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 a b s t r a c t

We develop a novel hybrid wind-wave energy platform for applications that require a minimum power baseload 
for continuous operation. The hybrid platform consists of three very large pontoons connected with mechanical 
hinges. The downstream pontoon carries a 5 MW wind turbine on deck. Wave energy is extracted trough hinge 
motion. By computing numerically a power matrix for wave energy conversion, and assuming mean power 
production for the wind turbine, we evaluate the performance of the hybrid platform. Rather than assessing 
performance in terms of power variability, performance is gauged by determining periods of time when the 
hybrid platform meets a minimum power threshold, in periods of time of absent wind power. The platform is 
assessed in three locations with different wind-wave correlation characteristics: One off the coast of Spain, one on 
the West and one on the East coast of Scotland. It is found that the platform has better performance in locations 
with high wave power density and low to intermediate wind-wave correlation indices. The hybrid concept, 
besides being modular and scalable, can meet the requirements of recently considered steady state applications 
to be deployed offshore. For example, hydrogen electrolysers, which require a minimum power supply for lasting 
operation.

1.  Introduction

Floating offshore wind turbines are expanding to deep water 
(>100m) with ever increasing large wind turbines. Nonetheless, deep 
water operations pose significant cost related challenges for offshore re-
newable (ORE) technology (Veers et al., 2019). For floating wind, the 
“modus operandi” consists of one very large wind turbine per float-
ing foundation (Allen et al., 2020; Papi and Bianchini, 2022). This 
poses significant engineering and cost related challenges to design re-
liable floating structures that can carry massive wind turbines and can 
provide platform stability (Arredondo-Galeana and Brennan, 2021; Ro-
dríguez Castillo et al., 2025). Additionally, larger transmission distances 
combined with the intermittency of wind, produce an increase in dis-
patch costs, and can incur into associated energy storage costs to satisfy 
peak demand.

A possible solution to reduce the costs of floating offshore wind, re-
lies in the design of hybrid offshore renewables. Hybrid offshore re-
newables have the capacity to reduce the levelised cost of energy of 
offshore wind farms, through reduction of dispatch costs and peak gen-
eration requirements (Guo and Ringwood, 2021; Jin and Greaves, 2021; 
Pennock et al., 2023; Wang et al., 2025). Among the range of options 
of hybrid renewables, the combination of wind and wave stands out. 
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Several literature reviews have discussed the complementarity and sup-
plementary of both resources from a metocean to a device level per-
spective (Pérez-Collazo et al., 2015; Wan et al., 2024). Several other 
studies have focused on site selection metrics and explored synergies 
for the joint exploitation of wind and wave energy resources. They have 
done so by examining different regions of the world, for example, the 
European Atlantic coast (Astariz and Iglesias, 2016), the coasts of Ire-
land (Fusco et al., 2010), the west Danish coast (Astariz and Iglesias, 
2016), the North Sea (Astariz et al., 2018), and further afield, the coast 
of Australia (Gao et al., 2022; Hosseinzadeh et al., 2025).

Some of the important wind-wave synergy effects that have been 
identified include: 1) Reduction in power fluctuations and power vari-
ability (Fusco et al., 2010; Said et al., 2023). 2) The potential to share in-
stallation facilities and thus, reduction of dispatch costs (Pennock et al., 
2023). 3) The higher wave energy predictability and mean power den-
sity per meter than other forms of offshore renewables, such as solar 
energy (Reikard et al., 2015; Rusu and Onea, 2017). 4) Suppression 
of loads or motion in neighboring wind turbine structures (Borg et al., 
2013; Astariz et al., 2018; Gaspar et al., 2021; Gubesch et al., 2023). 
Hence, hybrid or co-located wind and wave systems have emerged as 
possible candidates to reduce floating ORE costs and improve structural 
resilience.
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These synergies have driven the development of a plethora of hybrid 
wind-wave floating concepts across the globe. Most of these concepts 
have been designed around the most mainstream wind turbine float-
ing structure, the semi-sub (Arredondo-Galeana and Brennan, 2021; Ro-
dríguez Castillo et al., 2025). The predominant use of the semi-sub for 
hybrid wind-wave platforms is evident in recent state-of-the-art hybrid 
platform reviews (Dong et al., 2022; Hallak and Guedes Soares, 2025) 
and in other relevant studies of semi-sub adaptations for wave energy 
conversion.  Specifically, some adaptations involve externally mounted 
wave energy converters, such as hinged floats (Ghafari et al., 2021; 
Stansby and Li, 2024), point absorbers (Zhou et al., 2023), or hinged 
flaps (Celesti et al., 2023), while others focus on internal adaptations 
incorporating oscillating water columns (Aboutalebi et al., 2024).

In contrast, barge type floating structures for hybrid wind and wave 
exploitation have been much less considered, despite having a few 
favourable features. Firstly, barge type floating structures are stable and 
a competitively economical alternative for floating wind concepts, as 
demonstrated in Jonkman and Buhl (2007), Ioannou et al. (2020), Ed-
wards et al. (2023). Secondly, the largest demonstrators of hybrid wind-
wave platform ever built and tested in the ocean, so far, have been of 
barge type, through the Poseidon platform of Floating Wind Power (Yde 
et al., 2014; Edwards et al., 2023). Another industry-led example of hy-
brid floating platform is the Flex2future concept, which considers rela-
tive motion of floaters for wave energy conversion (Flex2Future, 2025).

Thus, in this work, we propose a novel hybrid wind-wave platform 
that is of the barge-type and is hinged connected. We adopt the concept 
of a hinged connected very large floating structure used as wind tur-
bine foundation (Zhang et al., 2021). But rather than using the hinges 
for load alleviation, we utilise hinge motion for wave energy extraction. 
Stand-alone interconnected floaters have been considered for wave en-
ergy extraction. Early mathematical models considered a dual raft type 
of device (Mei and Newman, 1980), which later evolved to consider 
multiple connected bodies (Noad and Porter, 2017b,a). Recent years, 
have seen the study of such devices to include further considerations, 
such as hydroelasticity effects (Zhang et al., 2018), experimental consid-
erations (Zhang et al., 2023b) and power efficiency absorption (Scarlett 
et al., 2024). Nonetheless, these studies have focused on wave energy, 
and to the best knowledge of the authors, have not been considered in 
combination with wind energy. Note that in extreme events, hinge mo-
tion can still be used to alleviate loading of the platform (Zhang et al., 
2021; Arredondo-Galeana et al., 2023a). Specifically, the platform con-
sists of a three pontoon barge type floating structure connected with two 
hinges. A single point low-stiffness mooring line is used upstream of the 
platform to allow platform passive yaw into the main wave direction. 
While a 5 MW wind turbine is installed downstream of the platform.

The purpose of the hybrid platform is unique in terms of power sup-
ply. Previous works on wind-wave complementarity have focused on 
reducing variability and providing a smooth power output (Fusco et al., 
2010). In this work, we assess the capability of the hybrid platform to 
provide a minimum power threshold. This requirement stems from off-
shore applications that had not been considered in the past. For example, 
the case of hydrogen proton exchange membrane (PEM) electrolysers, 
whose operational life is reduced when the power baseload drops below 
20% of their rated capacity (Niblett et al., 2024). Hence, new design 
philosophies and drivers are emerging for wind-wave hybrid platform 
design, and this work focuses in one of them, which is the ability of the 
platform to provide a minimum power baseload. Similar to Fusco et al. 
(2010), we select three different locations with different wind-wave re-
source correlation. One off the coast of Spain, with a low correlation 
index, and two off the coast of Scotland, with higher correlation indices.

The main hypothesis of this work is that the platform performs better 
in the low correlation site, while the main novelties are synthesised as 
follows:

• The development of a novel hybrid wind-wave floating platform 
which is modular and scalable.

• Power performance assessment by quantifying the ability of the plat-
form to provide a minimum power baseload, and therefore, reduce 
wind power downtime.

• Implementation of a numerical model to evaluate platform motion 
and wave energy performance subject to irregular waves and con-
sider average wind turbine loading.

• Benchmarking of platform numerical model versus available exper-
imental data of a stand alone hinged-connected floating platform.

The structure of the paper is laid out as follows. First, the hybrid 
platform is introduced. Then, the three proposed locations for the hy-
brid concept are presented. One with a low wind and wave correlation 
index off the coast of Spain, and two with higher correlation indices, 
off the West and East coast of Scotland. Subsequently, the dynamics 
of the platform are presented. The numerical model of the platform is 
validated in unloaded conditions and without a wind turbine versus ex-
perimental data. Then, the influence of the wind turbine on platform 
motion is assessed and the power matrix of the platform is quantified. 
The performance of the hybrid platform is assessed in terms of minimum 
power threshold and downtime power reduction for the three proposed 
locations. Metocean data of 20 years (2000–2019) are utilised for the 
analysis. Lastly, the conclusions of the work are presented.

2.  The hybrid platform

In this Section, we introduce the hybrid platform. The platform com-
prises three pontoons and two hinges, as depicted in Fig. 1. The platform 
is designed to carry the NREL 5 MW wind turbine. The particulars of 
the wind turbine are shown in Table 1. Fig. 1 shows that the turbine 
is supported by the downstream pontoon at the stern of the platform, 
and wave energy is extracted at the hinge locations. The wind turbine 
actively yaws into the main wind direction. In this study, we assume 
that the platform aligns with the predominant wave direction. This as-
sumption is based on the configuration of the platform, which consists 
of a very large floating platform connected via a single-point mooring 
line at the bow of the platform, allowing for passive weathervaning. 
We recognise, however, that in real ocean conditions, the heading of 
the platform is influenced by multiple factors, including second-order 
wave drift forces, currents, and wind. As a result, alignment with the 
wave direction may require considerable time. Future work will there-
fore include the development of a time-domain model that accounts for 
heading dynamics. In this proof-of-concept study, we consider the sce-
nario in which the platform is aligned with the main direction of the 
wave. Accordingly, the rotational axis of the hinges is oriented parallel 
to the crest of the waves and hinge motion is maximised.

Fig. 1. Three pontoon hybrid platform with turbine mounted downstream of 
the platform. Wave energy is harnessed through hinge motion. The single point 
mooring line upstream of the platform allows for passive yaw into the main 
wave direction.
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Table 1 
Wind turbine particulars for the 5MW NREL concept (Jonkman et al., 2009).
 Wind turbine  Hub height (m)  Rotor width  Rated speed  Cut in speed  Cut out speed  Mass  Rated power
 NREL turbine  90m  126m  11m/s  3m/s  25m/s  697 tonnes  5 MW

Fig. 2. Schematic of VLFS with global origin, showing length of pontoons (58m), gap between pontoons (3m) and the total length of the platform (180m). The 
height and draft of the platform are 5.2m and 1.0m, respectively.

Table 2 
Pontoon specifications of VLFS for this present work, for the ITI energy barge (Jonkman and Buhl, 2007) and the hinged modular raft studied by Zhang et al. (2023b).
 Design  Length (m)  Width (m)  Freeboard (m)  Draft (m)  Water displacement (m3)  Mass (kg)
 Present work  58  58  4.2  1.0  3364  3,448,100
 ITI energy barge (Jonkman and Buhl, 2007)  40  40  6.0  4.0  6000 (Jonkman and Buhl, 2007)  5,452,000 (Jonkman and Buhl, 2007)
Zhang et al. (2023b)  40  40  10.0  5.0  8000  8,200,000

Fig. 3. Selected sites for analysis of hybrid wind wave platform: Villano Sisargas (VS) off the coast of Spain, N3 and NE8, off the west and east coast of Scotland.

By adjusting the draft of the pontoons shown in Fig. 1, and assuming 
a fixed pontoon surface area, the required buoyancy for the wind tur-
bine and the pontoon can be achieved. Considering water density 𝜌𝑔 =
1025 kg/m3, and a very large floating structure (VLFS) pontoon surface 
area of 58m × 58m, a draft of 1.0m per pontoon is sufficient to provide 
a buoyancy force B ≈ 5 ×W𝑡, where 𝑊𝑡 is the weight of the turbine. 
The water displacement of each pontoon is 3364 m3. An schematic of 
the floating platform with main dimensions is shown in Fig. 2. While in 
Table 2, the dimensions of the pontoons of the platform are compared 
versus those of the ITI barge (Jonkman and Buhl, 2007) and the pon-
toons of the hinged raft VLFS design studied in Zhang et al. (2023b). 
Noteworthy, the ITI barge was a floating platform designed to carry a 5 
MW turbine.

The ability of the hybrid platform to resist rolling motion is deter-
mined through the width of the platform. Following Zhang et al. (2021), 
where the rotor plane of the turbine is parallel to the direction of the 
wave, we compare the moment due to the mean thrust of the turbine 
and the restoring moment. Considering that for a NREL 5 MW turbine, 
𝐷 = 126 m, a width of 𝑤 ≈ 0.5𝐷 limits the rolling angle of the platform to 

𝜙 < 0.5◦. Note that the selection of a small scale wind turbine (≤ 5MW), 
facilitates the structural design and allows for ease of transportation and 
assembly (Arredondo-Galeana and Brennan, 2021).

3.  Site selection

Site selection is an important consideration in the performance of a 
hybrid wind-wave floating platform. Low wind-wave correlation sites 
could be beneficial to exploit the complementarity of wind and wave 
power. However, whether this holds true for this novel platform, or 
whether the performance of the platform subject to intermediate and 
high correlation sites changes, remain open questions. Hence we con-
sider the three locations depicted in Fig. 3. A swell dominated, low cor-
relation site, off the North West coast of Spain, Villano Sisargas (VS), and 
higher correlation sites, one off the West coast of Scotland, N3, which 
is still swell dominated, and one in the North Sea and off the East coast 
of Scotland, NE8, which is expected to have a higher wind wave cor-
relation due to a shorter fetch. The selection of the sites is restricted to 
three locations with different wind and wave correlation characteristics,
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Table 3 
Average wind and wave metocean conditions for NE8, N3 and Villano Sisargas for years 2000–2019 from ESOX database (LAUTEX, 
2023).

 Location name  Country  Coordinates 𝛼 𝑈10 𝑈100 𝑈hub 𝐻𝑠 𝑇𝑝

 NE8  Scotland  N 58.25◦, W 1.25◦  0.0884  8.36  10.25  10.05  1.8425  8.0486
 N3  Scotland  N 58.75◦, W 6.5◦  0.1766  8.64  10.46  10.27  2.6023  10.6302
 Villano Sisargas  Spain  N 43.5◦, W 9.21◦  0.1787  7.73  9.38  9.20  2.4997  10.7493

Fig. 4. Discrete beam element model for hinged VLFS with mass and turbine thrust incorporated.

low, intermediate and high correlations, but the methodology to assess 
the performance of the hybrid platform is applicable to further locations.

The ESOX tool (LAUTEX, 2023), which uses the ERA5 data base, is 
used to sample the metocean data of the selected locations. The temporal 
resolution of the ERA5 data base is hourly, while the spatial resolution is 
0.25◦ × 0.25◦. In Table 3, the geographical coordinates and the average 
metocean properties of the locations depicted in Fig. 3 are provided. 
The metocean properties listed in Table 3 are mainly wind speed at 
hub height (𝑈hub), significant wave height (𝐻𝑠) and mean peak period 
(𝑇𝑝). To compute 𝑈hub, a mean wind speed power law coefficient (𝛼) 
is computed by considering the mean wind speed at 10m (𝑈10) and 
at 100m (𝑈100). Twenty years of metocean data, ranging from years 
2000–2019, are considered to compute the metrics shown in Table 3.

The correlation coefficient can be used as an index of suitable loca-
tions for hybrid floating platforms (Astariz and Iglesias, 2017; Kalogeri 
et al., 2017; Gao et al., 2022), and is defined through the Pearson’s cor-
relation such that

𝐶(𝑥, 𝑦, 𝜏) = 1
𝑁

𝑁−𝜏
∑

𝑖=1

[

(𝑥𝑖 − 𝜇𝑥) ⋅ (𝑦𝑖+𝜏 − 𝜇𝑦)
𝜎𝑥𝜎𝑦

]

, (1)

where 𝑥 and 𝑦 are the correlation variables, 𝑖 is the instant in time, 𝜏
is the time lag between 𝑥 and 𝑦. In this case, 𝜏 = 0, since the wind and 
wave metocean data sourced from the ERA5 database is sampled with 
the same origin in time and the same time duration. Then, 𝜇𝑥 and 𝜇𝑦
are the mean of the correlation variables, respectively, 𝜎𝑥 and 𝜎𝑦 are 
the standard deviation of 𝑥 and 𝑦, respectively, 𝑁 is the total number of 
instances in the time series. In this work, the correlation variables used 
in Eq. (1) are the wave power density of an irregular wave (in deep 
water) per meter wave crest (W∕m), defined as

𝜌𝑤𝑎𝑣𝑒 =
𝜌𝑠𝑔2𝐻2

𝑠 𝑇𝑒
64𝜋

, (2)

and the wind power density per swept area (W∕m2), defined as

𝜌𝑤𝑖𝑛𝑑 =
𝜌𝑎𝑈3

ℎ𝑢𝑏
2

. (3)

In Eqs. (2) and (3), 𝜌𝑠 is the water density, 𝑔 is the gravity of Earth, 
𝐻𝑠 is the significant wave height, 𝑇𝑒 is the wave energy period, 𝜌𝑎 is 
the density of air and 𝑈ℎ𝑢𝑏 is the wind speed at hub height. Note that 
𝑇𝑒 = 0.9 𝑇𝑝 assuming a JONSWAP spectrum (Arredondo-Galeana et al., 
2023b).

To compute the wave energy power (𝑃𝑤𝑎𝑣𝑒) provided by the hybrid 
platform, a power matrix considering the effect of irregular waves is 
developed. Hence, 𝐻𝑆 and 𝑇𝑃  are used as inputs to the matrix. In the 
next section, we introduce the hydrodynamic model used to compute 
the power matrix of the WEC. The power of the turbine (𝑃𝑤𝑖𝑛𝑑) is as-
sessed through the power curve of the NREL 5MW wind turbine under 
the assumption that minimal pitching and heave motions do not alter 
the mean power performance of the turbine (Wen et al., 2018). The as-
sumption of reduced amplitude motions is further assessed in the results 
section of this manuscript.

4.  Numerical model

The numerical model utilised in this work is the frequency domain 
approach developed for very large floating platforms (VLFS) in Zhang 
et al. (2018) and applied for hinged connected two-raft system in Zhang 
et al. (2018). Later, Arredondo-Galeana et al. (2023a) validated the nu-
merical model versus experimental measurements of a rigid and hinged 
connected VLFS platform constructed with three pontoons. In this work, 
the numerical model is adapted to include wind turbine loading and the 
effect of the wave power take-off in a three pontoon, dual-hinge floating 
system.

Consider Fig. 4, showing three pontoons connected by two mechan-
ical hinges. Each pontoon is discretised into a finite number of seg-
ments and each segment is represent by a black lump mass. While the 
mechanical hinges are denoted with red circles. Each lump mass has 
6 degrees of freedom, such that x𝑖 = [𝑥𝑖, 𝑦𝑖, 𝑧𝑖, 𝜙𝑖, 𝜃𝑖, 𝜓𝑖]T, where 𝑥𝑖, 𝑦𝑖, 
𝑧𝑖, 𝜙𝑖, 𝜃𝑖 and 𝜓𝑖 refer to surge, sway, heave, roll, pitch and yaw, re-
spectively. Index 𝑖 refers to the 𝑖-th lump mass, as depicted in Fig. 4. 
Consequently, the motion vector of the platform, excluding mechanical 
hinges, is X = [xT

1 …xT
𝑁 ]T, where 𝑁 is the total number of lump masses.

4.1.  Elastic connection

The lump masses are connected to each other with elastic beams with 
structural stiffness k to account for hydroelastic deformations. The beam 
connection between two consecutive lump masses, 1 and 2, is depicted 
in Fig. 5. The 6 degrees of freedom of each lump mass are depicted at 
the ends of the beam. The global frame of reference [𝑥𝑜, 𝑦𝑜, 𝑧𝑜, 𝜙𝑖, 𝜃𝑜, 𝜓𝑜]T
is depicted in the Figure.
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Fig. 5. Elastic beam connection with global and local reference frames for lump mass 𝑖 = 1 and 𝑖 = 2.

Fig. 6. Hinge connection showing adjacent lump masses 𝐴 and 𝐵 adjacent to the hinge, points 𝑎 and 𝑏 located at the hinge, and rigid connections between 𝐴 and 𝑎, 
and between 𝐵 and 𝑏.

The stiffness matrix k of the beam in Fig. 5 is defined as 

k =

⎡

⎢

⎢

⎢

⎢

⎢

⎢

⎢

⎢

⎢

⎢

⎢

⎢

⎢

⎢

⎢

⎢

⎢

⎢

⎣

𝐸𝐴
𝑙 0 0 0 0 0 −𝐸𝐴

𝑙 0 0 0 0 0
0 12𝐸𝐼𝑧

𝑙3
0 0 0 6𝐸𝐼𝑧

𝑙2
0 − 12𝐸𝐼𝑧

𝑙3
0 0 0 6𝐸𝐼𝑧

𝑙2

0 0 12𝐸𝐼𝑦
𝑙3

0 − 6𝐸𝐼𝑦
𝑙2

0 0 0 − 12𝐸𝐼𝑦
𝑙3

0 − 6𝐸𝐼𝑦
𝑙2

0
0 0 0 𝐺𝐽

𝑙 0 0 0 0 0 −𝐺𝐽
𝑙 0 0

0 0 − 6𝐸𝐼𝑦
𝑙2

0 4𝐸𝐼𝑦
𝑙 0 0 0 6𝐸𝐼𝑦

𝑙2
0 2𝐸𝐼𝑦

𝑙 0
0 6𝐸𝐼𝑧

𝑙2
0 0 0 4𝐸𝐼𝑧

𝑙 0 − 6𝐸𝐼𝑧
𝑙2

0 0 0 2𝐸𝐼𝑧
𝑙

−𝐸𝐴
𝑙 0 0 0 0 0 𝐸𝐴

𝑙 0 0 0 0 0
0 − 12𝐸𝐼𝑧

𝑙3
0 0 0 − 6𝐸𝐼𝑧

𝑙2
0 12𝐸𝐼𝑧

𝑙3
0 0 0 − 6𝐸𝐼𝑧

𝑙2

0 0 − 12𝐸𝐼𝑦
𝑙3

0 6𝐸𝐼𝑦
𝑙2

0 0 0 12𝐸𝐼𝑦
𝑙3

0 6𝐸𝐼𝑦
𝑙2

0
0 0 0 −𝐺𝐽

𝑙 0 0 0 0 0 𝐺𝐽
𝑙 0 0

0 0 − 6𝐸𝐼𝑦
𝑙2

0 2𝐸𝐼𝑦
𝑙 0 0 0 6𝐸𝐼𝑦

𝑙2
0 4𝐸𝐼𝑦

𝑙 0
0 6𝐸𝐼𝑧

𝑙2
0 0 0 2𝐸𝐼𝑧

𝑙 0 − 6𝐸𝐼𝑧
𝑙2

0 0 0 4𝐸𝐼𝑧
𝑙

⎤

⎥

⎥

⎥

⎥

⎥

⎥

⎥

⎥

⎥

⎥

⎥

⎥

⎥

⎥

⎥

⎥

⎥

⎥

⎦

where 𝐼𝑦 and 𝐼𝑧 denotes the second moment of area of the cross section 
with respect to 𝑦-axis and 𝑧-axis respectively, 𝐸 refers to the material 
elastic modulus, 𝐺 refers to the material shear modulus, 𝑙 is the length of 
the element and 𝐽 is the torsion constant. The structural stiffness matrix 
of the VLFS (𝐊𝐬) is obtained by assembling k for consecutive beams 
connected in series and following standard finite element procedures.

4.2.  Hinge connection

In Fig. 4, the connection between hinge and adjacent lump masses 
is a rigid connection. Hence, when assembling the VLFS structural ma-
trix 𝐊𝐬, no elastic beam is modelled adjacent to the hinge. Consider the 
hinge depicted in Fig. 6. The hinge is connected to lump masses 𝐴 and 𝐵
through rigid connectors. Two points on the hinge, 𝑎 and 𝑏, are situated 
on the hinge itself, on the left and right sides, respectively. Lump masses 
𝐴 and 𝐵 have 6 degrees of freedom, i.e, x𝐴 = [𝑥𝐴, 𝑦𝐴, 𝑧𝐴, 𝜙𝐴, 𝜃𝐴, 𝜓𝐴]T

and x𝐵 = [𝑥𝐵 , 𝑦𝐵 , 𝑧𝐵 , 𝜙𝐵 , 𝜃𝐵 , 𝜓𝐵]T. While 𝑎 and 𝑏 have 5 degrees of free-
dom, because the hinge rotates around the hinge axis and eliminates 
pitch, i.e, x𝑎 = [𝑥𝑎, 𝑦𝑎, 𝑧𝑎, 𝜙𝑎, 𝜓𝑎]T and x𝑏 = [𝑥𝑏, 𝑦𝑏, 𝑧𝑏, 𝜙𝑏, 𝜓𝑏]T.

Because 𝑎 and 𝑏 are both located at the hinge, then

x𝑎 − x𝑏 = 0. (4)

Then, xa and xb can be computed from rigid body dynamics, such 
that

x𝑎 = 𝐋𝑎x𝐴 and x𝑏 = 𝐋𝑏x𝐵 , (5)

where 𝐴 and 𝐵 are the adjacent lump masses to the hinge, 𝐋𝑎 and 𝐋𝑏
are the rigid-body Lagrangian motion transformation matrices between 
lump masses 𝐴 and 𝐵, to points 𝑎 and 𝑏, respectively. Following Zhang 
et al. (2021), the Lagrangian transformation matrices are simplified to

𝐋𝑎 =

⎡

⎢

⎢

⎢

⎢

⎢

⎣

1 0 0 0 0 0
0 1 0 0 0 𝑥𝐴,𝑎
0 0 1 0 −𝑥𝐴,𝑎 0
0 0 0 1 0 0
0 0 0 0 0 1

⎤

⎥

⎥

⎥

⎥

⎥

⎦

and

𝐋𝑏 =

⎡

⎢

⎢

⎢

⎢

⎢

⎣

1 0 0 0 0 0
0 1 0 0 0 −𝑥𝐵,𝑏
0 0 1 0 𝑥𝐵,𝑏 0
0 0 0 1 0 0
0 0 0 0 0 1

⎤

⎥

⎥

⎥

⎥

⎥

⎦

, (6)

where 𝑥𝐴,𝑎 and 𝑥𝐵,𝑏 are the distances between 𝐴 to 𝑎 and 𝐵 to 𝑏, respec-
tively.

The motion vectors of the adjacent lump masses, x𝐴 and x𝐵 , are part 
of motion vector 𝐗. In contrast, the motion vectors of the non-adjacent 
lump masses do not influence the motion of the hinge. Then, combining 
Eq. (5), into Eq. (4), we can write
𝚵𝐗 = [01 𝐋𝑎 − 𝐋𝑏 02]𝐗 = 0, (7)

where 𝚵 is the motion constraint matrix, and where 𝟎𝟏 and 𝟎𝟐 are zero 
matrices of dimensions 5 × 6 × 𝑁𝑙 − 1 and 5 × 6 ×𝑁𝑟 − 1, respectively. 
Here, 𝑁𝑙 and 𝑁𝑟 are the total number of lump masses to the left and 
right of the hinge, respectively. The hydrodynamic model assumes point 
loads acting on the lump masses to represent the distributed hydrody-
namic loads that are, in reality, exerted in each module. Consequently, 
the point load that acts on the hinge is translated to the adjacent lump 
masses, such that
𝐅𝑛𝑒𝑤𝐽 = 𝚵𝐓𝐅𝐽 , (8)

where 𝐅𝐽  is the force on the hinge of dimensions 5 × 1 and 𝚵𝑇  is the 
transpose of 𝚵.

4.3.  Balance of hydrodynamic forces

For the platform depicted in Fig. 4, the balance of forces and the 
influence of the two hinges in the motion response of the platform is 
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Fig. 7. Flow chart to solve hydrodynamic problem stated in Eq. (9).

given by: 
⎡

⎢

⎢

⎢

⎢

⎣

−𝜔2(M + A(𝜔)) − 𝑖𝜔(B(𝜔) + DPTO) + C + K𝑆 𝚵𝑇1 𝚵𝑇2
𝚵1 𝟎 𝟎

𝚵2 𝟎 𝟎

⎤

⎥

⎥

⎥

⎥

⎦

⎡

⎢

⎢

⎢

⎢

⎣

𝐗

F1
F2

⎤

⎥

⎥

⎥

⎥

⎦

=

⎡

⎢

⎢

⎢

⎢

⎣

F𝑤𝑎𝑣𝑒 + F𝑤𝑖𝑛𝑑
𝟎

𝟎

⎤

⎥

⎥

⎥

⎥

⎦

, (9)

where the first line of the system of Eq. (9) shows the balance of external 
forces applied to the hybrid platform, where M is the mass, A(𝜔) is the 
added mass, B(𝜔) is the radiation damping, DPTO is the power take off 
damping, which constitutes a force that is proportional to the velocity 
𝑖𝜔𝐗 (Folley and Whittaker, 2010), C is the restoring matrix, K𝑆 is the 
structural stiffness matrix to account for elastic effects of the platform 
(Arredondo-Galeana et al., 2023a; Zhang et al., 2023a), 𝚵𝐓

𝟏 F1 and 𝚵𝐓
𝟐 F2, 

are the forces at the two hinges translated to the adjacent lump masses 
of the hinge (Arredondo-Galeana et al., 2023a; Zhang et al., 2023a), 
F𝑤𝑎𝑣𝑒 is the wave excitation force and F𝑤𝑖𝑛𝑑 is the wind loading in the 
frequency domain. The second and third equations 𝚵𝟏𝐗 = 0 and 𝚵𝟐𝐗 = 0, 
shown in Eq. (9), respectively, arise because the spatial location of the 
hinges, is the same, when determined either from the left or the right 
adjacent lump masses.

Viscous losses are not considered in Eq. (9), since previous studies 
where the pontoon length is significantly greater than the draft have 
shown that potential flow model assumptions are sufficiently accurate to 
predict the motion response of hinged connected structures (Arredondo-
Galeana et al., 2023a). Additionally, for low mooring line stiffness, nu-
merical models that include a consideration for mooring line forces yield 
similar results to models that do not consider them (Chen et al., 2023). 
Hence, in this work, mooring line forces are not considered, since the 
mooring line is of low stiffness to allow for pitch and heave motions of 
the platform.

Wind turbine loads in the hybrid platform are accounted for by in-
corporating the mass and the inertia of the monopile and rotor-nacelle-
assemble (RNA), to the lump mass where the wind turbine is mounted. 
The mean wind turbine thrust is applied as a constant moment at the 
base of the platform where the wind turbine is installed. The external 
wind turbine load is denoted as 𝐅𝑤𝑖𝑛𝑑 in Eq. (9). A constant moment 
is considered for wind turbine loading under the assumption that the 
mean loads do not change when the pitching motions of the turbine are 
maintained below 10◦ (Wen et al., 2018). This assumption is discussed 
in the Results section of the manuscript.

4.4.  Solution of problem

The added mass 𝐀(𝜔), radiation damping 𝐁(𝜔), coefficients, and 
Froude-Krylov forces (𝐅𝑤𝑎𝑣𝑒) in Eq. (9) were computed using a multi-
body approach in Hydrostar, consistent with the methodology presented 
in this paper. The specific Hydrostar data and setup was originally de-
veloped for Arredondo-Galeana et al. (2023a). The hydrodynamic data 
(𝐀(𝜔), 𝐁(𝜔) and 𝐅𝑤𝑎𝑣𝑒) have been reutilised in the present work and ap-
propriate credit is provided in the Acknowledgements section. In the 
setup, the full-scale platform is segmented into 𝑁 = 12 bodies. Each 

body is meshed with 200 panels. A small gap of 0.01m is left be-
tween each body. A range of full-scale frequencies from 0.25 rad/s to 
0.88 rad/s, in increments of 0.063 rad/s, is generated. This corresponds 
to model-scale frequencies from 0.4 Hz to 1.4 Hz, in steps of 0.1 Hz, 
based on a 1:100 model scale. The shape of the matrices is 6𝑁 × 6𝑁 for 
𝐀(𝜔) and 𝐁(𝜔), and 6𝑁 × 1𝑁 for the 𝐅𝑤𝑎𝑣𝑒 vector. Each 𝑁-th segment 
of the platform has a corresponding mass M and hydrostatic C matrix 
that depend on the dimensions of the body (Zhang et al., 2021). The 
size of C and M is also 6𝑁 × 6𝑁 . Eq. (9) is solved in software Matlab by 
incorporating the stiffness matrix K𝑆 , motion constrain matrices 𝚵𝟏 and 
𝚵𝟐, the power take-off damping DPTO and the wind force vector F𝑤𝑖𝑛𝑑 . 
Note that F𝑤𝑖𝑛𝑑 is installed in the 𝑁 = 10 element of the platform. The 
flow chart of in Fig. 7 summarises the solution procedure.

4.5.  Wave energy conversion

From the solution of Eq. (9), we focus on the heave (Δ𝑧) and pitch 
(Δ𝜃) components of the motion vector 𝐗. The relative pitch of the hinge, 
hereafter referred to as flex of the hinge (Δ𝜃) is defined as
Δ𝜃 = 𝜃1 − 𝜃2, (10)

where 𝜃1 and 𝜃2 are the pitch angles computed for the left and right pon-
toons to the hinge. In this case, we consider the numerically computed 
pitch of the left and right adjacent lump masses to the hinge. The mean 
power captured by the hinge, in the frequency domain is defined as
𝑃 = 1

2
𝜔2𝑑PTO|Δ𝜃|2, (11)

where 𝜔 is angular frequency of the hinge, 𝑑PTO is the damping coef-
ficient, where following Zhang et al. (2018), is applied to the pitching 
motion degree of freedom of the adjacent lump masses to the hinge, 
and where Δ𝜃 is the flex angle of the hinge in radians per meter wave 
height. Later in the manuscript, the optimum numerical value for 𝑑PTO
is computed.

To consider the influence of irregular waves, a wave amplitude spec-
trum, 𝑆(𝜔), is discretised in the frequency domain and used to generate 
individual waves of wave amplitude 𝐴𝑗 , where 𝑗, in this case, is the in-
dex denoting the individual wave. The amplitude of the discrete wave 
components is given by
𝐴𝑗 =

√

2𝑆(𝜔𝑗 )Δ𝜔, (12)

where 𝑆(𝜔𝑗 ) is the amplitude of the spectrum at the 𝑗-th frequency 𝜔𝑗 , 
and Δ𝜔 is the discretisation step of the spectrum. Similar to the irregu-
lar wave analysis carried out in Arredondo-Galeana et al. (2024) for a 
wave energy converter, we utilise the definition of the JONSWAP spec-
trum provided by the DNV Environmental Conditions And Environmen-
tal Loads Practice Manual (DNV, 2007). Then, the average power for a 
given sea state is computed as

𝑃 =
𝑁
∑

𝑗
𝑃 𝑗𝐴

2
𝑗 , (13)
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Fig. 8. a) Heave (Δ𝑧) and b) flex (Δ𝜃) RAO curves for hinged VLFS only and hinged VLFS with wind turbine. Results are computed by considering an underdamped 
response and comparing VLFS only curve to RAO data measured in downstream pontoon (Arredondo-Galeana and Brennan, 2021).

where 𝑗 indicates the 𝑗-th frequency and 𝑁 is the total number of fre-
quencies in which the JONSWAP spectrum is discretised, 𝑃 𝑗 is the av-
erage power of the 𝑗-th frequency computed with Eq. (11) and 𝐴𝑗 is the 
𝑗-th wave amplitude computed with Eq. (12).

5.  Results

Platform dynamics
As an initial step in platform motion analysis, we consider the re-

sponse of the hinged connected very large floating platform only, re-
ferred in this Section as VLFS, without wind turbine loading, and assum-
ing an underdamped response, i.e. unloaded hinge (McNatt and Retzler, 
2020). The response amplitude operator (RAO) curves for heave (Δ𝑧) 
and flex (Δ𝜃) of the upstream and downstream hinges are plotted in 
Fig. 8a and b, respectively. Both Δ𝑧 and Δ𝜃 are normalised by wave am-
plitude and plotted as a function of the wave period. In both Fig. 8a and 
b, the Δ𝑧 and Δ𝜃 of the “VLFS only” case are plotted with blue solid lines 
for the upstream hinge, and with black solid lines for the downstream 
hinge.

Subsequently, we include wind turbine loading in the platform and 
refer to this case as “VLFS + turbine”. Results for Δ𝑧 and Δ𝜃 are plotted 
with circular scattered markers in both Fig. 8a and b, respectively. The 
color notation is consistent with the VLFS only case, and blue markers 
are used for the upstream hinge, and black markers are used for the 
downstream hinge in both of the figures.

In Fig. 8a, Δ𝑧 of the upstream and downstream hinge are compared 
versus experimental data measured at the Kelvin Hydrodynamics Lab-
oratory (KHL) at the University of Strathclyde in a hinged-connected 
VLFS prototype. In the tests, no turbine and no power take-off mech-
anism at the hinges were included. Further details of the experimen-
tal setup are available in Arredondo-Galeana and Brennan (2021) and 
the data with a video showing the experimental setup are available in 
a Zenodo open-access repository (ARREDONDO-GALEANA, 2023). The 
experimental error in Δ𝑧 was estimated to be approximately 5% and is 
depicted with the error bars in Fig. 8a.

For the downstream hinge, where motion between pontoons is typ-
ically symmetric for all tested wave periods (ARREDONDO-GALEANA, 
2023), an approximation of Δ𝜃 was derived from heave measurements. 
In the experiment, four heaving measuring points were available in each 
pontoon (Arredondo-Galeana et al., 2023a), one close to the hinge and 
the others at increasingly further distance. The instance of maximum 
Δ𝑧 at the point closest to the hinge was used to sample the Δ𝑧 of the 
rest of the heave measurement points along the same pontoon. With a 
total of four heave measurements available per pontoon, three flex an-
gle estimations were computed for every 𝑇  sampled experimentally in 
Fig. 8a, i.e. 9 wave periods. The optimal path that minimised the total 

flex angle squared difference between consecutive periods, while retain-
ing the peak response, was found. A constraint was imposed such that 
the flex angle at 𝑇 = 25 s was 0◦ . This is a known condition, since at 
very long wave periods (𝑇 ≥ 25 s), the three pontoons ride the wave, 
and no hinge motion occurs (Arredondo-Galeana et al., 2023a). Lastly, 
adjacent averaging was applied around the peak value.

For the upstream hinge, where the motion between pontoons is 
asymmetric at low periods (𝑇 < 10 s), the experimental Δ𝜃 is computed 
based on the downstream hinge Δ𝜃 approximation and the percent-
age change observed in Δ𝑧 between upstream and downstream hinges. 
Hence, the error between upstream and downstream Δ𝜃 is considered 
the same.

The experimental uncertainty in the flex estimation was calculated 
using the pooled standard deviation, which combines the variances of 
the three repeated flex measurements across the tested periods to pro-
vide a robust estimate of measurement variability. The flex and uncer-
tainties computations were made for the downstream hinge and are in-
cluded as supplementary material. The pooled standard deviation was 
0.27 deg∕m and is plotted as error bars in Fig. 8b. The resulting uncer-
tainties ranged from 62% to 24% for long wave periods (𝑇 ≥ 14 s), 
due to low heave displacements and pitch angles, and with an aver-
age uncertainty of 10% across shorter wave periods (𝑇 < 14 s), where 
heave motion mas more prominent and pitch angles were greater than 
1◦. To further reduce uncertainty in flex angle estimation, wave ampli-
tude measurements of 20mm were used to maximise physical heave dis-
placement and minimise the relative error in pitch angle estimation. For 
consistency and normalisation, heave values were scaled to correspond 
to a 10mm wave amplitude when computing pitch angles. Therefore, 
results in Fig. 8b are presented in degrees per meter (deg/m), assuming 
a 1:100 scale model, equivalent to a full-scale platform encountering 
1m wave heights.

Fig. 8a shows that when 𝑇 > 10 s, the heave responses of the up-
stream and downstream hinge have a similar behavior. As 𝑇  grows, i.e. 
𝑇 ≥ 20 s, Δ𝑧 ≈ 1. This asymptotic condition is characteristic, when the 
wave wavelength is significancy longer than the length of the full plat-
form (Arredondo-Galeana et al., 2023a). In contrast, when 𝑇 ≤ 10 s, 
the heave response of the upper hinge is higher than the response of the 
downstream hinge. This is because, at higher frequencies, i.e. shorter 
wavelengths, the upstream hinge absorbs most of the energy, attenuat-
ing the wave downstream. Figure 8a shows that in terms of heave re-
sponse, the influence of the turbine is almost negligible, and therefore, 
most of the heave dynamics of the platform are governed by hydrody-
namic loading.

Regarding hinge flex motion, Fig. 8b shows that the upstream and 
downstream hinge have a similar behavior also when 𝑇 > 10 s. In con-
trast, for shorter waves, i.e. 𝑇 ≤ 10 s, the upstream hinge has a more 
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Fig. 9. a) Normalised total flex and power versus different values of power take-off damping (𝑑PTO) and b) wave power matrix of hybrid platform. Considering 
𝑑PTO = 5.5GNms∕rad.

pronounced response. Furthermore, Fig. 8b shows that the flex resonant 
frequency of the upstream hinge occurs at about 𝑇 ≈ 8.5 s, whilst for the 
downstream hinge the resonant peak occurs at 𝑇 ≈ 9.5 s. At the resonant 
peaks, the highest flex angle at the upstream hinge is close to 5◦∕m. In 
contrast, the highest flex angle of the downstream hinge is close to 4◦∕m. 
Noteworthy, the influence of the wind turbine, denoted by the circular 
markers in Fig. 8b, show a negligible effect also in the flex angle of the 
platform.

Two critical performance factors stand out from Fig. 8b. Firstly, it 
can be seen that the peak flex response of the upstream and down-
stream hinges lie over the range of 8 s ≤ 𝑇 ≤ 10 s. This range of periods 
typically coincides with peak periods of high probability sea states in 
the European Atlantic Coast (Arredondo-Galeana et al., 2023b, 2024). 
Secondly, because the upstream hinge absorbs more wave energy and 
imposes higher flex angles than the downstream hinge, then the opti-
mum position of the wind turbine, in terms of motion disturbance is 
the downstream pontoon. Furthermore, we recall that the results pre-
sented here are for an underdamped response. Additional control strate-
gies, such as overdamped and optimal PTO damping (Scarlett et al., 
2024), can be implemented to maximise power extraction in the up-
stream hinge, and mitigating further the motion of the downstream
hinge.

With respect to wind turbine power performance, it has been demon-
strated that for a low range of pitch amplitude motions, the mean power 
performance of the turbine remains relatively stable (Tran and Kim, 
2015; Wen et al., 2018). Hence, because in general, the pitch angle of 
the downstream pontoon is the lowest, and remains typically below or 
circa to 10◦, then the range of motion shown in Fig. 8b confirms that a 
constant power performance for the wind turbine can be considered. In 
particular, the turbine is also equipped with power control capabilities 
to provide a stable power output above rated speed (Wen et al., 2018). 
Therefore, we consider the mean curve power of the NREL 5 MW turbine 
to compute the power production of the turbine.

Wave power performance
To assess wave energy performance of the hybrid platform, we per-

form a sweep of different 𝑑PTO values at three different wave frequencies 
(0.3 Hz, 0.5 Hz and 1.0 Hz) to find out the optimum 𝑑PTO value for wave 
power production. Fig. 9a shows the normalised total flex angle of the 
platform and the normalised mean power computed with Eq. (11) versus 
𝑑PTO. For clarity, only the case of 0.5 Hz is presented in Fig. 9a, although 
the rest of the cases (0.3 Hz and 1.0 Hz) show similar performance. It 
can be seen in Fig. 9a, that as 𝑑PTO ≥ 1GNms∕rad, the total flex starts 
to decrease. In contrast, the normalised power increases, reaching its 
maximum level at 𝑑PTO = 5.5GNms∕rad. At this optimum 𝑑PTO, the total 
flex drops to about 62% of the underdamped response. Hence, for the 
remaining of our study, the optimum 𝑑PTO is selected as operating point 
of the hybrid platform.

The power matrix of the hybrid platform is computed for a total of 30 
sea states. The sea states corresponded to the combination of significant 
peak periods (𝑇𝑝) and significant wave heights (𝐻𝑠) over the range of 
6 s to 16 s in increments of 2 s, and over the range of 1m to 5m in incre-
ments of 1m, respectively. This range of sea states covers the majority 
of significant wave height (𝐻𝑠) and peak period (𝑇𝑝) occurrences over 
the 20-year metocean dataset from the ERA5 database. Specifically, it 
captures 95% of 𝐻𝑠 and 98% of 𝑇𝑝 for VS, 95% of 𝐻𝑠 and 98% of 𝑇𝑝
for N3, and 99% of both 𝐻𝑠 and 𝑇𝑝 for NE8.

The power per sea state is computed with Eq. (13) and results are 
interpolated to a finer grid of 50 × 50 elements. A grid sensitivity anal-
ysis was performed by evaluating grid sizes of 10 × 10, 25 × 25, 50 ×
50 and 100 × 100. The results showed that power computations based 
on metocean data converged after the 50 × 50 power matrix. Thus, this 
grid size was selected to balance computational efficiency and accuracy. 
The matrix is computed assuming optimal damping and average turbine 
loading on the platform. Results are presented in Fig. 9b.

The power matrix shown in Fig. 9b highlights that the wave energy 
subsystem of the hybrid platform has a broad band response, with the 
highest values extending over the range of 10 s to 14 s, with a local max-
imum at 𝐻𝑠 = 5m and at 𝑇𝑝 = 12 s. The broad band response shown in 
the power matrix is associated to the combined effect of the two hinges. 
Additionally, damping flattens the RAO curve and shifts the peak re-
sponse to the right hand side of the peaks detected in Fig. 8b, which 
were located originally between 8s < 𝑇 < 10 s. Lastly, larger 𝑇𝑝 sea states 
contain more energy (see Eq. (13)). This also contributes to the maxi-
mum response of the power matrix shown in Fig. 9b to be detected at 
𝑇𝑝 = 12 s, and to the right hand side of the peaks identified in Fig. 8b. 
Note that the shape of the power matrix coincides with related stud-
ies on wave energy generation through floating platforms composed by 
hinged elastic plates (Tay, 2019).

We recall that one of the main aims of this paper is to assess the per-
formance of the hybrid platform in sites with different metocean prop-
erties, i.e. swell dominated sites versus wind-wave dominated sites (see 
Fig. 3). Therefore in the next section, we characterise N3, NE8 and VS, 
in terms of wave and wind power densities (Eqs. (2) and (3)) and in 
terms of wind and wave correlation index (Eq. (1)). Subsequently, we 
utilise the power matrix computed in Fig. 9b, and the power curve of the 
NREL 5 MW wind turbine to assess the performance of the hybrid plat-
form to provide a minimum power threshold and reduce wind power 
downtime. Note that the power curve of the NREL 5 MW wind turbine 
was computed in software ASHES (Thomassen et al., 2012).

Power density correlation of sites
An important aspect that will affect the performance of the hybrid 

platform is the availability of wind and wave power. Hence, the monthly 
wind and power density averaged over 20 years (2000–2019) are shown 
in Fig. 10a and b, respectively. Results are shown for the three selected 
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Fig. 10. Monthly average a) wind and b) wave power densities for VS, N3 and NE8 averaged over 20 years from 2000 to 2019.

Fig. 11. Monthly average wind and wave power density correlation coefficients, averaged over 20 years (2000–2019), for VS, N3 and NE8.

sites, VS, N3 and NE8 with red, blue and black marker lines, respec-
tively. Note that the monthly wind and wave power densities are com-
puted by averaging the hourly data of 𝑈ℎ𝑢𝑏, 𝐻𝑠 and 𝑇𝑝 and by using 
Eqs. (3) and (2), respectively

It can be seen that both Fig. 10a and b show a bathtub shape where 
the highest power density is available in the winter months from Novem-
ber to February, and the lowest power density is available in the sum-
mer months from May to August. Noteworthy, the wind power density 
is similar for the three locations in Fig. 10a, with a slight drop towards 
the edges in VS. In contrast, Fig. 10b shows that the wave power den-
sity is lowest in NE8 throughout the full year, as opposed to the wave 
power density of open sea locations such as N3 and VS. This could be a 
determining factor in the performance of the hybrid platform.

Prior to analysing the performance of the hybrid platform, and as a 
subsequent step in site characterisation, we now look at the correlation 
between wind and wave in N3, NE8 and VS. The monthly average wind 
and wave power correlation coefficients are presented in Fig. 11, where 
the vertical axis shows VS, N3 and NE8 from top to bottom, and the 
horizontal axis shows the monthly coefficients averaged over 20 years 
(2000–2019). Hourly data and Eqs. (1)–(3) are used to compute the 
monthly average correlation coefficients. The colorbar of Fig. 11 shows 
the color code for the correlation coefficient, where a high value corre-
sponds to dark blue (𝐶 > 0.7), and a low correlation value corresponds 
to light yellow (𝐶 < 0.4).

Fig. 11 confirms that throughout the year, VS off the coast of Spain 
has the lowest correlation coefficients, with a yearly average value of 
0.35, compared to 0.63 and 0.75 for N3 and NE8, respectively. The lo-
cations selected off the coast of Scotland have clearly higher correlation 
coefficients than those in VS. NE8, in the North Sea, has higher correla-
tion coefficients than N3, possibly because N3 is exposed to the Atlantic 
Ocean (see Fig. 3), where swell waves might still be present, as in the 
case of VS. In contrast, NE8 is located in the North Sea and surrounded 
by continental masses. Therefore, sea states do not fully develop as in 
the open ocean, and waves are directly related to local wind.

In the following Section, we investigate whether the performance of 
the hybrid platform is superior in low correlation sites, such as VS, or 
whether the availability of power is more important to the performance 
of the hybrid platform.

Hybrid platform assessment
We investigate the performance of the hybrid platform in the three 

different locations depicted in Fig. 3. The locations are: Villano-Sisargas 
(VS) off the coast of Spain, N3 off the West, and NE8 off the East coasts 
of Scotland. We recall that VS, N3 and NE8 have low, intermediate and 
high wind wave correlation indices, respectively, as indicated in Fig. 11.

As performance metric, the power downtime of wind turbine versus 
hybrid platform is compared. Power downtime in the hybrid platform 
is considered when wave power drops below a certain power threshold, 
in periods of absent wind power. For the case of the hybrid platform, 
we consider 1 MW wave power (20% rated power of 1 PEM electrolyser 
rated at 5 MW - the same rating as the wind turbine), as the power pro-
duction threshold. In contrast, for the case when only the wind turbine 
operates, power downtime is considered when the wind speed at hub 
height is below or above the rated cut-in or cut-out speeds, respectively, 
i.e. when the turbine does not produce power. Monthly power downtime 
averaged over 20 years (2000–2019) is computed for the twelve months 
of a year, assuming operation of the wind turbine only, and operation 
of the hybrid platform, with wind and wave power.

Power downtime is plotted as fraction percentage time during each 
month in the polar plots of Fig. 12a–c, for VS, N3 and NE8, respectively. 
In the figures, wind power downtime is delimited with dotted lines and 
highlighted with lightly shaded colours. While, wind-wave power down-
time areas are delimited with solid lines and darkly shaded colours. Red, 
blue and black colours are used for VS, N3 and NE8, respectively.

The polar plots of Fig. 12 show that power downtime increases dur-
ing the summer months and decreases towards the winter months in the 
three locations. This behaviour is associated to the seasonal availability 
of the resources shown in Fig. 10.

In terms of wind power downtime, the polar plots show that the wind 
power downtime is higher in VS (Fig. 12a), followed by NE8 (Fig. 12c) 
and then by N3 (Fig. 12b). The yearly downtime averages are 7.4%, 
5.4% and 4.7% for VS, NE8 and N3, respectively. To understand these 
patterns, it is necessary to average the monthly wind power density val-
ues shown in Fig. 10a. Wind power density values for VS, NE8 and N3 
are 0.81 × 103 W∕m2, 1.01 × 103 W∕m2 and 1.08 × 103 W∕m2, respectively. 
Hence, the higher the wind power density of a site, the lower the asso-
ciated wind power downtime.
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Fig. 12. Monthly average wind power downtime limited with dotted lines and lightly shaded colors versus hybrid power downtime limited by solid lines and darkly 
shaded colors during a 20 year period (2000–2019) for a) VS, b) N3 and c) NE8.

In terms of hybrid power performance, the polar plots show that 
power downtime reduction is the highest in VS (Fig. 12a), followed 
by N3 (Fig. 12b), and very minimal for NE8 (Fig. 12c). Specifically, 
the highest power downtime reduction between wind turbine and hy-
brid platform case occurs in VS, with an average yearly reduction from 
7.4% downtime to 4.2% downtime. For N3, the yearly power downtime 
reduction goes from 4.7% to 3.0%. Lastly, for NE8, the yearly power 
downtime drops from 5.4% to 5.1%.

The power downtime performance of the hybrid platform is depen-
dent on the performance of the wave energy converter and on the se-
lection of wave power threshold. However, wave power density and 
wind and wave correlation indices are determining factors as well. By 
averaging the monthly wave power density values shown in Fig. 10b, 
we obtain 𝜌𝑤𝑎𝑣𝑒 = 3.96 × 105 W∕m, 𝜌𝑤𝑎𝑣𝑒 = 4.24 × 105 W∕m and 𝜌𝑤𝑎𝑣𝑒 =
1.67 × 105 W∕m for VS, N3 and NE8, respectively. While the yearly av-
eraged wind and wave correlation indices are 0.35, 0.63 and 0.78 for 
VS, N3 and NE8, respectively. Hence, the location with one of the high-
est yearly 𝜌𝑤𝑎𝑣𝑒 and with the lowest yearly correlation index, VS, shows 
the highest average percentage drop in power downtime with a drop 
of 43% when the hybrid platform is in operation. In second place, N3, 
with the highest yearly 𝜌𝑤𝑎𝑣𝑒 and intermediate correlation index, shows 
an intermediate drop in performance with a drop of 36%. In last place, 
NE8, shows a drop of only 6%, because of the lowest 𝜌𝑤𝑎𝑣𝑒 and highest 
correlation index.

These results suggest that the hybrid platform is more effective in 
reducing power downtime in locations with high wave power density 
and with low or intermediate wind and wave correlation indices, such 

as VS and N3, which are swell dominated regions facing the European 
Atlantic Coast, as depicted in Fig. 3.

The power downtime, correlation index and power density computa-
tions were carried out locally on a standard modern laptop. Specifically, 
a MacBook Pro-equipped with an M1 Max chip, with 10 CPU cores and 
64 GB of RAM, was used. MATLAB was used to solve the dynamics of 
the platform and to perform the site specific and power performance 
computations, while Python was used to compute the wave power per-
formance analysis, including power take-off damping curve and wave 
power matrix of Fig. 9.

With this hardware and software setup, the computational time re-
quired to quantify the monthly hybrid and wind power downtime, corre-
lation index and power density metrics over 20 years of metocean data, 
with hourly resolution, was approximately 40 seconds. For a full year 
of analysis, this was equivalent to 8 minutes per location.

For the wave power matrix, the power per sea state, which included 
100 discrete waves, was computed in 0.02 seconds. Regarding the
dynamics of the platform, we recall that the hydrodynamic coefficient 
computations were adopted from Arredondo-Galeana et al. (2023a). 
Therefore, the main computational task was solving Eq. (9) to compute 
the RAO plots shown in Fig. 8. The solution of Eq. (9) was achieved in 
approximately 0.4 seconds per tested frequency.

Sensitivity analysis
The previous sections considered 1 MW, as the criterion to determine 

whether wave power was available in the hybrid platform, and there-
fore, whether wind power downtime reduction occurred. Nonetheless, 

Fig. 13. Sensitivity analysis of hybrid downtime power versus different wave power thresholds computed with metocean data during 20 years (2000–2019) for VS, 
N3 and NE8. The scattered points with dotted trend lines show the hybrid platform power downtimes. Solid lines show the reference case of power downtime for 
the wind turbine only case.
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because the selection of the wave power threshold can change, it is im-
portant to evaluate the performance of the hybrid platform subject to 
different thresholds. Hence, in Fig. 13, we compute the power down-
time in the three locations, VS, N3 and NE8 subject to different wave 
power thresholds. The horizontal axis of Fig. 13 shows the wave power 
threshold ranging from 0.1 MW to 10 MW. We recall that when wave 
power is equal or above the threshold, power production is considered 
available. Therefore, the hybrid wind and wave power downtimes, sub-
ject to different wave power threshold, are plotted for VS, N3 and NE8, 
with different markers as specified in the legend of Fig. 13. In Fig. 13, 
dotted lines are used to interpolate the markers. The same colour code 
is used for the three different locations, as the one used in the previous 
section. For comparison, Fig. 13 also shows the power downtime due 
to wind only for the three locations, VS, N3 and NE8, as flat horizontal 
lines, showing 7.4%, 4.7% and 5.4% downtime, respectively.

Fig. 13 shows that reduction in power downtime is still feasible up 
to 2 MW in VS and N3. For example, considering a 1 MW threshold, 
we recall that power downtime drops by approximately 43% in VS and 
36% in N3. Considering a 2 MW threshold, these numbers change to 
19% and 17%, respectively. Furthermore, the red dotted line in Fig. 13 
reveals that over the range of 0.3 MW to 2 MW wave power threshold, 
a steep drop in power is achieved in VS. In contrast, the blue dotted 
line shows that for N3, a more gradual and uniform drop in power is 
obtained over the same wave power threshold range. The black dotted 
line shows that for NE8, a gradual and less steep drop in power occurs, 
extending from 100 kW to approximately 1 MW.

As the wave power threshold increases to 3 MW in VS and N3, and to 
1 MW in NE8, the hybrid power downtime curves asymptote to similar 
downtime levels where only wind power is considered, i.e. the baseline 
cases. Therefore, the sensitivity analysis shown in Fig. 13 confirms that 
the performance of the hybrid platform is superior in high wave power 
density locations with low to intermediate correlation. However, the hy-
brid platform can also perform satisfactorily in low wave power density 
and high correlation locations, provided that the wave power threshold 
is relaxed to lower thresholds. In the case of Fig. 13, to thresholds below 
1 MW.

6.  Discussion

The results obtained in this work highlight that a hybrid wind 
wave platform is functional for applications where a minimum power 
baseload is required. For example, the case of PEM electrolysers, which 
are designed to operate in steady state, and cycles of on and off switch-
ing are preventable if at least 20% of their power rating is provided. 
Considering the case of the hybrid platform and a 5 MW wind turbine, 
then a minimum baseload of 1 MW would be required to keep a 5 MW 
electrolyser continuously running (Niblett et al., 2024).

The sensitivity analysis carried out in the previous section showed 
that the hybrid platform can reduce effectively the power downtime 
over a range of wave power thresholds and up to 2 MW in high wave en-
ergy density and low to intermediate wind-wave correlation locations. 
However, it is important to mention that the wave energy conversion 
system of the hybrid platform can be improved through hull geome-
try or parallel arrays of platforms. As such, the disparity between wave 
and wind power can be reduced. Furthermore, the smoothness of the 
power output can be increased, by reducing the scale of the wind tur-
bine. Hence, the design of the hybrid platform can be modified accord-
ing to different performance objectives.

An important consideration for performance of wind wave hybrid 
platforms is the metocean properties of the selected site. High wave 
power density with low correlation sites are locations where the hybrid 
platform shows the highest drop in wind downtime power. This is be-
cause wave power is more available due to the high energy contained 
in swell waves. Additionally, the complementary of wind and wave
resources is highest in low correlation sites. In contrast, although the 
hybrid platform can also provide power downtime reduction in high 

correlation sites, the fact that wave power density is typically lower 
due to enclosed basins surrounded by land masses, signifies a slight re-
duction in performance of the hybrid platform. Hence, ideally, hybrid 
wind wave platforms are suitable for open sea swell dominated loca-
tions, where wind and wave resource have low to intermediate correla-
tion indices (C ≤ 0.7).

Lastly, note that the selection of wave power as the principal com-
plement of wind energy over other sources of renewable energy, such as 
solar energy, is preferred due to a reduced footprint in surface area re-
quirements. This is important because firstly, a lower surface area foot-
print reduces manufacturing costs, and secondly, it allows scalability 
with platforms in parallel.

7.  Conclusions

This paper develops the novel concept of a hybrid wind and wave 
floating platform to provide a minimum power base load for offshore 
applications. Different to alternative hybrid wind-wave platforms and 
wind and wave complementarity studies, in this work, we proposed a 
novel hinged-connected hybrid platform, which is modular and scal-
able, in order to provide a minimum power baseload. By considering 
the case of offshore PEM electrolysers, whose operational life is re-
duced when the power baseload drops below 20% of their rated capacity 
(Niblett et al., 2024), wave power reduces the downtime in which the 
PEM electrolyser would have to be shut down in only wind power was
available.

The platform is built with three pontoons that are interconnected 
with two hinges. A 5 MW wind turbine is mounted on deck. The influ-
ence of the wind turbine in the motion of the platform is not detrimental 
to hinge motion performance, since hydrodynamic loading is the domi-
nant factor that determines the motion of the platform.

The wind turbine is installed downstream of the platform where plat-
form motions are controlled through two mechanisms. One is the pas-
sive reduction of pitching motions through more energy absorption of 
the upstream hinge. The second one is active, through setting the PTO 
damping to operate in optimum power conditions. A numerical model 
was developed to compute wave power for the hybrid platform through 
hinge motion. Due to reduced pitch motions downstream of the floating 
platform and control capabilities of the wind turbine, the power curve 
of the 5 MW wind turbine is considered.

In order to assess the performance of the hybrid platform to reduce 
wind power downtime and to supply a minimum power baseload, three 
different locations are considered: One off the coast of Spain (VS), and 
two off the coast of Scotland, one on the west coast (N3) and one in the 
North Sea (NE8). The sites were selected to evaluate the hybrid platform 
subject to low, intermediate and high wind wave correlation indices, 
respectively. In terms of power performance of the platform we found 
that:

• Wave power production of the platform is broadband due to the 
presence of the two hinges, and is highest between 10 𝑠 ≤ 𝑇𝑠 ≤ 14 𝑠, 
which is a region of significant wave power in multiple locations of 
the world (Arredondo-Galeana et al., 2023b, 2024). Naturally, wave 
power increases also with wave height.

• Long term metocean data analysis of 20 years (2000–2019) revealed 
that wind power downtime is inversely proportional to wind power 
density, and that the ability of the platform to provide a minimum 
power base load relies on two factors: Firstly, high wave power den-
sity. Secondly, low to intermediate wind and wave correlation index. 
Hence, swell dominated regions with low wind and wave correlation 
indices are ideal for this type of hybrid platform.

• Assuming that downtime = wave power < 1MW and considering three 
locations with different metocean properties (VS, N3 and NE8), our 
analysis showed that the hybrid platform decreases wind power 
downtime the most in VS and N3, by up to 43% and 36%, respec-
tively. This is approximately equivalent to a reduction of 5500 and 
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3000 downtime hours in a window of 20 years, in VS and N3, re-
spectively.

• Sensitivity analysis shows that wave power thresholds of up to 2 MW 
can provide a significant reduction in wind power downtime in VS 
and N3. In NE8, power downtime could be achieved by lowering the 
wave power threshold to the kW range.
In summary, the hybrid wind and wave platform presented in this 

work is able to provide a minimum power threshold for offshore appli-
cations that suffer from periods of time where wind power is absent, 
and that require a minimum level of power for continuous operation. 
The design of the hybrid platform is scalable, and can be tailored to 
meet other requirements, making the current design a versatile concept 
worth of further development and investigation.

Further avenues of research include 1) Improving pontoon design 
to prevent water slamming and water on deck due to low freeboard, 
2) Performing a time-domain analysis to understand the effects of tran-
sient wind and wave loading on fatigue life and power performance of 
the hybrid platform, 3) Expanding the numerical model to account for 
mooring line forces and viscous losses, 4) Optimising pontoon geometry 
for wave power capture and 5) Assessing passive yaw capabilities of the 
platform.
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