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ARTICLE INFO ABSTRACT

Keywords: This work focuses on the techno-economic analysis of a novel floating offshore hybrid wind-wave platform.
Hybrid wind-wave energy systems Floating multi-purpose platforms can potentially reduce costs associated with floating offshore wind. This
Offshore wind energy work is based on the OctaPlat, a barge-type hybrid wind-wave floating platform designed at Instituto Superior

Floating multi-purpose platforms
Oscillating water column
Modelica

OctaPlat

Técnico, University of Lisbon. The paper presents the concept and numerical model of the floating wave
platform, comprising five oscillating water column (OWC) wave energy converters, which was implemented in
the object-oriented non-causal Modelica language. The OctaPlat configuration investigated here was equipped
with the 15 MW IEA reference wind turbine, whose power output was computed using OpenFASTO. A
sensitivity analysis of the geometry was performed, and the best performer design reached an average annual
wave turbine power of 25MW and a total wind-wave power of about 10.75MW for a selected site off
the west coast of Portugal. The levelized cost of energy (LCOE) was determined for a farm in the selected
location. Various scenarios were assessed, and a Monte Carlo approach resulted in a probable value of LCOE of
135€/MWh, with LCOEpg, and LCOE,,, values of 99 and 180€/MWh, respectively. Experimental tests of the
wave energy conversion systems were performed on a scale of 1:100, and comparisons with numerical results
showed good agreement, with a coefficient of determination (R?) of approximately 0.94 and relative differences
were less than 20%, except for a few peak deviations. These results reveal the potential competitiveness of
wind-wave multi-purpose platforms in floating offshore renewable energy projects.

1. Introduction accelerated. In 2022, the European Commission responded by releasing
the REPowerEU strategy, which proposed increasing the European
Union’s 2030 target for renewables from 40% to 45% [4].

Offshore energy arises as an answer to these challenges. European

The global surface temperature increased around 1.1 °C from
1850-1900 to 2011-2020 [1]. Greenhouse gas emissions are consid-
ered the main drivers of this human-induced phenomenon, with the

. .. . . Research and Development (R&D) organizations and industries are
largest share belonging to CO, emissions from fossil fuels combustion p ( ) org

and industrial processes [1]. Established in 2015, the Paris Agreement
called for actions to limit global warming to 1.5 °C, implying emissions
to reach net zero by 2050. Policymakers worldwide are, therefore,
seeking to increase the adoption rate of energy technologies from
low-carbon sources [2].

In this sense, the European Commission (EC) set a package of policy
initiatives to make Europe the first climate-neutral continent [3]. En-
couraged by policy support and market developments, renewables have
seen significant growth in recent years [4]. Upon the commencement
of Russia’s war in Ukraine and the inherent challenge of maintaining
energy security, it became clear that this development needed further

currently working to develop technologies to harness the power of the
sea and produce clean electricity at competitive prices. The European
Union (EU) has the most extensive maritime area in the world. It is
in an advantageous position to develop offshore renewable energy due
to its seas’ diversity and complementary nature. Pursuing this path is
crucial if Europe is to meet its proposed targets by 2050 [5].

Offshore wind technology has emerged as a key player in the path
to decarbonization, and its development has enabled countries to build
farms in locations with high wind resources close to densely populated
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Generator control law constant [W(s/rad)?]
Added mass at infinite frequency [kg]
Wave amplitude as function of the wave
frequency o, [m]

Specific heat at constant volume J/(kg K)
Turbine rotor diameter [m]

Probability of occurrence [%]

Excitation force on body m [N]

Force of the moorings on body m [N]
Force of the m PTO system [N]
Acceleration of gravity [m/s?]

Significant wave height [m]

Turbine generator set moment of inertia
[kgm?]

Mass of body i [kg]

Turbine mass flow rate [kg/s]

Pressure [Pa]

Relative air chamber pressure [Pa]
Absolute atmospheric pressure [Pa]

Mean annual pneumatic power [W]
Generator shaft power [W]

Pneumatic power [W]

Turbine shaft power [W]

Radiation damping force on body i due to
body j [N]

OWC water plane area of piston m [m?]
Time [s]

Volume of air inside the chamber in calm
water [m3]

Instantaneous air chamber volume [m?]
Wind speed [m/s]

Position of DoF i [m, rad]

Velocity of DoF i [m/s, rad/s]

Acceleration of DoF i [m/s2, rad/s?]

Excitation force on body i per unit wave
height [N/m]

Turbine dimensionless power [-]

Density [kg/m?]

Air density in atmospheric conditions
[kg/m3]

Stagnation air density at turbine inlet
conditions [kg/m?]

Water density [kg/m?]

Turbine dimensionless flow rate [-]
Random phase of the wave [rad]

Turbine dimensionless pressure head [-]
Wave frequency [rad/s]

Rotational speed [rad/s]

Atmospheric quantity
Best efficiency point

ac Air chamber

in Turbine inlet conditions

p Pneumatic value

t Turbine quantity

Acronyms

DoF Degree-of-Freedom

FOWT Floating Offshore Wind Turbine
LCOE Levelized Cost of Energy

PTO Power Take-Off

SWL Still Water Level

coastal areas [6]. The higher capacity factor of offshore wind and
its seasonal patterns confer greater security to the system compared
to other variable renewable energy sources [7]. All of these benefits
contribute to an increasing adoption of this technology, encouraged
by governments’ policies and incentives. To comply with the Net Zero
Emissions (NZE) scenario by 2050, and assuming the sector makes
significant progress in the coming years, the International Renewable
Energy Agency (IRENA) states that offshore wind capacity could reach
228 GW by 2030 and 1000 GW by 2050, with Asia accounting for more
than 60% of global installations [6]. Therefore, facing the challenges
imposed by the energy crisis, the Portuguese government announced
its target of 2 GW of offshore wind energy capacity by 2030 [8].

However, offshore wind must undergo significant technological de-
velopment to verify this growth. In fact, since the first offshore wind
deployment, efforts have been made to develop more efficient tur-
bines [7]. Such innovation has contributed to increasing the maximum
power output of turbines by increasing the hub height and swept
area, which enables the turbine to have a higher wind capture rate
and, ultimately, to lower the Levelized Cost of Energy (LCOE). In
addition, offshore wind installations have moved further from shore to
access better quality wind resources, translating into higher capacity
factors [7,9]. However, this implies that projects are installed in deeper
waters, which presents new deployment challenges and makes them
economically unattractive compared to the fixed-bottom foundations
used in shallow water projects. The industry has therefore developed
floating foundation technologies, based on previous examples from the
Oil and Gas sector, and assessed their costs [7]. Despite the recent ad-
vances regarding this technology, the LCOE of floating offshore wind is
still considerably higher than that of bottom-fixed solutions [7,10,11].
In fact, according to IRENA’s 2024 report on the matter [12], floating
offshore wind’s LCOE is currently around 170 EUR/MWh, nearly 4
times that of bottom-fixed turbines. The EU Blue Economy Report
of 2025 further emphasizes the strong project-specific variability of
the LCOE. For instance, in 2020-2023, the LCOE was 145 EUR/MWh
for Hywind Tampen in Norway and 240 EUR/MWh for Wind Float
Atlantic in Portugal [13]. Thus, to unlock access to higher-quality
wind resources in deep waters, further cost reductions are essential.
One possibility is to develop systemic approaches with ocean energy
technologies [6], which benefit from greater predictability than other
Offshore Renewable Energy (ORE) sources [7].

Combined wind-wave systems can be classified according to the
technology, water depth, or location relative to the shoreline. Ref. [14]
proposes a classification based on the level of connectivity, see Fig. 1.
Accordingly, these systems are categorized as co-located, hybrid, and
island systems.

This study focuses on floating hybrid wind-wave systems. These
benefit from being exposed to the higher wave resources that occur
in deeper waters and the potential to harvest better quality winds.
Furthermore, these hybrid systems have the potential to become cost-
effective solutions for offshore power supply [16]. By sharing the
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Fig. 1. Different types of combined wind-wave systems [14,15].

same platform, hybrid systems have the potential to reduce capital ex-
penditure (CAPEX) and operational expenditure (OPEX) by leveraging
synergies. Moreover, floating wind systems face several challenges for
full-scale deployment, such as increased fluctuations in offshore wind
speed, the motion of the platform, and the turbine’s response to chang-
ing wind conditions. Effective power smoothing is therefore critical to
ensure stable and reliable grid integration [17]. Hybrid configurations
can help address these challenges since wave climate peaks typically
trail the wind peaks, resulting in a smoother combined power output
that reduces variability and improves forecast accuracy [18]. To further
manage power fluctuations, hybrid systems can incorporate short-term
storage solutions such as battery energy storage systems (BESS) or
convert surplus power into hydrogen via electrolysis [17]. The latter
provides a pathway for long-term energy storage and other applications
such as sustainable fuels production offshore [19].

Several floating hybrid wind-wave energy systems have been con-
ceptualized, and tested during recent years. Dong et al. [20] presents
a review of hybrid wind-wave energy systems, with about 40 dif-
ferent concepts, most of them representing just ideas without great
development, with about half tested at a small scale in laboratory
environments. Poseidon Wave and Wind by Floating Power Plant,
and W2Power by Pelagic Power have reached demonstration scale
ocean deployments [14]. The Poseidon system is a buoyancy-stabilized
platform that integrates three wind turbines with multiple WECs. The
platform’s length can vary between 80 to 150 m, depending on site-
specific requirements. A 37-m scale model was tested offshore Den-
mark, equipped with ten 3 kW WECs and three 11 kW wind turbines.
The full-scale Poseidon system is designed to generate approximately
2.6 MW from oscillating water columns and an additional 2.3-5 MW
from wind turbines [14]. W2Power is a floating hybrid system that
combines two wind turbines mounted on a semi-submersible plat-
form with multiple heave-type point absorber WECs. This configu-
ration aims to maximize energy capture from both wind and wave
resources while ensuring platform stability [14]. Other studies fo-
cused on bottom-fixed hybrid wind-wave systems [21-23]. For exam-
ple, Pérez-Collazo et al. [21] considered and designed three prototypes:
OWC-monopile, OWC-jacket frame, and oscillating body-monopile.

Hybrid wind-wave systems have been investigated in several stud-
ies, many of which highlighting potential improvements in energy yield
and hydrodynamic performance [16,24-28]. For instance, a hybrid
system combining two types of WECs with DeepCwind [29] achieved a
total power production at least 27.2% higher than that for the Floating
Offshore Wind Turbine (FOWT) alone [24]. In addition to reduced
motions and increased stability, the wind turbine power generation
capacity was optimized at both rated and below-rated operating con-
ditions. Other studies [25,26] reported lower pitch movements for
FOWTs with integrated WECs. Recently, Zhang et al. [30] experimen-
tally compared the dynamic responses of a conventional FOWT and a
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floating wind-wave-tidal (WWT) system under regular, irregular, and
freak waves. Results showed that, under long-period regular waves,
the WWT system achieved substantial pitch motion reductions relative
to the FOWT, with amplitudes decreased by 70.2% at the heave nat-
ural period and 94.6% at the pitch natural period. Although motion
responses of both systems increased with wave height, the WWT system
maintained superior performance, achieving up to 37.12% lower pitch
amplitudes across different spectral peak periods and a maximum re-
duction of 44.7% under long-period freak waves. These improvements
were primarily attributed to the damping contribution of the integrated
WECs, which dissipate wave energy through frequent water entry and
exit interactions. While the addition of WECs led to higher heave re-
sponses and mooring tensions, the WWT system exhibited significantly
enhanced hydrodynamic robustness overall.

Another study [27] evaluated a hybrid wind-wave platform in-
tegrating a semi-submersible Nautilus platform [31] with four-point
absorbers, concluding that pitch motion and nacelle acceleration were
reduced, enhancing stability. While wind turbine power output re-
mained nearly unchanged, the hybrid system produced additional en-
ergy from wave conversion. In addition to demonstrating the reduced
pitch motion of the studied floating platform, Hu et al. [16] aimed to
optimize the size and layout of the WECs within the hybrid system. The
authors concluded that larger WECs are preferable as they allow more
wave energy to be captured in a limited area and sea state.

While some studies indicate improved stability with hybrid designs,
others highlight challenges. Faraggiana et al. [32] worked on achieving
the optimal design of a semisubmersible hybrid wind-wave floating
platform integrating three WECs with the goal of increasing energy
production while improving structural stability and reducing costs
when compared to the standalone FOWT. The system consists of a
central cylinder with three WECs connected via arms, offering dynamic
stability to the platform. The authors studied different geometries for
the WECs — cylindrical, semi-cylindrical and spherical — and made
a sensitivity analysis on their main design parameters. The cylindrical
WEC shape with a large radius and small height was found optimal. The
power increase of the hybrid design is about 14.3% (7.5% from WECs
and 6.8% from wind turbine) when compared to the standalone system.
However, it was found that for less energetic sea states, the floating
wind turbine alone showed a better dynamic stability compared to the
hybrid system. In fact, some studies found an increase in the platform’s
motion when integrating WECs as opposed to other findings. Muliwan
et al. [33], for instance, who studied a hybrid spar platform with an
integrated two-body axi-symmetric floating WEC, found that the hybrid
system had greater mooring and tower loading in survival conditions
resulting from WEC loading in rough seas. This raises challenges, as it
shows that if not carefully designed and integrated in the platform, the
WECs can harm its stability, rather than help suppress its motion, as
pointed in other studies.

Beyond hydrodynamic performance, the techno-economic feasibil-
ity of hybrid wind-wave systems is a key factor determining their
potential deployment at commercial scale. While early studies primar-
ily focused on single-source systems such as floating wind or wave
energy converters, the combined assessment of hybrid platforms re-
mains comparatively limited. Nevertheless, available evidence indicates
that the LCOE of hybrid systems can be lower than that of their
standalone counterparts. This reduction arises from several interacting
factors, including the sharing of assets both onshore and offshore, the
complementarity between wind and wave resources that increases the
annual energy yield, and the sharing of operational and maintenance lo-
gistics, which further lowers operational costs [34]. As a result, hybrid
wind-wave configurations have demonstrated economic advantages.
For example, the semi-submersible Nautilus-based platform integrating
four point absorbers yielded a 9% lower LCOE compared with the
floating wind turbine alone, with the potential for a 12% reduction
in larger-scale deployments [27]. Industry analyses also support these
findings, indicating that that shared infrastructure and services between



M.B.V.A. Rodrigues et al.

offshore wind and wave energy developments could reduce overall
LCOE of offshore wind by up to 12% [18].

Finally, material selection for substructures also plays a role in the
feasibility of hybrid platforms. Most substructures for offshore wind
currently considered are made of steel, as it is the case for Principle
Power’s Wind Float [35] used in projects such as the Wind Float
Atlantic, the first offshore wind project using a semisubmersible plat-
form [36]. A report published by DNV [37] performed a comparative
analysis between steel and concrete substructures for floating offshore
wind. The study considers carbon footprint, cost, and potential for local
content and studied spar and semisubmersible platforms. The results
showed that concrete floaters, both spar and semi-submersible, have
lower carbon footprint and costs, than their steel counterparts. Notably,
recent projects are now adopting concrete platforms — one of the two
sites awarded as part of the Mediterranean tender (AO6) in France at
the end of 2024 [38], uses the BW Ideol barge-type platform made of
concrete. While previous studies highlight the benefits of floating hy-
brid wind-wave systems, challenges such as structural loading, stability,
and cost-effectiveness remain.

This paper introduces OctaPlat, a novel hybrid wind-wave system
that aims to harness all the benefits of hybrid systems while addressing
their potential limitations and offering a viable solution for offshore
renewable energy generation. Fig. 2 presents a schematic representa-
tion of an OctaPlat. The work focuses on the techno-economic analysis
of the system to assess its potential feasibility. Section 3 contains the
methods followed in the study and the tools and materials used. It
further presents the wind turbine properties used for this study and
the farm’s location and layout. Afterwards, the numerical modeling
equations are given in Section 4. Section 5 outlines the base case’s def-
inition and analysis, considering the platform’s design, properties, and
results obtained for that scenario. It further includes a brief comparison
between experimental and numerical results. A sensitivity analysis is
presented in Section 6, followed by the determination of the LCOE of
the wind farm for the best-chosen scenario in Section 7. The conclusions
are presented in Section 8.

2. The OctaPlat

The definition of the geometry and design of the barge-type float-
ing platform — OctaPlat — conceived at Instituto Superior Técnico
is presented here. The conceptual design (see Fig. 2) considers the
installation of the IEA-15-240-RWT 15MW reference wind turbine.
The system, with an octahedral shape made of concrete, has an 84 m
long and five OWCs. Four lateral rectangular shaped OWCs around the
periphery of the platform, with main dimensions of 35m long and 11 m
wide, and a central OWC of 304 m2. For the lateral OWCs, the water
enters through a cavity of 39m long and 11 m high, which narrows
until it reaches the 35m long base. The turbines selected for the OWC
are impulse air turbines. Once in place, the platform has a draft of about
20m with a 15m upper section above the still water level (SWL). The
platform’s model created in a CAD system is presented in Fig. 3, and
its general properties are in Table 1. A cut view of the platform with
seawater ballast is also presented. The platform is designed to support
the wind turbine between the central OWC and one of the lateral ones.
Thus, to keep it in the upright position, four sections are created to
allow ballast separation: the submerged part of the platform includes
four diagonal walls running from each corner of the central OWC to
the end of the structure, as seen in Fig. 3.

The total mass of the platform is 70,902 t, of which 50,717t corre-
sponds to the concrete structure, 898t to a transition piece (a 16 cm
thick tube [39] to support the turbine tower along the 15m of the
upper part of the platform) made of steel, and 19,287t of seawater
ballast distributed in such a way that maintains the platform in the
upright position. It should be noted that neither the platform nor the
transition piece is designed in detail, and a structural analysis should
be performed in the future. Despite the high mass of concrete obtained,
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Fig. 2. Conceptual representation of the hybrid wind-wave system — OctaPlat.
The floating platform converts wave energy through five oscillating water
columns, and a wind turbine is mounted on the platform, which is moored
using four mooring lines.

Table 1

General properties of the platform.
Parameter Units Value
Displaced volume m? 71,534
Structure mass (Concrete) kg 50.7 x 10°
Transition tube mass (Steel) kg 898 x 10°
Seawater ballast mass kg 19.3 x 10°
Draft m 20.3
Vertical CG from SWL m —-8.56
Vertical CB from SWL m —-8.88
Roll inertia (CG) kg m? 7.31 x 1010
Pitch inertia (CG) kg m? 4.61 x 10'°
Yaw inertia (CG) kgm? 4.73 x 1010

it is important to note that typical offshore structures from the Oil &
Gas industry can reach similar masses [40].

The total mass of the platform reaches 73,322t when the wind
turbine and ballast are included. The mass of the wind turbine accounts
for 2419t. The overall center of gravity (CoG) is at —1.4m, and the
metacentric height obtained is about 24 m.

3. Methodology

An overview of the methodology used in this work is presented in
Fig. 4. It allows the relative comparison of different platform geome-
tries regarding the OWC systems, and once selected a best-performer
within the constraints of the sensitivity analysis, the techno-economic
analysis follows. The latter is done using the Levelized Cost of Energy
(LCOE) as the main indicator. A Monte Carlo probabilistic analysis
was performed for the best case, considering variations of CAPEX,
OPEX, AEP, and discount rate. In addition, an exploratory assessment
was conducted to evaluate different air turbine damping (i.e., different
sizes) for each OWC, rather than using the same damping for all OWCs.
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Fig. 3. CAD model of the platform. Left: perspective view; middle: lateral cross section; right: plane cross section at water level.
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Fig. 4. Methodology for the design and analyses of the hybrid wind-wave energy system.

An initial design of the hybrid platform was made based on the
preliminary system developed at the Instituto Superior Técnico. The
platform was modeled in a CAD system which allowed to retrieve its
properties, i.e., mass, displaced volume, centers of gravity and buoy-
ancy, and inertias. The design was then input into WAMIT©O, which
is a 3D Panel Method code (based on the boundary integral equation
method (BIEM)) used to compute wave radiation and wave excitation
on the offshore structure in the frequency domain [41]. It is based on
the linear and second-order potential flow theory for analyzing floating
or submerged bodies in the presence of ocean waves, considering
the system to be rigid [41]. From WAMITO, it was thus possible
to obtain the hydrodynamic coefficients of the floating platform and
the oscillating water columns (OWCs) wave energy converters. These
results, together with the wind and wave resource characterization
of the deployment site, were utilized in OpenFASTO, for the wind
energy extraction assessment and in an OpenModelica tool developed
at Instituto Superior Técnico (IST) [42] for the wave energy production
analysis.

OpenFAST© is an open-source aero-hydro-servo-elastic time-
domain simulation tool developed by NREL [43]. This tool is utilized to
assess the loads on the turbine, determine the average power produced
for different wind speeds (and, therefore, obtain the turbine’s power
curve), and perform free decay tests to determine the natural periods
for each degree of freedom (DoF) of the platform. The feasibility of
the project heavily relies on the wind turbine, which generates the

majority of the power in the hybrid system. It was, therefore, crucial
to understand the OWCs’ impact on its behavior. Although OpenFAST©
is not able to model the OWCs and their respective coupling forces to
the floater, it allows the loads on the turbine and the power generation
to be to determined using the hydrodynamic coefficients of the hybrid
platform. On the other hand, the IST’s OpenModelica-based tool [42]
allows the analysis of the wave energy production of the system.

As a result of the simulation, it was possible to verify the annual
energy produced and the influence that different OWCs’ turbine damp-
ing coefficients have on this value. These two outcomes were then
coupled to determine the total power production of the system. In case
there was room for improvement, the geometry of the platform was re-
assessed, and the new hydrodynamic coefficients were computed using
WAMIT®. Otherwise, its geometry and design were finished, and a
techno-economic analysis followed.

It is worth mentioning that, due to the high computational com-
plexity associated with fully coupled simulations, the power generation
analysis model in this study does not account for the coupling forces be-
tween the OWCs and the wind turbine on the platform motion response.
Although the present model enables an efficient preliminary evaluation
of the hybrid platform’s overall power performance, it may introduce
deviations in predicted motion responses and power outputs, as mutual
interactions between hydrodynamic and aerodynamic loads can alter
the floater’s behavior and no real-time coupling is implemented.
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Fig. 6. Wind farm location.

3.1. IEA 15 MW offshore reference turbine

The 15MW reference offshore wind turbine developed by the IEA
and jointly designed by NREL, the Technical University of Denmark
(DTU), and the University of Maine [44] was selected. This is a conven-
tional 3-bladed variable speed, pitch-regulated Horizontal Axis Wind
Turbine with 15 MW of rated power, a rotor diameter of 240 m and a
hub height of 150m. The rated wind speed is 10.6 m/s with a design
tip-speed ratio of 9.0m/s. Cut-in and cut-out speeds are 3m/s and
25m/s, respectively (see Fig. 5). A complete description of the turbine
can be found in Ref. [44].

3.2. Location details and hybrid wind-wave farm layout

The designated site is located 35km off the west coast of mainland
Portugal, near Porto and the Port of Leixoes, at the coordinates of 41°
10’27”N 9° 03/50”W (Fig. 6). This site is close to an area that has been
earmarked for future offshore wind projects [45].

Table 2 provides a comprehensive breakdown of the joint wind
speed and sea states with probabilities of occurrence.

The data in Table 2 is derived from the statistical treatment of
the joint wind and wave data at the location from January 1979 to
December 2009 obtained from the National Oceanic and Atmospheric
Administration (NOAA) Wavewatch III© hindcast data [46-48]. The
procedure involved the creation of (i) wind classes and their probabil-
ities of occurrence, (ii) the association of mean values of significant
wave heights per wind class, and (iii) the association of mean peak

Table 2
Wind and wave conditions at the selected site and wind class probability of
occurrence f;.

Using Hy T, Jor Uing H T, Jor
[m/s] [m] [s] [%] [m/s] [m] [s] [%]
1 1.7 11.4 1.76 14 2.9 10.9 4.04
2 1.7 11.3 3.19 15 3.1 10.9 3.17
3 1.7 11.3 4.88 16 3.3 11.0 2.39
4 1.7 11.3 6.60 17 3.6 11.1 1.75
5 1.8 11.3 7.93 18 3.8 11.2 1.25
6 1.8 11.2 8.87 19 4.0 11.4 0.83
7 1.9 11.3 9.25 20 4.4 11.5 0.54
8 2.0 11.2 8.89 21 4.7 11.7 0.37
9 2.1 11.2 8.14 22 4.9 11.8 0.22
10 2.2 11.2 7.57 23 5.3 12.0 0.14
11 2.3 11.0 6.88 24 5.4 12.0 0.10
12 2.5 10.9 6.11 25 5.6 11.9 0.04
13 2.6 10.9 5.01

Table 3

Reduced wave climate at the selected site and sea states probability of
occurrence f,, see [49,50].

H Ty fo2 H Ty for
[m] [s] [%] [m] [s] [%]
1.1 6.4 7.04 2.1 13.5 0.59
1.2 7.6 12.35 3.1 9.4 9.41
1.2 9.0 8.17 3.2 11.6 10.07
1.9 7.4 11.57 3.3 13.8 2.57
2.0 9.3 20.66 4.8 11.5 4.72
2.1 11.4 8.61 4.9 14.0 2.81

period per each wind class. This is deemed a minimum viable procedure
for estimating the FOWT behavior in the selected site. It should be
noted that more detailed studies should consider extended methods that
more accurately account for sea state variability per wind class. It is
done in more advanced stages of offshore wind turbines’ design and
certification processes.

Table 2 is considered for wind conversion simulations. For wave
energy conversion, Table 3 is utilized [49,50]. This table consists of 12
sea states, which represent the selected site. The procedure followed
to obtain this equivalent reduced number of sea states is presented in
Ref. [51].

The wind-wave farm layout considered in this work is based on
the Lillgrund wind farm, reported in Ref. [52], later used in Ref. [53],
which utilized the same site for its analyses. The northwest orientation
was chosen for the hybrid farm because of the prevailing northwesterly
wind direction at the selected site. The farm layout is described by
a spacing of consecutive turbines in a row of 4.3D, where D is the
wind turbine rotor diameter. The spacing between each row is 3.3D,
as reported for the Lillgrund wind farm in the Oresund region [52].
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Fig. 7. Layout of the wind farm, where D is the turbine rotor diameter and
yp is the distance between rows [53].

Despite the potential to significantly increase the wake losses of a
wind farm, the clustering of wind turbines is associated with lower costs
(array cables, sea lease, and site clearance) [52,53]. Furthermore, the
excessively tight layout might increase fatigue loads, translating into a
lower lifetime of the farm. The study of these loads is beyond the scope
of the present work.

Fig. 7 presents the layout considered for the farm used for the
techno-economic analysis performed later. The layout comprises twenty
turbines (as described in Section 3.1). The turbines are distributed in
five rows of 4 turbines each.

4. Numerical modeling - Rigid array of five OWCs integrated in a
floating platform

This section presents the approach adopted for the wave energy
systems’ modeling, implemented in the object-oriented equation-based
Modelica language, similar to the model presented in Ref. [42]. As
explained above, the floating wind turbine modeling was performed
in OpenFAST®©, and the mathematical description of the model is
presented in Ref. [43].

The hydrodynamic coefficients that are used as input were cal-
culated using WAMITO and were entered into OpenFAST© and the
OpenModelica wave platform model. The main results are presented
in Sections 5.1 and 5.2. The OpenModelica wave platform model
presented in Section 4 was partially validated through experimental test
results (see Appendix B).

4.1. Equations of motion

The motion of a generic floating body subject to incident waves
is studied under the assumption that the waves are described by the
linear wave theory. Thus, in this work, both the wave amplitude and
the floating platform movements are considered small compared to the
wavelength and water depth. Additionally, the flow is assumed to be
incompressible and irrotational [54,55]. A body’s response to waves is a
complicated phenomenon involving interactions of the body dynamics
with several forces. When the non-linearities of the responses are small,
the linear wave theory has proved to be satisfactory to describe the
dynamics of OWC systems in fixed and floating devices [54].

The equations of motion are presented in Refs. [42] and [54] for
the case of two bodies oscillating in heave. This work considered six
bodies: one for the physical floating platform — the floater — and
five for the OWCs. Ref. [56] presents the equations of motion for an
arbitrary number of oscillating bodies.

The floater can oscillate with six degrees of freedom: surge (mode
1), sway (mode 2), heave (mode 3), roll (mode 4), pitch (mode 5),
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and yaw (mode 6). As a simplification for the five internal oscillating
water columns, only the heave mode was considered (modes 9, 15,
21, 27 and 33). The vector x; represents all modes for the six-body
system with time-dependent components, where i is the mode index
from i = 1,...,6 for the floater, and i = 9,15,21,27,33 for the five
OWCGs. In the absence of waves, x; = 0 for all modes. Note that the
OWCs are modeled as fictitious rigid pistons placed on the inner free
surface of the pneumatic chamber of each OWC. This approximation
has proved to be acceptable [57].

In the case of the six-body problem, the mass-inertia matrix M, ; has
36 x 36 components [56]. Each entry of the matrix M; ; can be decom-
posed in mass m; ; plus added mass at infinity frequency A7 [56]. For
the five OWCs, only the components associated with heave modes are
considered, i.e., components Mgg, M55, My, My77, and My;53.
The coupling added-mass terms M;q and Mgy;, My s, Ms;, M3,
My, 3, M3,7, Myr3, Mss;, Msz; were assumed to exist only in the
heave degrees of freedom [42], i.e., i = 3,9,15,21,27,33. Note that the
inertia matrix M;; = m;; + A is symmetric and comprises many zero
values. The interaction between the different pistons was neglected in
the simulations.

Applying Newton’s law, the equation of motion of a floating body is
given by equating the inertial forces to the sum of the forces acting on
the body. The equations of motion for the ith mode in the time domain
can be written as

6

z ((mlj +A§f’j>5éj +R;;+C5 xj)
=1

+ (A9 %o + Ryg ) + (ATs 515 + Ras ) )

(A2 o+ Ragy ) + (A% %o + Ry ) + (AT %+ Ryzs)

— Jexc moor PTO PTO PTO PTO PTO
=F™ + F; +F A F A F T+ F T+ FT

D (i +AZ) 5+ Ry + Cuypxy ) = FE4 FP, i=1,2,4,5.6,
=

(2)
(mkﬁk + A;jjk) g+ Ryy + Ciopo g+ A 3 + Ry g = FO€ — FPTO,

3
k=9,15,21,27,33,
where x;, x;, and X; are the displacement, velocity, and acceleration of
the jth mode, respectively.
The radiation forces R;; are obtained through the convolution
integrals considered as functions of the radiation damping coefficients
and are given by

1
R, = / K ;(t—7)%;(7)dr, (€3]
0
where
K (1) = 2 / B; ;(w) cos(wt) dw, ()
7z Jo

represents the radiation impulse response functions (IRFs) and B, ; is
the radiation damping coefficient. The components C;; represent the
hydrostatic coefficients matrix components as described in Ref. [41].

The terms F°°" are the force components associated with the
mooring lines. The excitation force components F*¢ are exerted by the
incident wave on the floater and are determined by the incident wave
amplitude A,,, and the exciting force or moment I';. These are given in
function of the regular wave component with frequency w,. As such,
the excitation forces F*¢ can be obtained as a sum of N components
as a function of the frequency w,

N
FieXC(I) — Z Ay(w,) T (w,) cos (wnt + ¢r(wn))’ (6)

n=1
where i = 1,...,6. Here ¢,(w,) is the random phase of the wave
generation, a random number between 0 and 2.
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The coupling term F,.PTO is connected to the relative heave motion
of the different bodies and can be obtained from

FPTO = Spi Paci(®). i=9,15,21,27,33, @

where p,.,(t) represents the instantaneous pressure in the ith air cham-
ber relative to the atmosphere. The knowledge of the pressure within
the chamber necessary to solve Eq. (7) requires solving simultaneously
the complete system of equations, which includes the definition of the
air chamber, turbine, generator, and control models [42]. These are
discussed and presented in Sections 4.2 and 4.3, based on Ref. [42].

4.2. Air chamber model

The air in the pneumatic chamber is assumed to satisfy the ideal gas
equation
_ Pac t Pat

= , 8
Pac RT, ®

where p,. is the air density, p,, the atmospheric pressure (assumed
constant), T,. the air absolute temperature, R is the gas constant. In
this context, the turbulent and molecular diffusion process is assumed
to occur sufficiently rapidly. As a result, the thermodynamic variables
within the air chamber can be treated as uniformly distributed across
space (air chamber).

The conservation of mass in the air chambers may be expressed
as [58]

Pac V + Pac V= —n, (C)]

where V is the time-dependent volume of air in the chamber and 1, is
the turbine mass flow rate. The partial air renewal in the chamber dur-
ing each wave cycle maintains the average air temperature close to the
external air temperature. Consequently, the heat exchange across the
chamber, turbine walls, and the inner air-water-free surface is negligi-
ble compared to the work done by the motion of the inner free surface
or the work performed by the turbine [42]. Consequently, the thermo-
dynamic process within the inner air chamber can be approximated as
adiabatic.

Furthermore, since (i) the density of air is significantly smaller com-
pared to that of water, and (ii) the vertical dimensions of a full-sized
OWC air chamber typically do not exceed a few meters, the differences
in potential energy within the air chamber can be neglected [58].

Consequently, the first law of thermodynamics allows the time-
derivative of the internal energy U (¢) of air in the chamber to be written
as

. 1 : . .
O { — thout (houe + 5 Upy) = Pac Vs if pac > pay (exhalation)

iy (hip + % uizn) - Pac Vs if pae < pae (inhalation)

(10)

where hgy, Ugy> hin and vy, are the specific enthalpies and the air
velocity at the air chamber outlet during exhalation and the turbine
outlet during inhalation, respectively.

The airflow is non-isentropic due to losses primarily occurring in the
air turbine. Therefore, the specific entropy in the air chamber is higher
than in the atmosphere [58]. The variation in the specific entropy in
the air chamber is given as

T, p
As,.=c 1n<£> + Rln(i‘> , 11
a v Tat pac

where Ty, par, and ¢, correspond to the atmospheric air temperature,
air density, and the specific heat at constant volume, respectively.

4.3. Power take-off system modeling
The power take-off (PTO) system utilizes an air turbine to drive an

electric generator. Ensuring effective control of the turbine’s rotational
speed is critical to this system [42].
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4.3.1. Turbine modeling

The performance of an air-turbine is typically presented in terms
of its dimensionless pressure head ¥, dimensionless flow rate @, di-
mensionless power output IT and efficiency #,. These are defined as
(incompressible flow is assumed) [42]

Pac

[ . — 12)
Pa,in Q2 dt2
o= M 13)
=—,
Pa,ingdi
n- % 14
alveyt e
l’a,inQ dt
11
= —. 1
"= o 15)

Here Q is the turbine rotational speed (in radians per unit time), d, is
the turbine rotor diameter, and P, is the turbine shaft power output.
The reference density p, ;, is defined in stagnation conditions at the
turbine entrance as

Pac>

Poin =
o {pah
The turbine aerodynamic power is computed from Egs. (14) and

(15) as
P = py i Qd? TI(P). a7

if p,. >0 (exhalation)

if p,c <0 (inhalation) 16)

The mass flow rate of air through the turbine and the associated
specific enthalpy are turbine outputs. The specific enthalpy at the
turbine’s outlet A" is defined as

h - ( Pac ) M. if pae > 0 (exhalation)
Pa,in (18)
hy + < Pac ) n,  if pae <0 (inhalation)

a,in

out __
h =

where h, and h, are the atmospheric and air chamber-specific en-
thalpies, respectively.

4.3.2. Electric generator and control modeling

When controlling the turbine, the goal is to maximize its efficiency.
This implies operating the turbine at the best efficiency point Wy,
meaning it should comply with [59]

P~ Pat,in d{i H(q}bep) 93’ 19
—_—
apep = coNst

where a,e;, is a constant dependent on the turbine geometry. Note that
the atmospheric air density is used to define app. Thus, the generator
control law must follow the relation [42,60]

Pen = abepgs’ (20)
and the instantaneous rotational speed is computed from [61]

d

T (%192) =P - Py 1)

Here P, represents the generator shaft power. It is important to note
that most control strategies to date focus on maximizing turbine effi-
ciency, and a combination of comprehensive control strategies should
minimize the levelized cost of energy [62].

4.3.3. Turbine damping

The present work utilizes a symmetrical impulse turbine for bidi-
rectional flows [63,64]. This type of turbine has proven to be effective
in converting the energy of large air pressure oscillations that occur in
energetic sea states [64].

Self-rectifying air turbines of impulse type are characterized for
having a relationship between dimensionless values of pressure head
and flow rate fairly well-approximated by the expression [65]

¥ =, @7, (22)
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Table 4 Table 5
General properties of the platform. Platform natural periods.
Mode Stiffness Unit Surge Sway Heave Roll Pitch Yaw
Surge -71973 N/m T, [s] 250 250 14.1 20 20 125
Sway -71322 N/m
Heave —-60800 N/m
Pitch -1272133 N m/deg
Roll —1285875 N m/deg 5.1. Wind power curve computation
Yaw -302208 N m/deg
The average power for each wind speed from cut-in to cut-out con-
sidering the IEA-15-240-RWT 15 MW reference wind turbine mounted
on the OctaPlat and the wind-wave joint climate representation pre-
sented in Table 2 was obtained by simulations in OpenFAST©. The
2 power curve is presented in Fig. 9. The plot includes standard devi-
ations for each wind speed. The turbulent wind field for every wind
class in Table 2 was generated using normal turbulent conditions, the
von Karman turbulent model in the TurbSim pre-processing module.
The waves associated with every wind class were considered to fol-
low Pierson-Moskowitz spectra, which was specified in the Hydrodyn
5 1 3 % module for wind turbine simulation, but also used this spectrum in the
evaluation of the wave energy conversion detailed in the next section.
The mean annual capacity factor of the wind turbine in the target
location is about 0.55, which represent about 8.2 MW of mean annual
wind output power.
P Free-decay simulations were performed in OpenFAST® for each DoF

Fig. 8. Orientation and numeration of the OWCs.

where K, is a dimensionless constant. From Egs. (12) and (13) the
turbine damping can be obtained as

2 /’a in 12
ky=d; . 23)
K Ap

4.4. Linearized mooring model

The mooring forces were considered linear springs such as

M
Fimoor =K Z Xni s (24)
m=1
where x,, ; is the displacement coordinate of the mooring line m floater
connection point. Four mooring lines were simulated in Modelica and
in OpenFASTO, and their main characteristics are the same as those
specified for the VolturnUS wind floating platform equally distributed
radially (45, 135, 225, and 315 degrees). Hengstmann (2023) [49] pre-
sented stiffness coefficients for all DoF for mooring lines with the same
characteristics as the VolturnUS platform. As a preliminary approach,
the same coefficients were adopted here. The mooring stiffness «; in all
DoF is shown in Table 4.

5. OctaPlat - Base case definition and analysis

The OWCs were numbered for reference. This is done according to
the direction of the incident waves, which is assumed to be coincident
with the heading of the x;-axis. Accordingly, the central OWC is num-
ber 1; the top OWC is number 2 when the x;-axis comes from the right;
the following are numbered clockwise from there. This orientation is
presented in Fig. 8.

of the platform. The tests considered a still wind environment with no
waves. The natural periods T, for each of the six DoFs are presented in
Table 5.

5.2. Wave energy - Annual production

The OpenModelica platform model was used to calculate the wave
annual power generation for different 1mpulsenturb1ne damping for
the base case design. The pneumatic power, P, corresponds to the
energy that is absorbed from the motion of the OWGs. In contrast,
P, represents the turbine power — it is therefore expected that
this parameter will be lower due to the losses in the turbine. These
simulation results are presented regarding turbine damping, as defined
in Eq. (23), and its effect on the power output of the wave energy
conversion systems. Results present the power output of all five OWCs;
see Fig. 10.

The maximum annual average produced power occurred around a
damping of 3.5x103 ms and corresponds to a pneumatic power of about
3.5MW and about 2.1 MW of turbine output power. This result appears
to be greater than that of other WEC systems. For example, in Ref. [54],
for the same site conditions, the platform with five OWC presented a
mean annual average pneumatic power of 410kW for a water surface
area of 264 m? when equipped with an impulse air turbine. The Mutriku
power plant [66] has a design annual average pneumatic power of
175kW for an area of 223m? for lower energetic wave conditions.
These values are 1.3 and 2.6 times lower than those for the platform
studied here. Despite these results, rotor speed and cost factors must be
considered when selecting the turbine.

5.3. Natural periods

The natural periods for each OWC were determined according
to [54]

PESY,i
o, =/ (25)
i m; + A,-Y,-(conl)
where S, ; corresponds to the waterplane area, m; corresponds to the

body’s i mass, and 4, ; is the radiation added mass coefficient obtained
with WAMITO for each OWGC, i.e., i =9, 15, 21, 27 or 33. The mass,
m;, is related to the volume defined by the piston, the free surface, and
the walls. This study’s parameter is zero since the piston is at the free
surface. The natural periods are presented in Table 6 for each OWC.
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Fig. 10. Average annual pneumatic and turbine power for different turbine damping (Base Case) for the wave energy conversion system.

Table 6 Table 7
OWCs’ natural periods. Cases studied in simulations with corresponding changed design parameters.
OWC 1 OWC 2 OWC 3 OWC 4 OWC 5 Central OWC Width lateral OWCs Water opening height
T, [s] 8.5 8.9 8.9 8.9 8.9 Case 1 1.25a Case 3 0.75 w Case 6 0.50 h
Case 2 1.50 a Case 4 1.25 w Case 7 0.75 h
Case 5 1.50 w Case 8 1.25 h

6. Geometric variables sensitivity analysis

A sensitivity analysis was performed to assess the influence of
the selected platform geometric parameters on the overall results, in
particular on the wave energy conversion. The reference design — base
case — is presented in Fig. 11, which also includes the values of the
modified variables. Table 7 shows the cases studied in simulations with
the corresponding changed design parameters. All the alterations are
presented as a function of the referenced base case.

The results obtained from the OpenModelica platform model for the
wave energy production led to the conclusion that the best-performing

10

scenario was the one where the width of the lateral OWCs was set to
1.50 w (Case 5). For the air turbine damping of about 3.5 x 10> ms,
the total average annual turbine power is approximately 3 MW, which
is 50% above the base case. However, the corresponding Aero-Servo-
Hydro-Elastic simulations of the floating wind turbine in OpenFAST
were unsatisfactory: at higher wind speeds, the platform moved sig-
nificantly, making its operation undesirable. As such, the best case for
this sensitivity analysis was the one with the second-best performance
in wave energy generation and for which the platform’s movements
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Fig. 11. Selected variables to be altered for the sensitivity analysis and correspondent reference values.
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Fig. 12. Case 4: Annual average pneumatic and turbine power for different turbine damping for the wave energy conversion system.

were within operational limits. This corresponded to the case where
the width of the lateral OWCs was set to be 1.25 w (Case 4). In this
scenario, the platform’s air turbines generated an annual average power
of approximately 2.5 MW. This turbine power output is observed within
an interval of turbine damping between 2.5 x 10~ and slightly above
3.5x 1073 ms. These results are presented in Fig. 12. The hydrodynamic
coefficients of Case 4 geometry are presented in Appendix A.

The average wind turbine power obtained for each wind speed was
very close to that of the base case (see Fig. 9), and the curves almost
overlapped. Similarly, the natural periods obtained were close to those
in the base case. In other words, the geometric modifications from the
base case to Case 4 did not affect the wind turbine’s performance.
Therefore, this case was selected for further analysis and the target
geometry for the techno-economic analysis.

7. Techno-economic analysis

The LCOE is one of the most important indicators for assessing the
feasibility of an energy-related project and is used to compare different
technologies [67]. This parameter is the ratio between all the costs in-
curred during the project’s lifetime and the expected energy production.
It represents the theoretical cost of electricity produced [68]. The LCOE
is calculated as

N  (CAPEX,+OPEX, +DECEX,)
n=0 (1+r)
LCOE = ZN AP, s (26)
n=0 (14ry

11

where CAPEX is the initial investment cost, OPEX corresponds to the
expenses with O&M, and DECEX is the decommissioning expenditure.
AEP represents the annual net energy produced by the farm, and N is
the project’s lifetime. The discount rate r includes the inflation rate and
the loan rate.

The parameters from Eq. (26) were determined for the geometry
selected in the sensitivity analysis presented in the previous section.
Details of the most significant cost components’ computation and other
farm parameters are presented in Appendix C. The LCOE was calculated
considering a project lifetime of 30 years [34] and a discount rate of
10% [7,69]. This parameter was firstly determined assuming a turbine
damping of 3.5 x 1073 ms for the wave energy converters (WECs).

The main results can be observed in Table 8. The calculations led to
an LCOE of 160€/MWh for these conditions, which appears is in line
with the results obtained for other projects [27]. However, it is still a
higher value than other floating offshore wind assessments. According
to Ref. [11], in a study from 2022, this value was approximately
125€/MWh for a wind farm off the west coast of mainland Portugal
with one hundred 10 MW turbines mounted on semi-submersible plat-
forms similar to the WindFloat concept [36], using the same discount
rate of 10%. However, it is important to recognize not only that the
wind turbines in that study may benefit from economies of scale,
thereby reducing the LCOE, but also that the cost of offshore wind has
recently trended upward in response to supply chain disruptions and
adverse macroeconomic conditions.

Nevertheless, considering the positive results obtained in terms of
energy production when compared to other works, there seemed to
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Fig. 13. The LCOE is split into three layers. The inner layer corresponds to the overall CAPEX, OPEX, and DECEX. The second layer discriminates CAPEX into
materials and installation. The outer layer includes all the elements that contribute to the materials CAPEX.

Table 8

LCOE, annual energy yield (AEP), total CAPEX, net present value of operation
and maintenance costs over the lifetime (OPEXypy), and net present value
of decommissioning costs (DECEXypy).

CAPEX,,, [ME€] 1798
OPEXypyor [ME€] 363.2
DECEXypy [ME€] 8.1
AEP [GWh/year] 1439
LCOE [€/MWh] 160

be room for improvement. As such, the LCOE was divided into its
components to obtain a more details of the origin of this value. Fig.
13 shows that discrimination.

As it can be observed in Fig. 13, CAPEX contributed to about 83% of
the overall LCOE, with OPEX and DECEX accounting for the remaining
17%. The major contribution of CAPEX was disaggregated into mate-
rials, installation and others (engineering management, development,
insurance, and contingencies), as represented in the second layer of
the figure. Among these, materials costs represented around 86% of the
total CAPEX and 71% of the LCOE, with installation CAPEX and Others
representing just around 4% and 8% respectively of this value. The
materials CAPEX was further detailed regarding the elements forming
this category (the graphic’s outer layer).

The results showed that nearly 40% of the LCOE was the responsi-
bility of the Wind Turbines (20%) and Platform (19%), with the OWCs
accounting for the third largest share of materials CAPEX (comprising
13% of the total LCOE). While the platform and wind turbine were
expected to contribute greatly to these costs, the results indicated
that the OWGCs significantly impacted the overall LCOE. It was further
concluded that most of such costs correspond to the turbines utilized
for energy conversion. A 25% and 50% reduction in the air turbine
costs led to LCOEs that were 8% and 13% lower than the initial ones.
In this sense, it seems obvious that reducing wave energy power take-
off systems’ costs is of utmost importance for the viability of hybrid
wind-wave projects.

Considering the farm rated capacity of 450 MW, the unit CAPEX is
approximately 4000 €/MW, and unit annual OPEX is about 90€/kW-
year. The LCOE distribution shown in Fig. 13, unit CAPEX, and unit
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annual OPEX fall within the ranges, or are comparable to the values,
reported in recent studies on offshore wind [70,71]. However, the
first do not specifically reflect floating wind, due to the current lack
of large commercial projects in that segment. The second has made
projections for the United States for both fixed-bottom and floating
wind farms. It is important to note that the small-sized farm considered
in this study, based on a publicly available design configuration with
excessively close turbine spacing, may not represent the ideal scenario
for evaluating a floating hybrid wind-wave system. Larger farms with
lower wake-loss configurations and optimized wave energy conversion
systems, for example, are expected to benefit more from the hybrid
system’s potential to reduce energy costs.

In addition, a Monte Carlo probabilistic analysis was performed
to estimate the upper and lower bounds of the LCOE. An LCOEpg,
represents the 90% chance that the actual value will be higher than
this, while an LCOEyp, indicates that there is a 10% chance that costs
will be this high or higher. Triangular probabilistic distributions were
used for CAPEX, OPEX, AEP, and discount rates. The low and high
values, with regard to the mid values presented in Table 8, for CAPEX
and OPEX were 50% and 150%, and for AEP were 85% and 115%,
respectively. Regarding the discount rate, the low, medium and high
values were 6%, 10%, and 15%. The results of 5000 runs showed values
of 118 and 214€/MWh for LCOEpq, and LCOEp,, respectively, being
LCOEps, about 160 €/MWh. This confidence interval may be regarded
as a way to cope up with various limitations of the current study,
which increase the uncertainty. One of these is the fact that for the
cases studied, the effect on the directionality of the waves was not
considered; nevertheless, the symmetric nature of the OctaPlat and the
four peripheric OWCs equally distributed reduces the potential losses
due to the directions of the waves. Other factors may be related to
the variability in other key inputs like material costs, energy yield
estimates, or operational factors (e.g., downtime from environmental
factors, such as biofouling).

7.1. Best turbine damping

Since the damping of the OWC turbines strongly impacts the LCOE,
a more detailed study of the ideal damping was performed to minimize



M.B.V.A. Rodrigues et al.

this parameter. The analysis led to the optimal scenario where the
turbine damping could differ for each OWC. This is because not all
OWCs are equally affected by the incoming waves, and the optimum
damping values would vary considerably. For such a case, an LCOE of
135€/MWh was obtained, corresponding to a reduction of around 16%
compared to the previous results. The farm’s AEP determined for this
scenario was also higher than the one presented in the previous results
(where all turbines were assumed to have the same turbine damping)
- 1496 GWh were extracted in this best case (near 4% increase when
compared to the previously presented output). A similar Monte Carlo
probabilistic assessment was done for this scenario. CAPEX, OPEX, AEP
and discount rate were varied similarly (i.e., +50% for CAPEX and
OPEX, +15% for AEP, and discount rate from 0.6 to 0.15). The results
of 5000 runs showed values of 99 and 180€/MWh for LCOEpq, and
LCOEyp, respectively, being LCOEps, (the most probable value) about
135€/MWh.

In industrial practice, different turbine damping might not be viable
when this relies only on the turbine size. To simplify logistics, a stan-
dard turbine size could be selected at the expense of higher production
levels. Moreover, this analysis was performed assuming only one wave
direction.

8. Conclusions

The present study focused on hybrid wind-wave systems. The main
objective of the work was to perform a techno-economic analysis of
a floating hybrid wind-wave platform whose design is based on the
OctaPlat platform developed at the Instituto Superior Técnico. A case
of a farm comprising 20 wind-wave systems located 35km off the
west coast of mainland Portugal near Porto was studied. The process
began with defining the base case design, which was then subjected to
a sensitivity analysis of critical geometric parameters affecting wave
energy conversion. This led to the selection of a “best case”. This
scenario was the object of the techno-economic analysis carried out in
this work.

The base case design of the floating platform consists of an 84 m
long octagonal concrete platform with five OWCs — four rectangular
shaped on the sides and one in the center of the octagonal shape.
Once in place, the platform has a draft of about 20m with a 15m
upper section above the still water level. The hydrodynamic coefficients
computation allowed to decouple wind-wave power generation. In
particular, the simulation of the annual average power generation for
different turbine damping led to the conclusion that the best perfor-
mance occurred for higher damping values with an average yearly wave
energy turbine power generation above 2 MW for the range of damping
simulated. The ratio between the annual average pneumatic power and
water surface area for the other two previous studies was 1.3 and 2.6
times lower than for the platform studied in this work, which is a
positive indicator of its performance.

The sensitivity analysis performed on the platform’s dimensions
focused on three parameters: the dimension of the central OWC, the
width of the lateral OWCs, and the height of the opening of the
OWCs below the mean sea level. The cases underwent a hydrodynamic
assessment and were first compared regarding wave energy conversion.
The best case consisted of a 25% increase in the lateral OWC’s width
and generated nearly 2.5MW of mean annually under similar OWCs’
turbine damping conditions. This scenario presented the best results
regarding wave energy conversion and platform movements. The wind
turbine power curve obtained for this case was close to that obtained
for the base case, and the total mean wind-wave power output was
about 10.75 MW for the selected site. This represents a hybrid floating
platform of 22.5 MW of rated power with an averaged capacity factor
of about 0.48.

The comparison between numerical and experimental results for
a platform of the same kind and same OWCs’ dimensions, but with
three OWCs aligned with the incident waves, revealed a high degree

13

Energy Conversion and Management: X 28 (2025) 101367

of agreement, with both showing a coefficient of determination (R?)
value of approximately 0.94 in the 2.5 and 3.4 m irregular wave tests
performed.

The LCOE was determined for the best case from the sensitivity
analysis previously performed. The results indicated a significant im-
pact of the OWCs’ turbines on the overall LCOE. As such, the optimal
combination of turbines’ damping for each OWC led to an LCOE of
135 €/MWh. To provide a range for the project’s valuation, a Monte
Carlo probabilistic analysis of CAPEX, OPEX, AEP and discount rate was
done. CAPEX and OPEX were randomly varied by triangular distribu-
tion density functions +50%, AEP +15%, and discount rate between
0.6 and 0.15. The results of 5000 runs showed values of 99 and
180€/MWh for LCOEpg, and LCOEp,, respectively, being LCOEps,
(the most probable value) about 135€/MWh.

This work presented a novel hybrid wind-wave floating platform for
renewable energy generation with a potential competitive LCOE. While
challenges remain, this work contributes with valuable insights into the
potential for integrated renewable energy systems and their crucial role
in achieving global climate and sustainability goals.
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Appendix A. OctaPlat’s hydrodynamic coefficients (Case 4)

Figs. 14 and 15 presents the added mass, radiation damping, excita-
tion force and phase angle hydrodynamic coefficients for the OctaPlat.
They were computed using WAMITO v7 for an incoming wave direc-
tion of zero degrees (as depicted in Fig. 8), using the low-order method
and 14016 source panels to describe the geometry.

Appendix B. Experimental tests and numerical results comparison

The experimental campaign was intended to prove the concept of
Octaplat’s wave energy production. The tests did not incorporate a
wind turbine. The tests were carried out on a 20m long wave flume
with a width of 0.7m and a depth of water of 0.5m at the Hydraulic
Laboratory of the Instituto Superior Técnico (IST). Due to the wave
flume’s geometrical constraints, accommodating all five OWCs in the
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tested model would have required an excessively small-scale ratio. Con-
sequently, the model was adapted to have three OWCs in the direction
of the incoming waves, removing the two lateral OWCs, considering the
wave flume as a Ref. [72]. The main dimensions of the OWCs and the
separation distances of Case 4 were preserved. The Octaplat platform

was tested on a A = —— Froude scale model (see Fig. 16). The reader
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Table 9

CAPEX material costs of main component formulae.
Component Expression Reference Notes
Wind turbine Cr=1.6P—19)n [73] 1)
Oscillating Water Column (OWC) Coyes = (Z; Cowc,i) rpnp = 2)

2
OWC’s air turbine Cuurbine = Cro (;—‘) [74] 3)
o

Floating platform Chlatform = (Z;l pr,.) romp  [73] (@)
Transmission system Crg = (Z; CTS',) [73] )
Mooring lines Cyr = My X Iy X ey X ny [73] 6)
Mooring anchors Cp=my Xy Xy [73] @

14

should be aware that the use of the Froude number in the scaling of
offshore structures and wave energy converters is a common approach,
and this leads to a mismatch between Reynolds numbers at small and
full scale. Details on this may be found, for example, in Ref. [72].

To account for turbine effects in the scaled model, an orifice was
used, following the methodology outlined in Ref. [76,77]. Given that
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Table 10

CAPEX installation costs of main components formulae.
Component Expression Reference Notes
Wind turbine Cpp = (ZL] Cn-‘,> [73] ®
OWC’s Air Turbine and upper plate works Ciowe = (Z?:l CIOWCJ) - ©
Floating platform Cp = <Z?:1 CIP,i) [73] (10)
Transmission system Crrs = (ZL CITS,i) [73] an
Mooring lines and anchors Chvia = ((CIMA, 1+ Crva, 2) ;ﬁ) + Civa, mob [73] (12)

Notes:

(1) Based on a linear regression model with available dataset as in Ref. [73]. Cost expressed in function of rated power.

(2) Formula based on the expression used to calculate the cost for the floating platform in Ref. [73]. The component i assumes 1 (materials),
2 (direct labor), or 3 (activities costs for the platform). r, is the industrial profit, dependent on the EURIBOR rate. EURIBOR utilized in this
study corresponds to 3.50% as retrieved in December 2023 [75]. Activities costs were assumed 7% of the total material and labor expenses.
(3) Cyy is the cost of a reference turbine taken, D,, the diameter of the reference turbine, and D, is the diameter chosen for the OWC
design. C;, = 0.916 M€, D,, = 1.5m. Complementary note for the reader: air turbines for OWCs are currently excessively expensive because
no commercial stage has been reached. However, in the future, a significant reduction in this cost component is expected as part of learning,
technology development, industrialization, and economies of scale.

(4) The component i assumes 1 (materials), 2 (direct labfour), or 3 (activities costs for the platform). Material costs comprise the expenses with
the concrete utilized for the structure, and the costs with steel used in the transition piece. The industrial profit, r,,, and activities costs were
defined as in Note (2).

(5) i takes values from one to five to account for cabling, onshore and offshore substations, SCADA system, and grid connection costs for the
entire transmission system, respectively.

(6) My is the mass per unit length [kg/m], /y; is the length of the lines [m], ¢y is the cost per kg [€/kg], and ny is the number of mooring
lines. The OctaPlat platform is stabilized with four mooring lines.

(7) m, is the mass of the anchor [kg], c, is the cost per kg [€/kg], and n, is the number of anchors in the system. For each mooring line
there is one anchor.

(8) i takes values from one to three to account for the port procedure, transportation, and installation costs, respectively. In Ref. [73], the
storage or waiting time of components at port during the installation phases was assumed zero for semisubmersible platforms, and the turbine
was assumed to be installed together with the floating platform. In this study the same approach was taken. Thus, transportation and installation
costs for the wind turbine (Cyy, and Cyy3) are assumed zero.

(9) Formula based on the expression used to calculate the cost of installation for the floating platform in Ref. [73].i takes values from one to
three to account for the port procedure, transportation, and installation costs, respectively. The installation times for the OWCs on the platform

Energy Conversion and Management: X 28 (2025) 101367

are considered to be half of that for the wind turbine.

(10) i takes values from one to three to account for the port procedure, transportation, and installation costs, respectively.
(11) i takes values from one to five to account for the array cable, export cable, onshore cables, and offshore and onshore substation installation

costs for the whole transmission system, respectively.

(12) Cpya,; is the Anchor Handling Vehicle (AVH) daily cost [€/day], Cpya , is the direct labor cost [€/day], ny, is the number of anchors and

moorings, ryy, is the installation rate [anchors/dayl, and Cpya -

the power scale ratio is 4>°, and the tested model had a scale 1:100,
the corresponding power ratio was 1:107. Since the power extracted
at this scale is extremely small, using a small-scale turbine would not
be practical. Instead, an orifice with a diameter of 30 mm was tested,
representing the a full-scale impulse turbine with a rotor diameter
of approximately 6.3m, respectively. The relationship between the
diameter of the orifice and the equivalent size of the full-scale turbine
was determined based on the methodology presented in Ref. [77].

Numerical simulations were conducted in Modelica, using the same
physical model characteristics and hydrodynamic coefficients com-
puted using WAMITO at full scale. Then, it is possible to compare the
capture width ratio (CWR) of the model on the basis of equivalent
numerical and experimental results. CWR in this section refers to the
mean pneumatic power divided by the mean wave power available to
the device [77,78].

Two sets of results are compared in this section regarding the CWR.
The cases are those for the orifice of 30 mm and significant wave
height of 2.5 and 3.4m generated using Pierson-Moskowitz spectra
under various peak periods. Figs. 17 and 18 present this comparison.

The results of the numerical simulation closely follow the trend
lines observed in the experimental work. More importantly, the relative
difference between the numerical and experimental results remains
within 20% at each frequency, except for an isolated peak deviation, at
a frequency of 0.125Hz. The Coefficient of Determination (R?) for the
experimental and numerical results for the 30 mm turbine simulator
is around 0.94 for both 2.5 and 3.4 m irregular waves. This shows the
agreement between the two approaches, reinforcing the reliability of
the results.
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The differences observed between experimental tests and full-scale
numerical simulations of OWCs can be attributed to several interrelated
factors, particularly involving scaling and modeling limitations. One
potential contributor is the mooring system, which affects the energy
absorption characteristics of the WEC, and even slight inaccuracies
in replicating the small-scale experimental mooring setup in the full-
scale numerical model can significantly influence the results [79].
Another critical factor is the treatment of air compressibility within
the OWC chambers. In the experiments, chamber volumes were scaled
using Froude similarity, which is standard for hydrodynamic model-
ing, but this approach neglects aero-thermodynamic similarity, which
would influence experimental outcomes [77]. However, on a full scale,
air compressibility plays a vital role in the dynamic response of the
OWC [76], and its exclusion in the experimental setup likely con-
tributed to the discrepancies because of the exact air chamber volume
equivalency was not completely replicated in the numerical model due
to limitations in the latter. Applying aero-thermodynamic similarity in
small-scale models is technically challenging, often requiring the air
chamber to be connected to a rigid-walled reservoir, through the use of
flexible hoses in the case of floating devices [76], which can introduce
unwanted forces and moments and demand additional infrastructure,
time, and cost. These practical constraints justified the decision to
neglect aero-thermodynamic similarity in the experimental campaign.
Furthermore, the hydrodynamic coefficients used in the numerical
model, obtained via WAMIT©O, did not account for the wave flume
walls, implicitly neglecting their effects and further contributing to the
mismatch between the simulation and the experimental results.
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Table 11

Wind farm and CAPEX input variables.
Component Value Unit Reference (Year)
Wind farm and energy yield data
Lifetime of farm 30 years [34]
Discount rate 10 % [69]
Wind turbine rated power 15 MW [44]
Floating wave energy platform rated power* 7.5 MW -
Capacity factor of farm’s wind energy production* 0.55 - -
Capacity factor floating wave energy platform* 0.25 - -
Capacity factor hybrid wind farm* 0.48 - -
Availability of wind turbines 95 % [81]
Availability of OWCs 90 % -
Wake losses 15 % [82]
Airfoil damage losses % [83]
Transmission losses 3 % [84]
Cables, mooring lines and anchoring systems data
Array cables length 25,042 m -
Offshore export cable length 35,000 m -
Onshore export cable length 2000 m -
Mooring lines length 850 m -
Anchors weight 24,000 kg [85]
Capex materials inputs and data
Steel cost 2200 €/ton [86] (2023)
Concrete cost 240 €/ton [87] (2023)
Array cable cost 279 €/m [73] (2020)
Offshore export cable cost 336 €/m [73] (2020)
Onshore export cable cost 83 €/m [73] (2020)
Offshore substation cost 33.0 M€ -
Onshore substation cost 16.5 M€ -
Direct labor cost 30.5 €/h [88] (2023)
Capex installation inputs and data
Installation, transport and port costs of wind turbine 2.6 M€ -
Installation, transport and port costs of OWC air turbine and upper plate works 6.3 M€ -
Installation, transport and port costs of floating platform 9.1 M€ -
Installation costs of mooring lines and anchors 4.9 M€ -
Installation array cable cost 22.0 M€ -
Installation offshore export cable cost 16.8 M€ -
Installation onshore export cable cost 0.5 M€ -
Installation offshore substation cost 3.4 M€ -
Installation onshore substation cost 1.7 M€
Tug vessel daily cost 22,500 €/day [73] (2020)
Array cable laying vessel daily cost 91,000 €/day [73] (2020)
Export cable laying vessel daily cost 114,000 €/day [73] (2020)
Anchor Handling Vehicle (AVH) daily cost 48,900 €/day [73] (2020)
Rock dumping vessel daily cost 13,800 €/day [73] (2020)
Crane at port cost 833 €/h [73] (2020)
Floating crane with storage area daily cost 811,900 €/day [73] (2020)
Crew transfer vessel daily cost 36,000 €/day [89] (2019)
Cable laying vessel mobilization costs 572,000 € [89] (2019)
Tug vessel mobilization costs 37,000 € [89] (2019)
Anchor Handling Vehicle mobilization costs 234,000 € [89] (2019)

* Summary of results from this study.

Appendix C. Costs and farm parameters

Tables 9 and 10 summarize the relations used for the estimation of
the CAPEX. Table 11 presents additional parameters considered in the
estimation of the LCOE. The costs presented indicate the year when
associated with references. Costs without references are product of
internal estimations. All costs used in the LCOE computations were
updated to 2023 using the Harmonized Index of Consumer Prices
(HICP) [80].

Data availability

Data will be made available on request.
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