water 
resources, projecting that floating wind could account for 5 %–15 % of 
total offshore capacity by mid-century [30], despite the current 
high-costs.

1.1. Floating farm design: the need for tailored solutions

To increase the competitiveness of floating wind it is necessary to 
drive LCoE down. From this point of view, according to many experts, 
FOWTs are a topic with significant margins in terms of technological 
learning potential [31–33] and significant cost reductions are foreseen 
within 2030, which could enhance the economic viability of floating 
wind and enable it to compete with the current costs of fixed-bottom 
offshore wind [34]. In fact, floating foundation designs have still not 
coalesced into one, or even a few archetypes. In addition, due to the 
low-volumes of the floating market, turbines currently used in FOWT 
applications have been originally designed for bottom-fixed applications 
and readapted for floating foundations. Recently, the benefits of a 
more-tightly integrated design of the turbine and floater have been 
highlighted. Co-design, whereby the controller is designed together with 
the FOWT system [35], has shown promising results, with measurable 
reductions il LCoE of up to 4 % that have been found in Ref. [36].

In addition to being able to benefit from a tighter integration with the 
floating substructures, recent literature has shown the benefits of 
tailoring the rotor characteristics to the installation site. In fact, Metha 
et al. [37] have found the optima power to rotor area ratio of offshore 
wind farms in the North Sea to be close to the industry standard for 
current offshore turbines, which feature relatively high ratio – i.e., 
specific power – of 300–350 W/m2. Nevertheless, a measurable benefit 
in terms of LCoE can be found if scale of the optimum design and specific 
power are optimized on a site per site basis.

In this context, many researchers have found potential benefits in 
adapting the turbine diameter through optimization. Serafeim et al. [38] 
proposed a multidisciplinary optimization to reduce the LCoE of the 
DTU-10MW Reference Wind Turbine, aiming to estimate the optimum 
rotor diameter. Results show that the new rotor design, featuring a 

Nomenclature

Acronyms
AEP Annual energy production [GWh/y]
asl Above the sea level [− ]
CAPEX Capital expenditure [€/MWh]
Cp Power coefficient [− ]
Ct Thrust coefficient [− ]
FOWTs Floating offshore wind turbines [− ]
HVAC High voltage alternating current [− ]
HVDC High voltage direct current [− ]
LCoE Levelized cost of energy [€/MWh]
LSP Low specific power [− ]
MED Mediterranean Sea [− ]
OPEX Operational expenditure [€/MWh/y]
POD Point of delivery [− ]
RWT Reference Wind Turbine [− ]
TI Turbulence intensity [%]
TRL Technology readiness level [− ]
TSR Tip Speed Ratio [− ]
WS Wind speed [m/s]
WT Wind Turbine [− ]

Greek symbols
ρ air density [kg/m3]
φ torque

Latin symbols
A rotor swept area [m2]
D diameter [m]
L height [m]
M mass [kg]
R coefficient of determination [− ]

Subscripts
BP bed plate
COM center of mass
DES value in design conditions
F floater
GEN generator
HUB hub
NAC nacelle
PB pitch bearing
PS pitch system
R rotor
SEC secondary hub components
T tower
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larger diameter (+3.7 %) reduced the LCoE by 0.71 % and increased 
AEP by 2.4 %. Zalkind et al. [39] concentrated on system design for 
rotors with radii of 100 m or greater, aiming to maximize the AEP while 
managing overall turbine loads to mitigate increases in operational 
(OPEX) and capital (CAPEX) expenditures. The framework for blade 
design examined several design variables, including blade length, cone 
angle, number of blades, rotor axial induction factor, and the distribu
tion of rotor mass and stiffness to identify the most effective configu
ration. The authors concluded that an 11 % enhancement in AEP for a 
13 MW wind turbine could be realized by extending the blade length by 
25 m, corresponding to an increase of 25 %, and reducing the induction 
factor, all while effectively controlling rotor loads. It must be noted that 
this approach relies on the optimization of a detailed aeroelastic design 
of the wind turbine. Therefore, the results in terms of LCoE might be 
affected by the selected testcase and by the achieved local optimum. In 
Ref. [40] Buck and Garvey emphasize economic optimization alongside 
AEP optimization, highlighting that capital expenditures represent the 
key factor contributing to the total turbine cost in the LCoE equation. 
They optimized various parameters, including blade chord, axial in
duction factor, and sectional lift coefficient across the blade span, aim
ing to minimize CAPEX while enhancing AEP. With reference to the 
NREL 5 MW offshore turbine, the optimization process achieved a 1 % 
reduction in CAPEX and a 1.4 % increase in AEP, resulting in an overall 
improvement of 2.4 % in the CAPEX/AEP ratio.

These analyses, while not all focused on offshore wind farms, suggest 
that LCoE can be improved by increasing rotor diameter and contextu
ally decreasing specific power. As discussed later on in this study, this 
trend has indeed been ongoing over the last decade in the onshore 
market, where a slow but consistent reduction in specific power of new 
rotors can be observed [22]. In addition, while being able to provide 
valuable insights on the importance of integrated design on a component 
level, all these analyses neglect the mutual interactions between the 
wind turbines within a wind farm. However, changing the rotor diam
eter influences the wind turbine’s wake, in turn influencing inter-array 
wake losses.

To this end, some authors have included inter-array wake losses in 
their studies, although often in a simplified manner. Dykes et al. [41] 
performed a global sensitivity analysis to key wind turbine configuration 
parameters including rotor diameter, rated power, hub height, and 
maximum tip speed, by using the integrated wind plant system modeling 
tool WISDEM. They showed that the increase in turbine diameter might 
be beneficial to drive LCoE down. Wake losses are estimated as a per
centage of the wind farm AEP. Mehta et al. [37] examine how the tur
bine’s rated power and rotor diameter influence various metrics at both 
the turbine and farm levels, aiming to identify the primary design 
drivers and understand how they affect different configurations. They 
developed an optimization framework able to minimize the LCoE and 
define the optimal turbine size. They found that reconfiguring the IEA 
15 MW turbine for an installation site in the Dutch North Sea results in 
an optimal wind turbine with a rated power of 16 MW (+6.7 %) and a 
diameter of 236m (− 1.5 %), leading to a LCoE improvement of 
approximately 1 %–2 %. The increase in turbine-specific power with 
respect to the reference is motivated by the high wind speeds of the 
studied sea basin. Wake losses are once more considered approximately, 
as the wind farm layout is not a design variable and is considered fixed in 
the study.

Both studies are based on complex multi-disciplinary design frame
works. Other authors have tackled the problem from a different 
perspective, using much simpler models based on empirical cost-scaling 
rules. Shields et al. [42] studied the impact of turbine upscaling and 
plant upsizing on various farm-level parameters. They found a reduction 
in LCoE by up to 20 % when upscaling turbines from 6 to 20 MW and 
upsizing the farm from 500 MW to 2500 MW capacity. However, the 
study assumes a fixed cost per kW for the turbines and also limits the 
specific power of the turbines when upscaling. Ashuri et al. [43] opti
mized a 5 MW reference turbine and scaled it up to 10 and 20 MW, 

respectively, to evaluate the effect of rotor and tower upscaling on LCoE. 
Their study claims an increasing LCoE trend when upscaling. However, 
the costs for balance of system (BoS) and O&M are assumed to scale with 
the rated power, with a fixed value for the exponent, following the re
lations presented in Ref. [44], thus strongly simplifying the complex 
relationships of the turbine with other elements of the farm. Sieros et al. 
[45] performed an upscaling study for turbines in the range of 5–20 MW, 
with constant specific power, using classical similarity rules. The results 
showed an increase in the levelized production cost with turbine scale, 
for the same technology level. However, the focus of the study was on a 
simplified upscaling method, especially for the turbine, while the 
models for the rest of the wind farm were expressed simply as a per
centage of turbine costs.

Finally, some researchers have shown that it is possible to focus on 
metrics other than LCoE as wind farm design drivers. The research 
conducted by Canet et al. [46], despite focusing on on-shore wind, shifts 
the focus from solely power generation and economic factors to 
long-term sustainability and lifetime CO2 emissions. This study estab
lished a relationship for CO2 emissions that parallels the LCoE equation, 
defined as the environmental value minus the environmental cost 
divided by the total energy produced. Utilizing this new metric, the 
researchers optimized hub height and rotor diameter (DR) to reduce 
environmental impact. Their findings indicated that the optimal 
configuration for environmental considerations does not align with the 
LCoE optimal configuration. More interestingly, they show for a test case 
in Germany that Low Specific Power (LSP) aerogenerators can be 
beneficial for both the cost of energy and the environmental impact due 
to the increased production at low wind speeds. Nevertheless, these 
results may not directly translate to offshore installations. In fact, inland 
installations do not require an upscaling of the offshore foundation or 
floating platform, which strongly affects the CAPEX of the system. 
Additionally, the wind farm layout is often constrained by terrain 
morphology, and thus it often does not represent a design variable for 
the system. If this is the case, the stronger wake effects due to the 
enhanced swept areas cannot always be offset by an increase in spacing 
between wind turbines, contrary to what may be possible offshore. 
These latter works put more emphasis on economic assessments, often 
prioritizing cost-related metrics over physical accuracy. While valuable 
for early-stage evaluations, such simplifications limit the ability to 
derive insights into the complex dynamic interactions that govern sys
tem behaviour. In addition, the cost-scaling rules employed in these 
studies often neglect the influence of swept area, and are based or 
nameplate power output, and are thus not suitable for studying the in
fluence of rotor FOWT design on LCoE.

Another class of studies focuses on wind farm layout. In fact, 
considering wind farm layout in the design process allows for design 
techno-socio-economic tradeoffs between often conflicting interests 
such as the minimization of wake losses, the minimization of inter-array 
cable costs, the reduction of visual impact and the reduction of sea use, 
often contested with other activities such as tourism or fishing, to be 
evaluated. Furthermore, rotor diameter influences FOWT spacing 
significantly, as it impacts wake losses and thus energy production and 
structural loading. At the same time, FOWT spacing impacts the inter- 
array (IA) cable length, the cost of which per unit length is significant 
[47]. Moreover, considering the wind farm layout in the design process 
allows for additional design variables to be considered, such as the 
mooring lines, which can decrease inter-array wake losses significantly 
[48]. Many researchers have tackled this issue by developing and uti
lizing wind farm layout optimization tools. Yilmazlar et al. [49] pre
sented a modular tool for preliminary estimation of the LCoE in wind 
farms, supporting early-stage design decisions through simplified 
models. While the tool effectively captures interactions between layout 
and cost components, such as the trade-off between reduced wake losses 
and increased cabling costs with larger turbine spacing, it does not 
perform any wind turbine design. Moreover, the case study is limited to 
a parametric analysis of inter-turbine spacing using FLORIS [50], 

R. Travaglini et al.                                                                                                                                                                                                                              Renewable and Sustainable Energy Reviews 222 (2025) 115990 

3 



varying only the distances between turbines without changing their 
orientation. Such parametric approaches may overlook more optimal 
solutions, as they fail to explore the full design space or account for the 
coupled effects of layout and turbine characteristics.The research con
ducted by Hietanen et al. [51] concentrated on optimizing the layout of 
offshore wind farms, aiming to decrease the LCoE for floating offshore 
wind installations by integrating floating-specific parameters with eco
nomic indicators. Their optimization routine identifies rotor placement 
across various offshore wind farms using an objective function that seeks 
to maximize AEP while adhering to constraints related to CAPEX and 
OPEX. While this optimization encompasses multiple parameters, its 
primary focus is not on the design of the wind turbines themselves but 
rather on the installation of rotors and the associated transmission re
quirements, which constitute significant costs for floating offshore wind 
farms. Cazzaro and Pisinger [52] addressed the scalability limitations of 
traditional methods by proposing a variable neighborhood search-based 
heuristic capable of efficiently optimizing layouts for large-scale 
offshore wind farms. Their method incorporates realistic constraints 
such as turbine spacing and foundation costs and demonstrates high 
performance even on problem instances involving thousands of poten
tial turbine locations. Cao et al. [53] contributed a multi-objective 
optimization framework that considers not only power generation but 
also the distribution of streamwise turbulence intensity, a critical factor 
influencing turbine fatigue life. By integrating a turbulence-aware wake 
model and employing a genetic algorithm, their approach successfully 
reduces operational stress on turbines while maintaining energy pro
duction levels. Thomas et al. [54] presented a comprehensive compar
ative analysis of eight optimization methods applied to a standardized 
layout optimization case study, highlighting the importance of algo
rithmic transparency and reproducibility. Their results revealed that 
diverse methods can yield comparable performance when applied 
correctly, emphasizing the robustness of current optimization tech
niques. Lei et al. [55] proposed an adaptive genetic-particle swarm 
hybrid algorithm that dynamically modifies turbine positions to 
enhance conversion efficiency across varying wind scenarios and 
constraint sets. This approach achieved superior performance compared 
to a range of benchmark algorithms, underscoring the potential of 
hybrid metaheuristics. Finally, Yang et al. [56] advanced the field by 
shifting the optimization objective from power maximization to mini
mization of the LCoE, using an improved analytical wake model com
bined with a hybrid optimization strategy. Their method demonstrated 
notable gains in energy efficiency and cost-effectiveness, particularly in 
large-scale deployments. Collectively, these studies reflect the signifi
cant progress made in the development of increasingly sophisticated 
algorithms for optimizing wind farm layouts under realistic environ
mental and operational constraints. However, a common limitation 
across this body of work is the assumption of fixed turbine character
istics, regardless of the specific wind resource at a given site. By treating 
turbines as standardized components rather than as design variables that 
can be adapted to local wind conditions, these approaches may overlook 
substantial opportunities for improving overall wind farm performance.

In addition to the aforementioned classes of studies, some re
searchers have also focused on evaluating the impact of floating wind 
farms more broadly from an energy-system perspective. Martínez and 
Iglesias [57] evaluated LCoE across the Mediterranean using static wind 
resource data and basic power curve models, overlooking the dynamic 
effects of floating structures and atmospheric variability. Ghigo et al. 
[58] focused on minimizing platform weight to reduce costs, but their 
analysis did not capture the coupled dynamics of platform motion and 
turbine performance. Lerch et al. [59] performed a broad sensitivity 
analysis on LCoE for various floating wind farms concepts, yet their 
methodology was grounded in parameterized cost inputs and deter
ministic energy estimates. Similarly, Lanni et al. [60] explored floating 
wind farms for hydrogen production using a streamlined economic 
model that neglected the complex physical behaviour of floating systems 
in real sea conditions. While all these studies offer valuable insights into 

cost structures and deployment strategies, their reliance on simplified 
simulations limits their ability to represent the intricate physics of 
floating wind farms. Accurate assessment of energy production, struc
tural loading, and long-term performance in floating systems requires 
integrated, high-fidelity models that couple aerodynamic, hydrody
namic, and control system interactions—elements that remain largely 
unaddressed in this research branch.

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

1.2. Objectives and structure of the study

Based on the presented context, the objective of this paper is to 
investigate the potential of LSP rotors in moderate wind speed offshore 
basins. To accomplish this objective a framework that is able to account 
for the influence of the wind farm layout and design parameters 
simultaneously in a physically consistent manner is developed. 
Furthermore, a detailed review of existing cost and mass scaling function 
for various turbine components is provided throughout the manuscript. 
A decrease in specific power is indeed a trend that has been ongoing for 
several years in onshore wind installations [22,61]: this trend has pro
vided increased capacity factors for onshore wind projects despite them 
being developed in lower wind speed sites [62], and has led to the 
development of LSP rotor designs in academia [22]. In addition, despite 
the potential benefits of LSP rotors that have been discussed in the 
literature review in the previous section, this is a topic that is yet to be 
extensively explored for FOWTs. More specifically, both commercial and 
reference turbines developed by the academic community to date [63,
64] are designed and optimized for those high wind speed conditions 
usually targeted by bottom-fixed applications [37]. As discussed, how
ever, many offshore basins with significant development potential such 
as the Mediterranean Sea experience significantly lower average wind 
speeds (WSs) compared with northern European waters [4,65]. The 
overall energy conversion potential of commercial turbines in these sites 
is thus reduced. To this end, researchers are investigating (e.g., the EU 
project FLOATFARM [66]) the possibility of creating a new generation 
of FOWTs tailored to moderate wind speed deep-water sites and char
acterized by a lower specific power, i.e., the ratio between generator 
power and rotor swept area. From a technical perspective, lower specific 
power can be achieved by maintaining the same generator power and 
upscaling the rotor or by decreasing the generator power for a given 
rotor. In the context of FOWTs, however, both strategies involve some 
drawbacks. The first approach leads to taller and heavier towers, which 
in turn result in a significantly increased overturning moment on the 
floating substructure, which needs to be increased in size, using more 
material and increasing cost. On the other hand, in the second strategy, 
it is apparent that the turbine and the substructure, designed to cope 
with higher aerodynamic loads, are underexploited and are therefore 
not cost-effective.

The present study aims to critically discuss the prospects of using LSP 
wind turbines in floating offshore installations in sites with moderate 
wind speeds. The workflow of the study is presented in Fig. 1. First, the 
literature review presented in the previous sections allowed for the 
definition of a broader framework of the problem. In particular, it is 
apparent that, contrary to the few studies presented to date (e.g., 
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Ref. [67]), estimating FOWT prospects in new sea basins with simplified 
analyses that only estimate the aerodynamic AEP as a combination of 
statistic wind profiles (i.e., the wind distribution in the sites) and hy
pothetical power curves for this new rotors may result in unrealistic 
estimations. On the other hand, a comprehensive approach is needed, 
which must be able to evaluate the tradeoffs in terms of wake effects, 
cable costs, substructure, and turbine on CAPEX, OPEX, and energy 
production: a simple reanalysis of existing data cannot be sufficient for 
the scope.

Based on these outcomes, detailed reviews have been carried out on 
existing modeling tools and techniques for the main components of 
FOWT farms. For each of these components, namely the rotor, the tower, 
and the floater, an extensive literature review, focused on how these 
component’s mass and cost scale with FOWT size is first provided, fol
lowed by a discussion on how realistic scaling models for each of them 
can be derived and included a comprehensive simulation framework. 
This framework represented the key enabler to investigate how reduced- 
specific-power turbines can be effectively integrated into floating wind 
farms to enhance the economic viability of floating offshore wind pro
jects in moderate wind speed conditions. Although both the models and 
the conclusions are of general interest for all other installations with 
similar bathymetry, such as the Atlantic shores of the United States of 
America or waters around Japan, for the purposes of the present study, 
the Mediterranean Sea is taken as the case study to investigate critically 
the potential of LSP FOWTs due to its unique wind resource. By selecting 
the Mediterranean Sea as a case study, we had access to different sites 
that are representative of a quite broad spectrum of moderate wind 
conditions, thus allowing one to assess the complex interactions be
tween turbine design variables and farm-level economics, offering in
sights into the prospects of the technology.

The study is structured as follows. The selected study cases are pre
sented in Section 2. The review studies for each of the main system 
components and their implementation into a unique framework are re
ported in Section 3. Section 4 presents the optimization algorithm, while 
Section 5 discusses the results of the analyses on the Mediterranean case 
studies. These are followed by a critical discussion on the prospects of 
technology (Section 6). Final remarks, best practices, and possible 
further developments are finally outlined in Section 7.

2. Study cases

As discussed in Section 1, evaluating the techno-economic potential 
of LSP floating rotors requires going into the details of the selected study 

cases, as no high-level analysis based on aggregate data or average value 
has the potential to provide accurate insights.

2.1. Turbines

The present study considers four 15-MW wind turbines, purposefully 
designed for this analysis. Diameters range from 240 m, which corre
sponds to the current academia-designed reference 15 MW wind turbine 
by IEA [63], to 330 m, in a 30 m step. Specific power ranges from 331.6 
to 175.4 W/m2, respectively. Table 1 highlights the most significant 
parameters of the proposed WTs. Hub height is estimated by adding 30 
m to the rotor radius in order to ensure sufficient sea clearance. 
Although the literature lacks clear guidelines on how to calculate min
imum sea level clearance of the blades, the authors decided to operate in 
similitude with the most recently developed FOWTs, namely the IEA 15 
and 22 MW RWT [63,64], where the same length has been set as the 
minimum tip clearance from the sea. The turbines are installed on 
semi-submersible platforms with a 20 m freeboard height. The naming 
scheme of the turbines, shown in Table 1, reflects the area of interest for 
the turbines (MED – Mediterranean Sea), the rated power of the ma
chines, and their diameter.

2.2. Farm layout

The four turbine designs are used to estimate the overall perfor
mance of wind parks in various strategic locations in the Mediterranean. 
Each farm is supposed to have a total installed capacity of 1.005 GW, i. 
e., obtained by the deployment of 67 FOWTs. Regarding the electrical 
infrastructure, one central substation has been included to accommo
date the electricity infrastructure needed for the voltage increase needed 
to deliver electricity through the high-voltage alternating current export 
cables (HVAC). The electricity is transmitted to the point of delivery 
(POD) onshore using the HVAC technology, considering the reduced 
costs, with respect to the direct current cables [68], related to an export 
distance that does not exceed 60 km. In order to simplify the infra
structure needs, any onshore electrical system has been neglected, 
assuming the POD is located in close proximity to the shores. Notably, 
the design does not incorporate an energy storage system, assuming a 
direct integration with the grid and focusing only on the production 
system. As better described in Section 4.4, for each installation site, the 
available area for the wind farm is assumed to be squared, with a surface 
area of 450 km2. The available sea lot has been assumed oriented with its 
upper side parallel to the east-west direction for all the test cases.

Fig. 1. Workflow of the study. Review phases are highlighted with dashed boxes.

R. Travaglini et al.                                                                                                                                                                                                                              Renewable and Sustainable Energy Reviews 222 (2025) 115990 

5 



2.3. Wind dataset

Wind speed data is sourced from the ERA5 reanalysis database [69]. 
A time span of thirty years has been selected, from 1993 to 2023. ERA5 
provides the wind source data at a maximum height of 100 m above sea 
level (a.s.l.). To account for the height difference between the ERA5 data 
source (100 m) and the turbine hub heights, which range between 130 
and 175 m, a power-law shear factor was employed to extrapolate wind 
speeds. A shear exponent of 0.1 has been selected relying on the findings 
of Yan et al. [70] for regional offshore conditions, ensuring consistency 
with expected atmospheric dynamics over the sea.

2.4. Installation sites

The installation sites selected for this work have been chosen to 
represent several wind resource conditions across the Mediterranean 
Sea. As shown in Fig. 2a, this water basin experiences a high variability 
of the wind resource. Additionally, even in the most promising sites such 
as the Gulf of Lyon, there is a significant difference in energy content 
with respect to the class I reference Weibull [71]. While the latter ex
periences an energy density of 340.5 kWh/m2, the installation site in 
France is characterized by an energy content of 182.4 kWh/m2, much 
closer to the 167.3 kWh/m2 of the class III reference source. This is also 
consistent with the average wind speed experienced by the installation 
sites. These values range between 5.6 m/s and 7.6 m/s, highlighting 
moderate wind regimes closer to the 7.5 m/s of the Class III than to the 
10 m/s of the Class I [71]. Fig. 2a also shows a comparison between the 
Class I wind source and the Weibull in an installation site in the Dutch 
North Sea (Nederwiek) [72], which provides a wind resource similar to 
the one of the reference class, corroborating the hypothesis that existing 
offshore wind turbines have been tailored to this sea region. As shown by 
the contour map in Fig. 2b [73], the chosen sites in the Mediterranean 
range from Cyprus, characterized by the lowest average wind energy, to 
Lyon, which experiences the most favorable wind conditions. Overall, a 
significant range of “moderate” wind scenarios is considered, allowing 
for a robust assessment of the LSP turbine technology. Table 2 summa
rizes the main characteristics of selected installation sites; more info can 
be found in Appendix A.

3. FOWT cost and scaling models: review and critical assessment

Despite the presence of some cost and mass scaling laws in the open 
literature, WT upscaling in unconventional offshore environments rep
resents a gap in existing research. While few approaches have been 
proposed in previous studies, they consider the upscaling of both rotor 
swept area and installed power [77], and do not match the purpose of 
this analysis. Other validated cost and mass scaling models proposed in 
the literature [44,78] focus instead on onshore or fixed-bottom WTs. On 
the other hand, as shown in section 1.3, many of the existing studies 
propose approaches in which the full aeroelastic design of a wind tur
bine is performed. In the next sections, a novel, simpler approach is 
proposed based on a synthesis of the most credited data available both in 
the relevant academic literature and in industry reports. This 
system-level method entails the adoption of scaling laws for the 
replacement of the complex algorithms and procedures needed for the 

structural and aerodynamic design of aerogenerators. Therefore, it al
lows for easy preliminary analyses on the feasibility of a WT with a fixed 
specific power in an installation site characterized by a known Weibull 
curve, while remaining physically consistent. As discussed, this complex 
assessment is key if one wants to get a sufficiently reliable overview of 
the problem, since all the studies presented to date fail in capturing the 
complex implications of upscaling FOWTs.

3.1. Rotor performance

In order to isolate the effect of specific power variation on LCoE and 
avoid the results being affected by a specific aerodynamic design, the 
IEA 15 MW FOWT [63] is taken as a reference. The scaled rotors defined 
in this study are assumed to be aerodynamically similar and have the 
same performance maps in terms of power, thrust, and torque co
efficients of the reference rotor [79]. While representing a simplifica
tion, this assumption is thought to be quite realistic, as the aerodynamic 
efficiency of the reference rotor is still at the edge of current standards. 
The power output of a wind turbine can be expressed as a function of the 
wind speed, its efficiency, and the rotor area as in Eq. (1): 

P=
1
2
*ρ*A*Cp(λ, β)*WS3 (1) 

where ρ represents the air density, A the WT swept area, and Cp the 
power coefficient as a function of the main turbine operating parame
ters, tip-speed ratio, and blade pitch angle. As Eq. (1) indicates, in the 
assumption that the same power coefficient can be maintained, the 
power output scales favorably as the swept area increases. If power in 
Eq. (1) is fixed to the design, or rated, power output, the rated wind 
speed (WSDES) (Eq. (2)) at which such power is produced decreases as 
the swept area increases: 

WSDES =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
PDES*2
A*Cp*ρ

3

√

(2) 

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

Similarly to power output, thrust (T), the total axial aerodynamic 
force of the rotor, can also be expressed as a function of swept area and 
wind speed as in Eq. (3): 

T=
1
2
*ρ*A*Ct(λ, β)*WS2 (3) 

where Ct is the thrust coefficient of the rotor. Both these high-level 
parameters are important as power directly influences turbine output 
and plant revenue and thrust is directly correlated to aerodynamic 
loading on the structure and also influences wake strength and devel
opment. Both parameters, however, cannot be estimated directly but 
rather depend on the operational parameters λ (tip-speed ratio – TSR) 
and β (blade pitch angle), which in turn depend on the specific rotor 
aerodynamic design. Assuming similarity to the IEA 15 MW FOWT, the 
operational strategy can be determined. If the rotor speed is between the 
minimum (ωmin) and maximum (ωmin) the rotor operates at the IEA 15 
MW design TSR of 9, where optimal performance is reached. The TSR is 

Table 1 
Main design parameters for the IEA15MW RWT and the proposed FOWTs.

Wind Turbine RWT [63] MED15MW_240 MED15MW_270 MED15MW_300 MED15MW_330

Hub height [m] 150 150 165 180 195
Tower Height (HT) [m] 130 130 145 160 175
DR [m] 240 240 270 300 330
Specific power [W/m2] 331.6 331.6 262.0 212.2 175.4
Rated power [MW] 15 15 15 15 15
Cut in/out WS [m/s] 3/25 3/25 2.8/25 2.6/25 2.5/25
Rated WS [m/s] 10.7 11.3 10.5 9.9 9.5

R. Travaglini et al.                                                                                                                                                                                                                              Renewable and Sustainable Energy Reviews 222 (2025) 115990 

6 



defined in Eq. (4): 

λ=
ωR
WS

(4) 

The minimum and maximum rotor speeds can be derived in analogy 
to the IEA 15 MW by imposing that the scaled rotors operate at the same 
TSR as the reference turbine at cut-in (Eq. (5)): 

λ=
ωcut− in

IEA15 RIEA15

WScut− in
IEA15

=
ωcut− in

i Ri

WScut− in
i

(5) 

Which leads to: 

ωcut− in
i =

RIEA15

Ri
*
WScut− in

i

WScut− in
IEA15

*ωcut− in
IEA15 (6) 

Eq. (6) relates the cut-in rotor speed to the radius of the reference and 
scaled machines, to the cut-in rotational speed of the reference machine 
and to the cut-in wind speed of the reference and scaled turbine. The 
latter parameter, however, is unknown. This limitation can be overcome 
by imposing that the scaled turbines must produce the same power as 

the reference IEA 15 MW machine at cut-in (Eq. (7)): 

Pcut− in =
1
2

ρπR2
IEA15CpWScut− in

IEA15
3
=

1
2

ρπR2
i CpWScut− in

i
3 (7) 

Eq. (7) can be inverted and simplified to obtain Eq. (8): 

WScut− in
i

WScut− in
IEA15

=

(
RIEA15

Ri

)2/3

(8) 

which allows the cut-in wind speed of the scaled rotors to be determined. 
Finally, if this expression is substituted into Eq. (6), the cut-in minimum 
rotor speed (Eq. (9)) is determined: 

ωcut− in
i =

(
RIEA15

Ri

)5/3

*ωcut− in
IEA15 (9) 

The same procedure is then repeated at the rated wind speed, where 
all designs must output 15 MW of power, to determine the nominal rotor 
speed and rated wind speed. If the rotational speed required to maintain 
the optimal TSR of ω = λWS/R is lower than the minimum rotational 
speed as determined in Eq. (9), the rotor operates at the minimum 
rotational speed.

A power-maximizing pitch angle is numerically selected for the 
resulting TSR from the Cp map, ultimately resulting in the non-zero pitch 
angle shown in Fig. 1b when the TSR (shown in Fig. 3a) exceeds the IEA 
15 MW-nominal value of 9. As shown in Fig. 3, four different 
aerodynamically-similar rotors have been evaluated in this study, with 
diameters, ranging from 240 to 330 m, in a 30 m step, corresponding to a 
specific power that ranges from 331.6 to 175.4 W/m2 respectively. Once 
the operational point is set, rotor power and thrust can be determined 
from the Cp and Ct maps, respectively. The obtained values of power and 

Fig. 2. Comparison between the Weibull (a) of the considered installation sites (b) at 100 m asl. Wind speed map from Global Wind Atlas1.1

Table 2 
Installation sites comparison.

Wind Turbine Lyon Sicily Sardinia Cyprus

Average WS [m/s] 7.6 7.4 6.4 5.94
Weibull shape factor (k) [¡] 1.79 1.89 1.72 1.89
Export distance [km] 20 60 35 25
Average sea depth [m] 85 390 300 350
Prevalent wind direction [¡] W-N-W N-N-W W-N-W W
Source [¡] [74] [75] [76] ​
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thrust are shown in Figs. 3 and 4.
In order to limit the aerodynamic loads on the upscaled rotors, peak 

shaving, whereby the blades of the turbine are feathered before rated 
power is reached in order to shave load, is also implemented. As better 
explained later in the study, the use of peak shaving is a common load- 
reduction technique and is especially significant in load-constrained LSP 
rotors. As shown in Ref. [64], this technique allows for significant peak 
load reduction with often minimal AEP losses. The effect of this strategy 
is highlighted in the rotor thrust curves in Fig. 4. In addition, the in
crease in blade pitch required to limit rotor thrust can be seen in Fig. 3b, 
where all curves except the one relative to the MED15MW_240 FOWT, 
which does not employ peak shaving, feature a more gradual “knee” 
before the rated wind speed. From a model perspective, if rotor thrust 
exceeds a user-specified threshold, the pitch angle that is able to satisfy 
the imposed constraint is determined numerically from the Ct response 
curve. Finally, the newly determined combination of TSR and pitch 
angle is then used to determine rotor power.

In the final step, rotor power is corrected for the effect of turbulence 
intensity using the empirical model of Saint-Drenan et al. [80], using the 
average turbulence intensity from the FINO1 [81] offshore installation 
site as representative of the turbulence intensity in a generic offshore 
site. The effect of turbulence intensity (TI) on the rotor power curve is 
shown in Fig. 5. This effect has been neglected in almost all the 
techno-economic feasibility studies presented to date on the topic, but it 
is thought to have a non-negligible effect on the final results, especially 
around rated wind speeds.

3.2. Component mass and cost

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

3.2.1. Tower
The NREL cost and scaling model [44] is used as a basis to determine 

the mass and, consequently, the cost of the FOWT towers. In analogy to 
this model, the mass of the tower (MT) as a function of its height (LT) is 
determined according to a power law MT = αLβ

T. Floating towers are 
generally designed to be stiff-stiff, with natural frequencies placed above 
the 3P excitation range. As such, mass scaling correlations determined 
for onshore towers are inaccurate if applied to FOWTs. Therefore, in 
order to calibrate the law an extensive literature review has been per
formed. However, due to the deployment of only a few demonstrators, 
only the seven sources listed in Table 3 have been included. Starting 
from the existing literature, a correlation has been developed relying on 
the relationship between MT and LT. The trendline resulting from the 
fitting reported in Eq. (3) (Eq. (10)) has been adopted to obtain the MT of 
the new WTs relying only on their LT. 

MT = 1479.457*L1.396
T (10) 

Fig. 6 and Table 3 show the results of the fitting for the MED FOWTS 
(orange points). The outcomes obtained show a good agreement with 
the literature data, highlighted by the trendline coefficient of determi
nation (R2) equal to 0.8.

3.2.2. Rotor nacelle assembly
An approach similar to the one adopted for the tower has also been 

adopted for the RNA. For the RNA, the authors opted for the DTU mass 
scaling model, due to its development specifically tailored for offshore 
wind farms [78]. However, as shown in Table 4, to estimate the effect of 
the increased DR on blade masses, the correlation developed by NREL 
[44] has been utilized. This model, in fact, allows for the choice of the 
turbine class, which leads to a more accurate fit for the specific re
quirements of the analyzed test case. Specifically, rotor mass (MR) has 
been calculated with Eq. (4) in Table 4, where the exponent is related to 
class III turbines with carbon fiber spar caps. No additional 
FOWT-specific calibration was performed as blades are amongst the 
least affected components, loads-wise, when a turbine is installed on a 
floating foundation [86,87].

In order to univocally define the center of mass of the turbine (HCOM), 
the mass of the nacelle (MNAC) needs to be accounted for. This parameter 
accounts for the weight of the nacelle housing per se, which is supposed 
to be independent of rotor size and the internal components. The de
pendency on DR for the parts mentioned above is modelled with the DTU 
mass scaling model as shown in Table 4. Specifically, the masses of rotor, 
hub (MHUB), pitch bearings (MPB), pitch system (MPS), and drivetrain 

Fig. 3. WT power curves in the laminar (a) and turbulent (b) free stream wind conditions.

1 Map obtained from the Global Wind Atlas version 3.3, a free, web-based 
application developed, owned and operated by the Technical University of 
Denmark (DTU). The Global Wind Atlas version 3.3 is released in partnership 
with the World Bank Group, utilizing data provided by Vortex, using funding 
provided by the Energy Sector Management Assistance Program (ESMAP). For 
additional information: https://globalwindatlas.info.
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bedplate (MBP) are strongly affected by DR, and an increased rotor swept 
area leads to increased masses and loads. Regarding the generator 
(MGEN), equation (10) shows a dependency on rated torque (φDES), 
which is again directly related to the DR.

Finally, mass correlations for minor components, such as the nacelle 

and drivetrain bedplate, can be found in the documentation of the model 
[78] and are not herein reported.

To estimate the cost of each of the RNA’s components, the cost 
scaling model developed by DTU has been utilized [78]. Costs are esti
mated as a function of the component masses. Specifically, Eq. (16)
shows the linear relation between the cost of the specific component (Ci) 
and its mass, where β represents the cost scaling factor. 

Ci = β*Mi (16) 

Eq. (11) is applied to all RNA components, as well as to the tower and 
blades. The specific value of β is reported in Ref. [78] for each 
component.

The resulting mass of the WTs is reported in Table 5, with a focus on 
the HCOM. This parameter has been calculated as in Eq. (17), by 
assuming the RNA HCOM at the hub height, and the tower HCOM at 40 % 
of the HT. This assumption is consistent with the data reported in Refs. 
[84,85], where the average tower center of mass is located at about 40 % 
of the tower height. 

Fig. 4. WT thrust curves without (a) and with (b) active pitch control.

Fig. 5. WT power curves in the laminar (a) and turbulent (b) free stream wind conditions.

Table 3 
Existing and proposed FOWTs’ MT and HT.

Wind Turbine P [MW] HT [m] MT [t] Source [− ]

Hywind 6.0 83.0 670.0 [26]
10 NAUTILUS 10.0 107.0 879.0 [82]
10 MW OO-STAR 10.0 104.6 1257.0 [82]
15 MW Volturn US-S 15.0 130.0 1259.0 [77]
15 MW Corewind 15.0 120.5 1088.5 [83]
IEA-15-240-RWT 15.0 130.0 1478.6 [84]
IEA-22-280-RWT 22.0 150.0 1574.0 [85]
MED15MW_240 15.0 130 1324.4 –
MED15MW_270 15.0 145 1542.6 –
MED15MW_300 15.0 160 1769.9 –
MED15MW_330 15.0 175 2005.8 –
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HCOM =
0.4*LT*MT + HHUB*MRNA

Mtot
(17) 

From Table 5 it is apparent how an increased DR leads to a higher 
center of mass. In a floating context, this increase is particularly relevant 
as it affects the overturning moment of the turbine. In addition, Table 5
shows a difference in MTOT and HCOM between the 15 MW RWT and the 
MED15MW_240. In fact, while the IEA reference turbine is a result of a 
full aeroelastic design, for the proposed turbine the mass scaling re
lationships mentioned in this section have been utilized. This allowed a 
fair comparison between the new WT designs.

3.2.3. Floater
The floating foundation is designed to keep the installed turbine 

stable and resist the external actions of the wind and waves. In addition 
to being able to resist dynamic wind and wave-induced moments, the 
substructure must be able to resist static forces. Aerodynamic rotor 
loading is a large part of these overturning forces. As the platform in
clines, however, the turbine acts as a reversed pendulum on the struc
ture, and weight forces also tend to overturn the structure. In this 
respect, the higher the turbine mass and the higher the center of gravity 
of the turbine, the higher the gravity-induced overturning moment is. 
While the effect of the component weight cannot be overcome, a 

reduction of overturning moment can be achieved by reducing peak 
aerodynamic thrust through the use of peak-shaving. As shown in 
Table 4, peak shaving can reduce overturning moment significantly, 
with reductions that range between 5 and 11 % on the current test cases.

The semisubmersible floating platform has been adopted due to its 
improved stabilization properties and easy installation with respect to 
the other floaters. The adopted semi-sub geometric configuration con
sists of three vertical steel columns, interconnected by horizontal pon
toons. These columns are partially submerged to provide buoyancy, 
while the pontoons enhance structural integrity and provide heave 
damping. The central deck, supported by the columns, houses the WT.

The decrease of WTs’ specific power results in the redesign of 
floating support structures able to deal with enhanced masses and 
overturning moments. To this end, while scaling laws, which allow for 
the determination of floater mass from variation in high-level parame
ters do not exist yet in the industrial field, some approaches have been 
proposed in the literature. The upscaling method proposed by Wu et al. 
[88] for semi-submersibles focuses on scaling the pitch restoring stiff
ness proportionally to maintain the maximum static pitch angle. This 
stiffness is derived from considering the waterplane area moment, 
submerged volume, buoyancy, and position of the center of gravity. Two 
distinct scaling approaches are compared to increase the moment of the 
waterplane area. The Distance & Radius Scaling method simultaneously 
scales both the column radius and the distance between columns using 
the same scale factor, while the Distance Scaling method adjusts only the 
distance between columns. Key observations include that increasing 
column radius increases platform mass and the heave natural period, 
while increasing column distance elevates the center of gravity and 
metacentric height but slightly reduces the heave natural period. Design 
adjustments in the 15 MW reference system mitigate these effects by 
increasing ballast mass to lower the center of gravity and increasing 
added mass to lengthen the heave natural period. Despite the accuracy 
of this method, it implies the geometrical design of the platform. Roach 
et al. [89] developed an upscaling model based on generalized scaling 
relations. The methodology consists of a variation of the platform geo
metric parameters, constraining the platform pitch angle under rated 
wind turbine thrust, and identifies key scaling trends: platform di
mensions scale by a factor of 0.75, while steel mass scales by a factor of 
1.5, assuming constant wall thickness. Unlike prior studies focused on 
specific designs, this approach provides scalable relations applicable to 
other triangular semi-submersible platforms with three outer columns 
and a centrally mounted turbine. However, this iterative approach in
volves the adoption of a complete hydrodynamic model. In their work, 
Sergiienko et al. [90] resumed the standards [91,92] and best practices 
[93,94] for the design, construction, and maintenance of FOWTs, 
identifying the main technical parameters: floatability, maximum roll 

Fig. 6. MT literature and proposed data relying on the introduced correlation.

Table 4 
Mass scaling equations for the main RNA components.

Component Mass Equation Equation number Source

Rotor MR = 3*0.5*(0.5*DR)
2.44 (11) [44]

Hub MHUB = 6*103 + 0.1*D2.5
R (12) [78]

Pitch bearings MPB = 5*102 + 0.07*D2.5
R (13) [78]

Pitch system MPS = 5*102 + 0.03*D2.5
R (14) [78]

Drivetrain generator MGRN = 35*103*φ0.7
DES (15) [78]

Table 5 
Proposed FOWTs’ MR, MTOT and HCOM.

Wind Turbine DR 

[m]
MR [t] MTOT 

[t]
HCOM 

[m]
OMSTD 

[MNm]
OMPS 

[MNm]

IEA-15-240-RWT 
[84]

240 1478.6 2425.8 92.97 594.4 594.4

MED15MW_240 240 1324.4 2244.2 91.46 569.7 569.7
MED15MW_270 270 1542.6 2521.5 98.72 682.1 650.4
MED15MW_300 300 1769.9 2818.2 106.22 803.9 737.9
MED15MW_330 330 2005.8 3134.2 113.97 936.9 833.2
IEA-22-280-RWT 

[85]
283 1574.0 2769.5 117.10 784.4 784.4
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and pitch angle, freeboard height, minimum draught, and dynamic 
response to wind and waves. One of the critical design criteria for 
ensuring the stability of a semi-submersible platform during wind tur
bine operation is the ability to generate sufficient restoring moments to 
counteract pitch and roll motions. To prevent the platform from 
exceeding the maximum allowable static angle of inclination under the 
largest rotor thrust, the hydrostatic stiffness in pitch and roll must meet 
the overturning moment, which is mainly caused by weight and aero
dynamic thrust.

To this end, in this work, an approach similar to Ref. [90] has been 
adopted. For semi-sub platforms, the total restoring stiffness in pitch is 
predominantly governed by the contribution from the waterplane area. 
This contribution can thus be associated with the overturning moment of 
the upscaled turbine to quantify the resulting increases in mass and 
costs. As floating wind turbines are a novel technology, mature cost 
models for the floating substructures have not yet been developed. From 
this point of view, the wide variety of existing foundation designs in
troduces additional challenges. Therefore, the IEA 15 MW and IEA 22 
MW RWTs are used to develop the cost and scaling functions, as both 
machines are installed on a steel four-column semi-submersible foun
dation. In addition, the geometry of the IEA 22 MW foundation was 
determined through an optimization process using the IEA 15 MW 
design as a baseline [95]. While the external geometry of the floaters has 
been carefully studied, less consideration has been put into the struc
tural design of the foundations, as they have not been designed in detail. 
Both the IEA 15 MW [96] and IEA 22 MW FOWTs [97] feature steel 
columns of 50 mm in thickness and box-shaped pontoons with a wall 
thickness of 40 mm, which connect the main columns to the central one. 
The four columns are also connected via steel trusses above the water
line with a wall thickness of 20 mm. Once the wall thickness and the 
floaters’ external shapes are known, it is possible to compute the steel 
mass for the columns, pontoons, and braces. The cost is obtained by 
multiplying the component weight by the manufacturing cost of the 
stiffened columns of 3120 $/t [98] and of 6250 $/t for pontoons and 
trusses. These values account for raw material costs and manufacturing 
but do not include transportation costs [98]. According to the authors’ 
knowledge, the maximum OM is available only for the 15 [84] and 22 
MW [85] RWTs proposed by the IEA. To this end, due to a lack of 
additional data, a linear relationship between OM and the platform mass 
(MF) has been developed as in Eq. (18): 

MF = 0.009*OM − 1157984.96 (18) 

Fig. 7 shows the comparison between the new FOWTs and the RWTs 
in terms of mass. Despite the same rotor-swept area and thrust, it is 
apparent how the correlation results in a mass decrease from the IEA15- 
MW-RWT to the MED15MW_240. This is due to the reduced OM already 
discussed and shown in Table 4. Furthermore, the effect of peak shaving 
is clear in this image. The adoption of an active pitch control strategy to 
mitigate the thrust resulted in mass decreases that range between 6 % 
and 13 %.

The same approach has then been adopted to correlate overturning 
moment and platform cost. To this end, a linear relation between the 
semi-sub costs (CF) and the platform’s mass has been formulated as in 
Eq. (19): 

CF = 2.143*MF + 7689597.25 (19) 

The lack of abundant publicly available cost data for floating foun
dations is a limiting factor of this study. Nevertheless, the methods 
adopted to estimate the cost and mass of the IEA 22 MW and IEA 15 MW 
floaters are aligned with the current state-of-the-art. Fig. 8a shows a 
comparison between the masses of the semi-sub floaters available in 
literature (blue dots) and the ones estimated in this study. Despite the 
relevant amount of data, the values of the overturning moment that the 
platform has to balance are not available, and correlating these two 
parameters is not possible. In addition, many datasets do not include 
cost, as the scarcity of data shown in Fig. 8b demonstrates. Focusing 
once more on Fig. 8a, an increase in WT swept area is inherently related 
to an increased overturning moment and thus to heavier floaters. 
However, this plot shows how technological progress resulted in lighter 
platforms. The right area of the chart includes recently developed 
demonstrators or concepts, such as the platforms for the IEA 15 and 22 
MW in red, which experience lower estimated masses with respect to 
WT’s nominal power and rotor diameter. Concerning floater costs, 
Fig. 8b shows the differences between the proposed designs (orange), 
the literature data (blue dots) and the IEA references wind turbines 
(red). Information gathered during discussions with industry members, 
including project developers, consultants, and hull manufacturers is 
summarized in the shaded areas in Fig. 8b. According to such industry 
insiders, the cost of European-manufactured steel hulls, represented by 
the green-colored ellipsis, is now more than double that of the Chinese- 
manufactured floaters, which are currently the most competitive on the 
market. However, these costs are based on projections of a limited 
number of produced units. The cost estimations performed in this work 
assume the development of the technology combined with the large- 

Fig. 7. (a) platform mass - literature and proposed data relying on the introduced correlation. (b) platform cost - literature and proposed data relying on the 
introduced correlation. Red markers indicate platform mass and cost of proposed designs without the adoption of peak shaving.
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scale commercialization. The data utilized in Fig. 8 are reported in 
Appendix B.

Delving more in-depth, the marginal cost of the turbine components, 
as determined using the cost and scaling functions developed in this 
section, is summarized in Fig. 9. The platform represents about 55 % of 
the whole turbine cost. This is consistent with a reduction of about 5 % 
of the total cost due to the implementation of peak shaving.

Focusing on the economic impact that the swept-area increase has on 
the cost of the single component, it is apparent how, while the weight of 
most of the WT components decreases with respect to the total cost, the 
impact of the rotor and tower increases. This is consistent with the as
sumptions adopted in the cost scaling method proposed, where the rotor 
price shows the highest sensitivity to the size. However, while the 
impact of peak shaving has been considered in terms of its effect on wind 
turbine performance, it has not been considered in terms of its potential 
to decrease the rotor weight. In fact, the reduction of maximum thrust on 
blades may lead to a reduction in structural material in the rotor, due to 
the lower loads, and thus to a CAPEX reduction. No cost and scaling 
function that accounts for the effect of peak shaving on rotor mass has 
been found at the current stage and this effect can currently be consid
ered only by performing a full aero-elastic design. The results presented 
in this study can therefore be assumed to conservatively favor the 
smaller rotor designs, which feature less peak-shaving, from an eco
nomic point of view. Finally, looking at Fig. 9, insights into how to 
reduce the WTs CAPEX can be provided. It is apparent that the floater 

has the highest weight on cost. While the other components have already 
experienced a large deployment, both in onshore and offshore envi
ronments, floating platforms represent the less developed and wide
spread technology, counting only a few demonstrators. To this end, due 
to its large share of total costs, lowering floater costs has the potential to 
drive down overall FOWT LCoE.

3.3. OPEX increase

Besides the increased capital requirements due to the larger swept 
areas, as rotor size increases, OPEX is also expected to rise [9,19,35]. 
The adoption of larger rotors with more flexible blades introduces 
relevant alterations in the aeroelastic behavior of the WT, resulting in 
larger mechanical stresses. These enhanced loads have the potential to 
activate novel failure mechanisms within the turbine, leading to varia
tions in failure rates and necessitating the implementation of alternative 
and potentially more expensive maintenance strategies [99]. However, 
few research efforts have been made on analyzing the impact of the 
specific power decrease and rotor upscaling on operational costs [86]. In 
this study, the approach proposed by Mehta et al. [37] has been adopted. 
Specifically, operational costs encompass various factors such as insur
ance, logistics, and other associated expenses, while maintenance costs 
include both preventive and corrective maintenance for the turbine and 
the balance of plant. While the total OPEX depends on multiple variables 
unrelated to the WT swept area per se, such as number of turbines and 
rated power, vessel costs exhibit a linear scaling relationship with the 
rotor diameter [100] to mimic the costs faced during actual operation of 
floating offshore systems, which require different vessel types and times 
to perform repairs as rotor size increases. To this end, the DTU scaling 
model has been modified in order to assess these OPEX variations by 
including a multiplication factor estimated through the ratio between 
the reference and the actual rotor diameter as in Eq. (20): 

OPEXNEW = OPEXBASE*
DNEW

DBASE
(20) 

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

4. Optimization model

In this study, the TopFarm wind farm analysis and optimization 
framework [101], developed by the DTU, has been adopted to determine 

Fig. 8. Comparison between the results and literature data for platform masses and costs.

Fig. 9. WT CAPEX breakdown for the designed aerogenerators.
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the optimal wind turbine and cabling layout that minimizes LCoE in a 
specific location. TopFarm enables comprehensive and efficient explo
ration of design variables while balancing conflicting objectives such as 
maximizing energy production and minimizing costs, by implementing 
optimization strategies. The optimization model, focusing on the 
intra-farm wake loss calculation strategy, IA cable layout optimization, 
and the definition of the objective function and constraints is presented 
in this section.

4.1. Power production assessment

PyWake [102] is a Python-based wind farm simulation tool designed 
to model the performance of wind farms under various conditions. It has 
been adopted to estimate the AEP of a WF layout in a specific site. 
Several key factors collectively influence the AEP of a WF layout; the 
wind resource, turbine characteristics, and the interactions between 
turbines within a wind farm. The wind farm model integrates the site 
information, wind turbine model, and wake model on the entire wind 
farm computing key metrics such as the annual energy production 
(AEP), wake losses, and turbulence intensity for the specified wind farm 
layout and wind resource conditions.

The installation site determines the long-term average wind speed, 
which is described using Weibull curves, and the wind rose, which 
specifies the directionality of the wind. As specified in section 2.3, the 
long-term statistical representation of the site is obtained using 1-h 
average data from the ERA5 reanalysis database [103] at 100 m above 
sea level. Additional environmental factors, such as surface roughness 
and terrain effects have been neglected due to the offshore installation. 
The average wind speed is scaled from 100 m to the turbine hub-height 
using a power law with an exponent of 0.11, typically adopted in an 
offshore environment [104]. The adoption of a statistical approach en
sures good accuracy for the calculation of the LCoE, and the upgrade to a 
time-dependent strategy would only have resulted in a computational 
cost increase.

The wind turbine is modelled through the turbine’s power curve, 
which relates wind speed to power output and the thrust curve, which 
determines the extent of momentum extraction by the turbine and, 
consequently, the intensity of the wake for a given wind speed.

The wake model describes the time-averaged behavior of the wake 
generated by each turbine, including how it expands and impacts the 
downstream WTs, predicting the velocity deficit and turbulence in
tensity within the wake. In this work, the Bastankhah model has been 
adopted [105]. This advanced analytical wake model describes the wake 
as a Gaussian profile, capturing a more realistic distribution of velocity 
deficits and turbulence [106] with respect to simpler approaches [107]. 
The “LinearSum” model has been adopted [108] to estimate the effective 
wind speed at each WT location within the farm given by the super
position of different wakes. To account for partial overlapping between a 
downstream rotor and an upstream wake, the Gaussian overlapping 
model available within PyWake has been adopted, in accordance with 
existing guidelines [109]. Finally, the turbulence models in PyWake are 
utilized to estimate the added turbulence in the wake from one aero
generator to downstream WTs within the wind farm. Pywake’s 
“GCLTurbulence” has been adopted herein [110].

4.2. IA cables layout

Two different strategies can be used in TopFarm to determine the 
total inter-array cable length: the simplified approach proposed in 
Ref. [111] and the detailed tool Edwin [112]. The two approaches differ 
in several key details.

The basic optimization model adopted is a reimplementation of the 
Travelling Salesman Problem (TSP). It is representative of the behavior of 
a salesman who must visit multiple locations while minimizing travel 
distance. The adoption of this approach is reasonable, especially for 
onshore wind turbines, where IA cables often follow maintenance roads 

connecting the turbines. Once the grid optimization is performed, the 
cable costs are estimated by multiplying the specific costs by the total 
length of the IA network. In addition to the TSP assumption, the elec
trical cables used to connect the wind turbines within a wind farm are 
designed to carry specific voltage levels, which define the maximum 
number of turbines that can be connected per cable. However, such 
design constraints that introduce a higher level of complexity are not 
considered in Ref. [111], and the model assumes idealized cables 
capable of transmitting all the electricity produced by the connected 
turbines.

As an alternative, Edwin relies on the Esau-Williams heuristic algo
rithm developed by Souza de Alencar [113]. The algorithm minimizes 
the total cable length by identifying sub-optimal solutions that closely 
approximate exact solutions. The Esau–Williams heuristic is applied by 
constructing a minimal-cost spanning tree for a graph with designated 
roots, nodes, and capacity constraints. In this study, the offshore sub
stations serve as the roots of the spanning tree, while the FOWTs act as 
the nodes as shown in Fig. 10b. The algorithm permits sub-branches 
along a given string while ensuring that the maximum number of 
nodes per string is not exceeded. Edwin includes actual cable con
straints, such as the maximum voltage allowed by the electrical network 
and the section of the cables, defining the number of WTs that can be 
connected. Additionally, it enables the optimization of the location of 
the offshore substation within the wind farm.

Both approaches have been tested during the model build-up phase. 
According to the preliminary results, Edwin leads to relevant cost sav
ings, with cable length decreases up to 50 km. In addition, despite the 
increase in computational burden, the resulting IA cable layout is more 
realistic. To this end, this tool has been included in the wind farm layout 
optimization framework for the analyses performed.

Concerning the IA cable specification, the same component adopted 
in Ref. [47] has been chosen. Specifically, cables characterized by a 
cross-section of 800 mm2 and a nominal capacity of 90 MW have been 
selected as a valuable option, allowing for the connection of a maximum 
of 6 FOWTs per cable. This, combined with the spatial distribution of the 
aerogenerators, resulted in six cables connecting six WTs and five cables 
connecting five WTs for all the analyzed configurations.

4.3. Objective function

This study utilizes LCoE as the objective function for the optimiza
tion problem. LCoE provides a holistic approach by accounting for all 
elements impacting generation costs, such as CAPEX and OPEX. It is 
calculated as the ratio of the total discounted costs incurred over the 
facility’s lifetime (n) to the total discounted energy output (Eprod) over 
the same period. As the electricity is derived from a renewable source, 
fuel costs are not included, as shown in Eq. (21), where i represents the 
interest rate: 

LCoE =

∑n

t=0

CAPEXt + OPEXt

(1 + i)t

∑n

t=0

Eprod,t

(1 + i)t

(21) 

4.4. Wind farm optimization algorithm

The optimization process in this study is driven by the capabilities of 
the TopFarm framework, which leverages computational tools to solve 
the complex, multidisciplinary problem of wind farm design. At its core, 
TopFarm utilizes the OpenMDAO library [114], a powerful open-source 
framework developed for multidisciplinary optimization, to link the 
modules within the optimization tool. The core of the optimization 
process is shown in Fig. 10. The optimization framework proposed 
operates as an iterative process, as shown in Fig. 11, aimed at mini
mizing the LCoE. In each iteration, a new WF layout is tested. The 
process begins by estimating the Annual Energy Production (AEP) of the 

R. Travaglini et al.                                                                                                                                                                                                                              Renewable and Sustainable Energy Reviews 222 (2025) 115990 

13 



proposed layout using the PyWake library. Then the optimal layout of 
the inter-array cables is determined by solving the sub-optimization 
problem described in the previous section. This problem focuses on 
minimizing the total cable length while the location of the WTs is fixed. 
Once the cable layout is optimized, the framework estimates the CAPEX 
and OPEX for the current wind farm configuration using the cost models 
presented in detail in section 3. This leads to the calculation of the LCoE 
as a final step. The newly calculated LCoE is then compared with the 
value obtained in the previous iteration. This comparison continues 
across iterations until the convergence criterion is met. Specifically, 
convergence is reached when the change in the objective function be
tween iterations is below the predefined tolerance value, set at 1*10− 8.

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

4.5. Constraints

The optimization model used in this study encompasses several 

essential constraints to ensure that the wind farm design is both feasible 
and aligned with technical, regulatory, and operational requirements. 
One of the key constraints is the minimum turbine distance, which en
sures the required separation between turbines needed to preserve 
structural integrity. This distance is typically defined as a multiple of the 
turbine DR, following industry standards to balance energy yield with 
turbine durability and operational reliability. Specifically, 4 DR has been 
set as the minimum WT spacing, according to the guidelines proposed in 
Refs. [115–117]. Fig. 12 shows a schematic representation of the min
imum IA distance for floating offshore wind turbines. The report [118] 
published by the consortium composed of BVGA associates, Catapult, 
The Crown Estate, Crown Estate Scotland, and Floating Offshore Wind 
Centre of Excellence, presents a detailed description of the best practices 
for FOWTs. Specifically, it states that the WT displacement allowed by 
the mooring lines corresponds to around 35 % of the sea depth of the 
installation sites. Therefore, taking the IEA-15-240-RWT and a sea depth 
of 160 m as a reference, the allowed motion is equivalent to 0.25 DR for 
each WT, and the distance between the WT and the column where the 
mooring is connected ranges between 0.2 DR and 0.3 DR [119]. It is 
apparent that the minimum distance needed is about two DR, which 
reaches the amount mentioned in Refs. [115–117] with an appropriate 
safety factor.

The wind farm design is also restricted to a predefined allowed sea 
lot for installation, reflecting the geographic and regulatory limitations 

Fig. 10. Optimal IA cable layout obtained with the TSP reimplementation (a) or Edwin (b).

Fig. 11. Schematic representation of the optimization model.
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of the site. Although not specifically evaluated in this study, and despite 
constraining a wind farm to a specific area may not lead to the global 
minimum LCoE, wind farms are often assigned specific sea lots. These 
constraints are generally defined in order to account for neighboring 
environmental exclusion zones, land-use policies, or proximity to 
infrastructure like shipping lanes or residential areas. In this study, the 
wind farms are constrained to a 450 km2 lot. While a rectangular sea lot 
may affect the WT location with respect to the prevalent wind direction, 
a squared one enables a comparison ceteris paribus between the different 
case studies proposed. Although true independence from wind direc
tionality would have been achieved by using a circular installation area, 
this shape has never been adopted for offshore wind farms, which are 
generally polygon-shaped according to the authors’ knowledge.

5. Results

This section makes use of the optimization model synthesized in 
Section 4 to critically assess the potential of LSP rotors in the four 
installation areas in the Mediterranean Sea that were selected as 
representative of those average-wind speeds areas that are under study 
worldwide to expand FOWT technology. It is worth remarking that the 
outcomes presented in this section refer to the 1 GW wind farm layout 
resulting from the proposed holistic optimization model and are 

therefore thought to represent the most realistic estimations at hand for 
possible industrial application of the technology.

5.1. Technical results of the optimization

Fig. 13 shows the energy production potential in the four selected 
sites and apparently demonstrates how the strategy adopted for the 
reduction of the specific power increased the AEP in all cases. However, 
the variation (Δ) of AEP with respect to the one obtained with the 240-m 
diameter rotor is affected by the Weibull curve of the specific site. In 
fact, while Lyon shows the most promising wind speed distribution 
(Fig. 2) and the highest AEP for all the tested rotor diameters, it expe
riences the lowest benefits from the increase of swept area (Fig. 13b). On 
the other hand, while Cyprus is characterized by the worst wind source 
(as testified by the low AEP in Fig. 13a, it is the site experiencing the 
highest improvements. These trends are consistent with the assumption 
behind this work, which promotes the installation of larger blades to 
enhance wind energy exploitation at the lower wind speeds in the 
Weibull distribution.

Additionally, the distribution of the AEP with respect to the wind 
speed improves the understanding of these results. Fig. 14 shows the 
energy production potential of the 1 GW wind farm in the French and 
Cypriot sites for the MED15MW_240 and MED15MW_330, respectively. 

Fig. 12. Scheme for minimum IA distance between WTs.

Fig. 13. Comparison between the AEP and the AEP variation in the different installation sites for the new aerogenerator designs.
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While the AEP of the French case is higher for both aerogenerators, the 
installation site in Cyprus benefits more from the specific power 
decrease, as the opportunity for AEP improvement are greater the more 
time the turbine spends below rated power.

Further considerations can be made by looking at the wind speed 
deficits induced by wakes. As shown in Fig. 4, lower specific power leads 
to higher maximum thrust at reduced wind speeds, resulting in stronger 
wakes. Additionally, larger rotors extend the length of the wake, 
increasing its area of influence. These effects are depicted in Fig. 15, 
where the difference in the downwind speed deficit between isolated 
MED15MW_240 and MED15MW_330 rotors is shown. The wind speed 
deficit contour, estimated by imposing the same thrust for both turbines, 
shows a more severe velocity decrease with the MED15MW_330, 
depicted by the larger dark blue area, which is extended further from the 
rotor position, as highlighted by the dashed vertical line.

Such an effect has the direct consequence of affecting the optimal 
distance between the turbines. Fig. 16a shows the comparison between 
the optimal wind farm layout obtained for the wind farm located in 
Sicily with the MED15MW_240 (light blue) and the MED15MW_330 
(blue) WTs. It is apparent how the increased impact of wake losses, 
which increase from 3.5 % to 3.7 %, respectively, in the optimized 
configuration, induced by the larger swept areas results in an increased 
optimal spacing between turbines. It is worth noting that the optimal 
solution features increased turbine spacing despite the increasing cable 
costs, as the increase in AEP offsets the increase in CAPEX. Furthermore, 

starting from the initialization position (grey), in both cases, the 
orientation of WTs clusters resulting from the optimization process is N- 
NW. This can be justified by the wind source in the Sicilian installation 
site, where the prevalent wind direction corresponds to the orientation 
of the farms (see Appendix A). Particularly noteworthy is the compari
son between the initial and final wind farm layouts. In fact, the choice of 
a starting configuration close to the optimal one, estimated by the au
thors via sensitivity analyses in previous works [], sensibly reduced the 
computational time required for the optimization.

The same trend can be observed for Cyprus in Fig. 16b, where the 
prevalent wind direction is W-SW. In this installation site, the reduced 
global IA cable length of about 5 % with respect to the Italian case 
suggests a lower average distance between turbines. This is again 
consistent with the wind speed distribution of Cyprus, whose average 
velocity is shifted towards lower values. Concerning wakes, the higher 
swept area leads to an increase in losses from 3.5 % to 4 %. The higher 
upper bound compared with the one in the Italian site can be justified by 
looking at the thrust curve of the turbines and at the wind speed dis
tribution. The lower average wind speed experienced in Cyprus 
-equivalent to 5.6 m/s-is closer to the velocity that maximizes the thrust 
for the MED15M_330, leading to a stronger impact of wake losses.

This result, however, depends on the boundary conditions of the 
optimization. For instance, given the reliance on IA cables, whose 
impact on LCoE has been estimated at about 5 %, variations in the cost of 
this component can significantly affect the overall economic feasibility. 

Fig. 14. Comparison between the AEP distribution in the French and Greek installation sites for the MED15MW_240 and MED15MW_330.

Fig. 15. Comparison between the wake effects of the MED15MW_240 and the MED15MW_330 WTs.
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Therefore, a sensitivity analysis of the cable price, decreasing this value 
from 750 to 500 €/m, driven by market fluctuations or project-specific 
factors, has been performed in order to explore a wider design space 
and evaluate new techno-economic trade-offs. This economic range has 
been defined by subtracting 30 % from the reference value, identified as 
750 €/m. Decreased cable costs per km result in a lower CAPEX with the 
same WF layout.

On the other hand, enhanced spacing between WTs leads to reduced 
wake losses. Specifically, a decrease in inter-array cable cost allows for 
an increased distance between the WTs, as shown in Fig. 17, leading to 
the reduction of wake losses and thus higher AEP. Despite the global 
increase in the length of the cables, spanning from 14 to 30 km 
depending on the rotor diameter, the CAPEX for the electric infra
structure has experienced a decrease due to the new optimal layout. 

This, combined with the higher energy production potential, resulted in 
a lower LCoE.

5.2. Environmental analysis

The WTs’ environmental impact is gaining momentum in the scien
tific community and the public interest and, according to experts in the 
field, this will be a criterion for upcoming tenders [120,121]. However, 
a complete life cycle analysis would require a detailed design of the 
system, including the installation and decommissioning procedures, 
which is completely site-dependent and can hardly be generalized in a 
global assessment as the one proposed here. To this end, a simplified 
approach for the evaluation of the environmental impact of floating 
wind farms has been proposed, relying only on the amount of steel 
required by WTs and floaters. According to Table 6 and Figs. 6 and 7, 
larger swept areas lead to increased masses and thus to enhanced steel 
consumption. This results in higher CO2 emissions that are not neces
sarily balanced by the increased AEP during the WT lifetime. Table 6
shows that the amount of steel needed for each turbine-floater assembly 
varies significantly with the specific power, leading to a CO2 emission 
increase that ranges between 20 and 60 % with respect to the 240-m 
diameter rotor when a carbon footprint of 1.85 t of CO2 per ton of 
produced steel is adopted [122]. On the other hand, the enhanced AEP 
resulting from the increased swept areas (Fig. 13) leads to a wind farm’s 
carbon footprint reduction. Focusing on the Italian electricity mix, the 
average carbon emissions per MWh of electricity produced in 2024 are 
about 270 kg/MWh, consistent with a share of 49 % of renewables 
[123]. While the deployment of the MED15MW_330 results in an 
increased carbon payback period (CPBP) -from nine months of the 
MED15MW_240 to about one year in the installation site in Sicily-the 
environmental benefits on the whole lifetime of the wind farm are 
relevant. Assuming a constant carbon emission for the whole plant 
lifetime, the 30 years of operation of the wind farm in Sicily can help to 
avoid the emissions of more than 38 Mt of CO2, with the WT with the 
highest swept area, corresponding to an improvement of more than 33 % 
with respect to the base 15 MW WT. Fig. 18 shows the comparison be
tween the CO2 saved by the new WTs designs in the different installation 
sites. It is apparent that the most impactful factor is the carbon emission 
per unit of produced energy of the specific country. The site in the Gulf 
of Lyon, despite the highest AEP, experiences the lowest emission factor 
− 27 kg/MWh [124] due to the high shear of nuclear energy, and thus 

Fig. 16. Comparison between the optimal layout obtained in Sicily (a) and Cyprus (b) for the wind farms with the MED15MW_240 and the MED15MW_330 WTs.

Fig. 17. Comparison between the optimal layout obtained in Sicily with two 
different IA cable costs for the MED15MW_240.
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the lowest saving potential. This results in the highest CPBP, with pe
riods of up to eight years to reach neutrality. However, even in this 
extreme scenario, the adoption of WTs with lower specific power is 
beneficial in terms of emissions saved per year. Finally, Fig. 18 also al
lows for a comparison of the Italian sites. Despite the lower global 
emissions saved per year, the higher ΔAEP of Sardinia results in an 
enhanced environmental benefit in the adoption of the MED15MW_330, 
with a yearly carbon footprint reduction increase of up to 41 % with 
respect to the base turbine.

5.3. Economic results of the optimization

Although the increased swept area impacts positively the capacity 
factor of the wind farms, and thus their AEP, this study aims mainly to 
assess to what extent a tailored WT can minimize the LCoE in a specific 
site by pursuing a trade-off between increased expenditures and the 
higher AEP. The comparison between Figs. 13 and 19 shows how, while 
the AEP always rises, the LCoE trend strongly depends on the wind 
source. The relevant ΔAEP depicted for Cyprus leads to a minimum cost 
of energy obtained with the WT with the lower specific power. This is 
consistent with the Weibull of this site, which shows a high amount of 

energy at the lower wind speeds. To this end, the more the operation 
curve is shifted towards lower wind speeds, the larger the benefits. 
Regarding the Italian sites, the wind energy distribution is translated 
towards higher wind speeds with respect to Cyprus. In these scenarios, 
the sensitivity analysis to the rotor diameter identifies MED15MW_270 
and 300 as the optimal solutions for Sicily and Sardinia, respectively, as 
shown by the ΔLCoE in Fig. 19b. This is again consistent with the wind 
resource of the two sites, which shows a higher average wind speed in 
Sicily than the one in Sardinia. Finally, while the site in the Gulf of Lyon 
experiences an increase in AEP, the higher CAPEX related to the larger 
swept area offsets the enhanced production potential, leading to a 
negative impact on costs. Fig. 19 shows how the optimal situation is 
represented by the turbine with the reference rotor diameter and further 
decreases in the specific power result in higher LCoE. This can be 
justified again by looking at the wind speed distribution in Fig. 2. The 
Weibull in this site is the closest to Class I, which has been taken as a 
reference for the design of the IEA RWT with a rotor diameter of 240 m.

IA cable costs affect only the LCoE, without modifying the optimal 
rotor swept area for the specific site. Fig. 20 shows the comparison be
tween the LCoEs obtained with IA cable costs of 750 €/m (hatched bars) 
and 500 €/m (solid bars). The hatched bars, representative of the base 

Table 6 
Steel consumption and CO2 production increase for the single turbine-floater assembly due to higher swept areas.

Wind Turbine MED15MW_240 MED15MW_270 MED15MW_300 MED15MW_330

Steel consumption [t] 6100.74 7265.11 8534.95 9917.91
CO2 emissions [t] 11286.36 13440.46 15789.66 18348.14

Fig. 18. Comparison between the carbon emissions saved and the carbon PBT for the tested WTs in the different installation sites depending on the emission factor of 
each Country [125].

Fig. 19. Comparison between the LCoE and the LCoE variation in the different installation sites for the new aerogenerator designs.
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case study, always exceed the LCoE depicted by the solid bars. When less 
expensive IA cables are used, the LCoE decreases as a consequence of the 
lower wake losses and reduced CAPEX. On the other hand, the un
changed optimal WTs emphasize a lack of direct dependency between 
the IA cable costs and the optimal swept area. From these preliminary 
results, it has been noticed that the optimal rotor diameter per se is 
influenced only by the wind speed distribution in a specific site.

6. Discussion

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

First, the literature review highlighted a significant gap in current 
methodologies, particularly the oversimplification in estimating the AEP 
based solely on wind profiles and hypothetical power curves. As shown 
in many studies, such approaches risk overlooking complex but critical 
interactions between turbine design, farm layout, and economic per
formance. By contrast, the comprehensive approach adopted in this 
review underscores the necessity of integrating detailed cost and per
formance drivers, such as wake losses, substructure design, and cabling 
costs, into early-stage feasibility analyses. In particular, this study 
clarified that the promise of LSP turbines in moderate wind areas affects 
not only their aerodynamic efficiency but also their energy system im
plications [126]. The detailed component-level review revealed how 
changes in rotor size and specific power influence the mass and cost 
scaling of rotors, towers, and floaters. These impacts are not indepen
dent; for example, larger rotors associated with LSP configurations tend 
to require taller towers and more robust floating structures, which may 
offset some of the expected energy gains. However, in the context of 
moderate wind sites where capacity factors are inherently lower, LSP 
turbines offer a valuable trade-off by improving AEP without signifi
cantly increasing operational expenditures. Despite lower specific power 
rotors being hampered by higher CAPEX, in fact, several key advantages 
have been highlighted. By optimizing the WT swept area, despite the 
increased costs, both the LCoE and the environmental impact of aero
generators can be reduced. Additionally, this approach leads to higher 
capacity factors, which may also be beneficial for expanding renewable 
energy capacity in sea basins with moderate wind speeds and deep 
waters that have not yet been exploited with conventional offshore wind 
technology. In addition, lowering specific power increases the 

availability factor, which is often valuable in energy grids with high 
penetration of intermittent renewable energy. From this perspective, the 
results are of interest for future analyses by both policymakers and 
relevant stakeholders, including energy producers, private investors, 
and utility companies that could push forward the development of a new 
generation of rotors tailored for specific markets. Increased investment 
in this technology could, in fact, not only contribute to renewable energy 
targets but also help enhance grid resilience and promote sustainable 
development of regions such as the Mediterranean one. By selecting the 
Mediterranean Sea as a case study, this study was able to contextualize 
theoretical findings within real-world site conditions, including varia
tions in wind resource, water depth, and infrastructure availability. This 
region-specific analysis demonstrated that while LSP FOWTs may not be 
universally optimal, their strategic deployment in select moderate-wind 
locations could bridge the gap between current technology limitations 
and future offshore wind expansion goals.

A comparison between the results obtained in this study and those 
presented in previous works highlights both the evolution of cost trends 
and the limitations inherent in certain modeling approaches. For 
instance, the wind farm specific CAPEX estimated in this work ranges 
between 3480 and 5100 €/kW, whereas [24] reported a lower range of 
3200–4550 €/kW. While the lower bound is in line with the literature, 
the upper-bound CAPEX found herein is influenced by the use of low 
specific power wind turbines, which increases CAPEX. Therefore, due to 
this metric not considering the AEP improvement of the larger rotors, 
energy production benefits cannot be quantified against their higher 
capital costs, making a direct comparison with this study [24] 
challenging.

Further comparison can be made with the work of Serri et al. [67], 
who reviewed LCoE estimates for wind projects in the Mediterranean 
Sea. Their reported LCoE range of 63–156 €/MWh aligns well with the 
present results, particularly for high-wind-resource areas such as Sicily 
and the Gulf of Lion. Conversely, sites characterized by lower average 
wind speeds, such as Cyprus and Sardinia, show consistency with the 
upper bound reported by Martínez and Iglesias [57], where the LCoE can 
reach up to 250 €/MWh. These parallels support the validity of our 
modeling framework and highlight the critical role of site-specific wind 
conditions in determining economic viability.

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

Concerning economic assumptions, no sensitivity analysis for the 
costs of platforms and other ancillary components, such as export cables 
and offshore substations, has been conducted. For all these components, 
the cost scaling models described in the methods section have been 
consistently applied. These models are based on established industry 
standards, empirical data, and literature values, ensuring a realistic and 
standardized approach to cost estimation across the project. Any fixed 

Fig. 20. Comparison between the LCoE in the different installation sites for the 
new WT designs with different IA cable costs.
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cost increases or decreases would uniformly affect all turbines and 
installation sites analyzed, thus preserving the comparative nature of the 
study’s conclusions. Therefore, variations in these costs could introduce 
uncertainty into the LCoE estimations, but they would not change the 
optimal turbine configuration for the installation sites. On the other 
hand, modifying the platform cost correlation by increasing or 
decreasing the dependency of the expenditure by the swept area may 
affect the optimal WT for a specific site. However, according to the 
limited amount of data available in the literature, arbitrary adjustments 
to the relation presented in Section 3 would be arbitrary, and was thus 
considered irrealistic.

Finally, while more complex economic metrics, such as the Cost of 
Value of Energy (CoVE) [127,128], are increasingly explored in aca
demic literature and energy tender evaluations, we opted to use the 
LCoE due to its widespread adoption and suitability for comparative 
analyses. In this study, LCoE was particularly appropriate as different 
turbine configurations have been compared to evaluate the benefits of 
larger rotors. Metrics like CoVE require time-dependent simulations of 
wind power output and detailed local market data, which were not 
available for this preliminary analysis.

7. Conclusions

In the study, current trends in offshore wind technology have been 
first critically reviewed, demonstrating that a new generation of floating 
wind turbines featuring LSP values, in order to better convert moderate 
wind speeds, can potentially disclose new sea basins and provide an 
increase in wind power generation needed to meet renewable energy 
targets. The same review showed, however, that the analyses presented 
to date failed in reliably estimating the potential of this technology 
because they made use of simplified models, which either focus on 
turbine components disregarding the influence of wake losses and inter- 
array cable layouts, or consider these effects but model the cost of tur
bine components using simplified cost scaling laws, which often do not 
include all the relevant physics. This, in turn, has led to significantly 
biased estimates, since changing the specific power of a FOWT has a 
number of implications that must be modelled.

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

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

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

• The lower the average wind speed, the greater the benefit due to the 
LSP. Among the selected study cases, a decrease in specific power has 

shown to lower LCoE for Sicily, Sardinia and Cyprus. For these cases, 
the optimal specific power ranges from 261 W/m2 for Sicily (similar 
to a Class II site) to 175 W/m2 for Cyprus, where the Weibull dis
tribution approaches Class 4 conditions.

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

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

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

• Comprehensive simulation models, such as the one developed for 
this study, are mandatory for critical analysis of FOWT technology, 
and are thought to provide in the future support to policymakers, 
stakeholders, and researchers for fostering the development of 
offshore wind in new sea basins.
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Appendix A 

In this Appendix, the Weibull distributions and wind roses for each installation site are presented, as well as the tables with the bathymetry and 
coordinates, in order to completely define the case studies. In the paragraphs below, the wind sources are described, and references are provided.
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Sicily

Table B.1 
Data for the installation site in Sicily.

Site Longitude [◦] Latitude [◦] k [t] Median WS [m/s] Sea depth [m] Export distance [km]

Sicily [75] 11.6371 37.7558 1.89 7.4 390 60

Fig. B.1. Weibull curve (a) and rose plot (b) of the wind source at 100 m asl for the installation site in Sicily.

Sardinia

Table B.2 
Data for the installation site in Sardinia.

Site Longitude [◦] Latitude [◦] k [t] Median WS [m/s] Sea depth [m] Export distance [km]

Sardinia [47] 8.069 37.7558 1.72 6.4 300 35

Fig. B.2. Weibull curve (a) and rose plot (b) of the wind source for the installation site in Sardinia.

Cyprus

Table B.3 
Data for the installation site in Cyprus.

Site Longitude [◦] Latitude [◦] k [t] Median WS [m/s] Sea depth [m] Export distance [km]

Cyprus [129] 33.531647 34.66597 1.89 5.94 350 25
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Fig. B.3. Weibull curve (a) and rose plot (b) of the wind source for the installation site in Cyprus.

Lyon

Table B.4 
Data for the installation site in Lyon.

Site Longitude [◦] Latitude [◦] k [t] Median WS [m/s] Sea depth [m] Export distance [km]

Lyon [74] 3.397522 42.841737 1.79 7.6 85 20

Fig. B.4. Weibull curve (a) and rose plot (b) of the wind source for the installation site in Lyon.

Appendix B 

In this Appendix, the cost and mass data for the semi-sub floating platforms found in the literature are presented, as well as the data relative to the 
tower length and weight, in order to completely define the academic and industrial state of the art.

Rotor diameter WT power [MW] Steel mass [kg] Platform cost [€] Tower height [m] Tower Mass [kg] Source

125 5 3.85E+06 – 8.76E+01 2.50E+05 [130]
154 6 2.30E+06 – 9.80E+01 6.70E+05 [26]
178.3 10 6.58E+06 – 1.07E+02 8.79E+05 [82]
178.3 10 – – 1.07E+02 1.26E+06 [82]
216.9 12 – – 1.10E+02 1.16E+06 [90]
240 15 3.91E+06 – 1.35E+02 1.26E+06 [77]
240 15 – – 1.35E+02 1.09E+06 [83]
198 10 2.00E+06 1.38E+07 1.49E+02 7.80E+05 [131]
198 10 4.50E+06 3.12E+07 1.16E+02 7.80E+05 [131]
240 15 4.00E+06 – 1.16E+02 1.26E+06 [132]
240 15 4.72E+06 – 1.35E+02 1.26E+06 [132]
178.2 10 5.25E+06 – 1.35E+02 7.80E+05 [88]
198 10 4.14E+06 – 103.7 7.80E+05 [88]
– 10 6.37E+06 – 1.16E+02 7.80E+05 [88]
218 15 4.36E+06 – 1.24E+02 1.26E+06 [88]

(continued on next page)
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(continued )

Rotor diameter WT power [MW] Steel mass [kg] Platform cost [€] Tower height [m] Tower Mass [kg] Source

240 15 4.45E+06 – 1.45E+02 1.26E+06 [88]
– 15 4.01E+06 – – 1.26E+06 [88]
– 15 2.80E+06 – – 1.48E+06 [133]
198 10 – 7.88E+06 1.16E+02 7.80E+05 [134]
126 5 3.59E+06 9.25E+06 8.76E+01 2.50E+05 [89,135]
178 10 5.60E+06 – 1.19E+02 7.04E+05 [89]
218 15 7.30E+06 – 1.39E+02 1.29E+06 [89]
252 20 8.86E+06 – 1.56E+02 2.00E+06 [89]
– 15 3.50E+06 – – 1.48E+06 [89]
276 20 4.70E+06 – 1.68E+02 2.25E+06 [89]
310 25 6.00E+06 – 1.85E+02 3.19E+06 [89]
340 30 7.30E+06 – 2.00E+02 4.20E+06 [89]
126 5 2.50E+06 7.50E+06 1.16E+02 3.50E+05 [136]
125 5 3.22E+06 9.63E+06 9.00E+01 2.50E+05 [58]
178.3 10 4.33E+06 1.28E+07 8.76E+01 6.05E+05 [58]
– 15 – 9.00E+06 1.07E+02 – [137]
125 5 3.57E+06 – 1.35E+02 6.00E+05 [138]
178.3 10 7.60E+06 – 8.76E+01 1.20E+06 [138]
125 5 3.85E+06 – 1.07E+02 2.50E+05 [139]
154 7.5 4.66E+06 – 7.70E+01 3.76E+05 [139]
154 7.5 4.55E+06 – 9.00E+01 3.76E+05 [139]
178 10 5.80E+06 – 9.00E+01 5.21E+05 [139]
178 10 5.58E+06 – 1.02E+02 5.21E+05 [139]
125 5 4.02E+06 6.50E+06 1.02E+02 8.82E+05 [140]
178 10 5.18E+06 1.00E+07 7.70E+01 1.78E+05 [140]
198 10 – 6.90E+06 1.07E+02 – [47]
240 15 – 1.04E+07 1.16E+02 – [47]
– 5 – 3.50E+06 1.35E+02 – [141]
– 7 – 5.81E+06 – – [142]
– 9.5 3.00E+06 – – – [27]
– 6 3.00E+06 – – – [143]

Data availability

Data will be made available on request.
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