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Abstract

We develop a novel hybrid wind and wave floating platform for applications that require a minimum
power baseload for continuous operation. The hybrid platform consists of three very large pontoons con-
nected 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 con-
version, and assuming mean power production for the wind turbine, we evaluate the performance of the
hybrid platform. Performance is gauged by determining periods of time when the hybrid platform meets
a minimum wave 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. Although the platform reduces wind power downtime
in the three locations, it is found that it has better performance in locations with high wave power den-
sity and low to intermediate wind-wave correlation indices. The hybrid platform proposed in this work
is enticing for offshore applications that run in steady state. For example, hydrogen electrolysers, which
require a minimum power supply for lasting operation.

1 Introduction

Floating offshore wind turbines are expanding to deep water (>100 m) with ever increasing large wind tur-
bines. Nonetheless, deep water operations pose significant cost related challenges for offshore renewable
(ORE) technology (43). For floating wind, the "modus operandi" consists of one very large wind turbine per
floating foundation (1; 30). This poses significant engineering and cost challenges to design reliable float-
ing structures that can carry massive wind turbines and can provide platform stability (2; 33). In addition
to structural and cost related challenges, larger transmission distances combined with the intermittency
of wind, produce an increase in dispatch costs, and can also incur into associated energy storage costs to
satisfy peak demand.

A possible solution to reduce the costs of floating offshore wind, relies in the design of hybrid offshore re-
newables. Hybrid offshore renewables have the capacity to reduce the levelised cost of energy of offshore
wind farms, through reduction of dispatch costs and peak generation requirements (12; 18; 20; 31; 44). In
particular, wind and wave collocation and hybrid platforms have the potential to share installation facilities
and thus, reduction of dispatch costs (31). Secondly, wave energy has a higher predictability and mean
power density per meter than other offshore renewable alternatives, such as solar energy (32; 34). Thirdly,
wave energy extraction has also the capability of suppressing loads in neighboring wind turbine structures,
through passive or active control (9; 17). Hence, hybrid wind and wave floating platforms have emerged as
possible candidates to reduce floating ORE costs in recent years.

Further to cost reductions, hybrid wind and wave platforms can be designed to provide a continuous min-
imum power baseline for offshore applications. We consider the case of hydrogen proton exchange mem-
brane (PEM) electrolysers, whose operational life is reduced when the power baseload drops below 20%
of their rated capacity (27). Hence, in this work, we investigate to what extent wave power can ensure a
minimum power baseload and reduce wind downtime power.
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We propose a novel hybrid platform to supply a continuous power baseload. The design of the platform
consists of a three pontoon barge type floating structure connected with two hinges. Hinge motion is used
to extract wave energy. While a 5 MW wind turbine is installed in the downstream pontoon. Barge floating
structures have been considered in earlier works as foundations of wind turbines (22; 19), while hinge
motion has been studied and implemented successfully for wave energy conversion (26; 28; 29; 48; 47; 36).
Nonetheless, the combination of barges and hinges into a hybrid platform design to provide a minimum
baseload has not been considered in the literature. Note that hybrid platforms that combine wind and
wave energy conversion have exist in the literature, but are mostly inspired on semi-sub floating structures
(16; 37; 38). Hence, the concept proposed in this work is based on an alternative design based on a hinged
connected very large floating structures (VLFS).

We assess the hybrid platform in three different locations with different wind-wave resource correlation.
One off the coast of Spain, with a low correlation index, and two off the coast of Scotland, with higher
correlation indices. We hypothesise that the platform performs better in the low correlation site. Note
that typically, in wind and wave correlation studies, only metocean data is considered (6; 23; 15). However,
as part of the novelty of this work, a numerical model is used to estimate the power matrix of the platform
subject to a range of sea states. Because the wind turbine is mounted downstream of the platform, a
reduced range of pitching motions is considered and the mean power curve of a 5 MW wind turbine is
utilised to compute the wind turbine power. The performance of the hybrid platform to provide a minimum
baseload, and to reduce wind power downtime is assessed. Additionally, the role of wind and wave power
density, and correlation index are analysed.

The structure of the paper is laid out as follows. First, the hybrid platform is introduced. Then, the three
proposed locations for the hybrid 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 numerical model used to asses the dynamics of the platform subject to irregular waves
is presented. 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 discussed in terms of downtime
power reduction for the three proposed locations, for a period of 20 years of metocean data. Lastly, the
conclusions of the work are presented.

2 The hybrid platform

In this Section, we introduce the hybrid platform. The platform comprises three pontoons and two hinges,
as depicted in Figure 1. The platform is designed to carry the NREL 5 MW wind turbine. The particulars of
the wind turbine are shown in Table 1. Figure 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. While the platform passively yaws into the main wave direction,
through a single point mooring line (7). The connection point of the mooring line is positioned at the bow
of the platform. The single point mooring line, and passive yaw mechanism of the platform, ensures that
the rotational axis of the hinges is oriented parallel to the crest of the waves to maximise hinge motion. The
5 MW wind turbine is selected to feed a PEM electrolyser rated at 5 MW. The PEM electrolyser is located
in a different floating platform and is not depicted in the diagram of Figure 1.

By adjusting the draft of the pontoons shown in Figure 1, and assuming a fixed pontoon surface area, the
required buoyancy for the wind turbine and the pontoon can be achieved. Considering water density p, =
1025 kg/m?, and a very large floating structure (VLFS) pontoon surface area of 58 m x 58m, a draft of
1.0 m per pontoon is sufficient to provide a buoyancy force B ~ 5 x W;, where W; is the weight of the
turbine. The water displacement of each pontoon is 3,364 m3.

The ability of the hybrid platform to resist rolling motion is determined through the width of the platform.
Following (49), 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 ¢ < 0.5°. Note

Wind turbine  Hub height (m) Rotor width Rated speed Cutinspeed Cut out speed Mass Rated power
NREL turbine 90 m 126 m 1 m/s 3m/s 25m/s 697 tonnes 5 MW

Table 1: Wind turbine particulars for the 5SMW NREL concept (21).
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Figure 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.

that the selection of a small scale wind turbine (< 5 MW), facilitates the structural design and allows for
ease of transportation and assembly (2).

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, or whether the performance of the platform subject to interme-
diate and high correlation sites changes, remain open questions. Hence we consider the three locations
depicted in Figure 2. A swell dominated, low correlation site, off the North West coast of Spain, Villano
Sisargas (VS), and higher correlation sites, one off the West coast of Scotland, NE3, which is still swell dom-
inated, and one in the North Sea and off the East coast of Scotland, NE8, which is expected to have a higher
wind wave correlation due to a shorther fetch. The selection of the sites is restricted to three locations
with different wind and wave correlation characteristics, low, intermediate and high correlations, but the
methodology to assess the performance of the hybrid platform is applicable to further locations.
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Figure 2: Selected sites for analysis of hybrid wind wave platform: Villano Sisargas (VS) off the coast of
Spain, NE3 and NE8, off the west and east coast of Scotland.

The ESOX tool (LAUTEX ESOX.), 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° x 0.25°. In Table 3, the geographical coordinates and the average metocean properties of the



Location name  Country Coordinates « Ui Uwoo  Unwb Hyg T,

NE8 Scotland N 58.25°, W15° 0.0884 8.36 10.25 10.05 1.8425 8.0486
NE3 Scotland N 58.75°, W 6.5° 01766 8.64 10.46 10.27 2.6023 10.6302
Villano Sisargas Spain N 43.5°,W9.21° 04787 773 9.38 920 2.4997 10.7493

Table 2: Average wind and wave metocean conditions for NE8, NE3 and Villano Sisargas for years 2000-
2019 from ESOX database (LAUTEX ESOX.).

locations depicted in Figure 2 are provided. The metocean properties listed in Table 3 are mainly wind
speed at hub height (Upyp), significant wave height (H;) and mean peak period (1},). To compute Uy,
a mean wind speed power law coefficient («) is computed by considering the mean wind speed at 10 m
(U10) and at 100 m (U1gg). Twenty years of metocean data, ranging years 2000-2019, are considered to
compute the metrics shown in Table 3.

The correlation coefficient can be used as an index of suitable locations for hybrid floating platforms (6; 23;
15), and is defined through the Pearson’s correlation such that
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where x and y are the correlation variables, 7 is the instant in time, 7 is the time lag between = and y.
In this case we consider 7 = 0. Then, 1z, and fz,, are the mean of the correlation variables, respectively,
o, and oy 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 Equation (1) are the wave power density (in deep
water) per meter wave crest (W /m), defined as

 psg*HZ2T,
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and the wind power density per swept area (W /m?), defined as
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In Equations (2) and (3), ps is the water density, g is the gravity of Earth, H is the significant wave height,
T, is the wave energy period, p, is the density of air and Uy, is the wind speed at hub height.

To compute the wave energy power (Py,q..) provided by the hybrid platform, a power matrix considering
the effect of irregular waves is developed. Hence, Hg and T’p 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 (Py;,q) is assessed 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 (45). The assumption 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 hydroelastic
VLFS in Zhang et al. (48) and applied for hinged connected dual raft in Zhang et al. (48). The method
was applied by Arredondo-Galeana et al. (3) to validate experimental measurements of a rigid and hinged
connected VLFS platform. 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. The main assumptions
of the model are summarised as follows.

Consider Figure 3, showing three pontoons connected by two mechanical hinges. The mechanical hinges
are denoted with red circles. Each pontoon is discretised into a finite number of segments n and the total
number of segments of the platform is IV =3 x n. Each segment is represented by a black circle in Figure
3. The black circles are lump masses with 6 degrees of freedom each, such that z; = [z,y, 2, ¢, 0, 1],
where z, y, 2z, ¢, 6 and ¢ refer to surge, sway, heave, roll, pitch and yaw, respectively. Then, the motion
vector of the platform is X = [z1...2x]’. The lump masses are connected to each other with elastic beams



with structural stiffness k to account for any hydroelastic deformation in the platform. The connection
between mechanical hinge and adjacent lump mass is not an elastic beam, instead, it is a rigid connection.
The rigid connections are highlighted in Figure 3. They transfer the motion of the adjacent lump mass to
the mechanical hinge through rigid body assumptions. A stiffness matrix Ks of N x IV elements for the
platform is constructed by concatenating the stiffness of the individual beam elements k.

The balance of forces and the influence of the two hinges in the motion response of the platform is given
by:

_w2(M + A(UJ)) - ZW(B(W) + DPTO) +C+Ks E{ Eg X Fuave + Fuind
=, 0 0 Fi| = 0 , (4)
By 0 0 Fo 0

where the first line of the system of Equations (4) shows the balance of external forces applied to the hybrid
platform, where M is the mass, A(w) is the added mass, B(w) is the radiation damping, Dpro is the power
take off damping (D p7o), which constitutes a force that is proportional to the velocity iwX (14), C is the
restoring matrix, K g is the structural stiffness matrix to account for elastic effects of the platform (3; 46),
ET F, and ET F, are the forces at the two hinges translated to the adjacent lump masses of the hinge,
F,ave is the wave excitation force and F ;.4 is the wind loading in the frequency domain. Viscous losses are
neglected as potential flow models have shown to be accurate to predict the motion response of hinged
connected structures, where the pontoon length is significantly greater than the draft (3). Additionally,
for low mooring line stiffness, numerical models that include a consideration for mooring line forces yield
similar results to models that do not consider them (11). Hence, in this work mooring line forces are not
considered, since the mooring line needs to allow pitch and heave motion of the platform.

The second and third equations 2; X = 0 and 22X = 0, shown in Equation (4), respectively, arise because
the spatial location of the hinges, is the same, when determined either from the left or the right adjacent
lump mass. Consider, for example hinge 1, with points a and b located to the left and right of the hinge.
Then because the two points are located at the hinge, the position vectors of points a and b yield

Tq —xp = 0. (5)

Assuming the rigid body connections shown in Figure 3, z, and x; can be computed by projecting the
motion of the adjacent lump masses to the left and right of the hinge to points a and b, respectively, such
that

T4 = Loz a and xy, = Lyxp, (6)

where A and B are the lump masses adjacent to the left and right of the hinge, L, and L, are the Lagrangian
motion transformation matrices between lump masses A and B, to points a and b, respectively. Note that
L, and L, are matrices of 5 x 6 because the 6 degrees of freedom of the adjacent lump mass only affects
5 degrees of freedom of the hinge, since the hinge is free to pitch around its own axis

Lastly, x4, and x are the position vectors of A and B, respectively, with 6 degrees of freedom. Then, by
substituting Equation (6) into Equation (5), adding the influence of the non adjacent lump masses to the
motion of the hinges, and considering that x 4 and x g are part of motion vector X, we can write

[0 Lo —Ly, 05]X =0, (7)
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Figure 3: Discrete beam element model for hinged VLFS with mass and turbine thrust incorporated.



where 07 and 0 are zero matrices of dimensions 5 x 6 x N;—1and5 x 6 x N, — 1, respectively, where,
N;and N, are the total number of lump masses to the left and right of the hinge, respectively. Then,

E=[0; L, — Ly 09, (8)

is the motion constraint matrix.

The hydrodynamic loads acting on the platform and stated in the first line of Equation (4) are solved through
a multi-body approach (2), where the loads are solved for each segment or body of the platform separately.
Then, the effect of the hinges or rigid connections is considered through the full system of equations shown
in Equation (4). Therefore, in an initial step, the platform is segmented into N number of bodies that are
meshed in a potential flow numerical solver. A small gap is left between each body. The hydrodynamic
forces in the form of added mass A (w), radiation damping B(w) and Froude-Krylov forces (F.¢) are
computed for each body and for the influence of each body in the neighboring bodies. The shape of the
matrices is N x N for A(w) and B(w), and N x 1 for the F ... vector. For the case of this work, the
hydrodynamic matrices were computed in Hydrostar software (2; Bureau Veritas). Lastly, note that each
body or segment of the platform has a corresponding mass M and hydrostatic C matrix. For details on the
shape of Kg, C and M, see for example (48).

Wind turbine loads in the hybrid platform are accounted for by incorporating the mass and the inertia of
the monopile and rotor-nacelle-assemble (RNA), to the lump mass where the wind turbine is mounted. We
describe the modifications to matrix M to account for the mass and inertia of the wind turbine in Appendix
A. Furthermore, 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 F,;,,q in Equation (4).
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° (45). This assumption is
verified in the Results section of the manuscript.

In this paper, we are interested in the motion response of the platform, that is, in the X vector of Equation
(4). Specifically in the pitch response 6. The relative pitch of the hinge, hereafter referred to as flex of the
hinge (A6) is defined as

AO =61 — 0, (9)

where 61 and 6, are the pitch angles computed for the left and right adjacent lump masses to the hinge.
The mean power captured by the hinge, in the frequency domain is defined as

— 1
P = §w2dPTo‘A9|2, (10)

where w is angular frequency of the hinge, dpto is the damping coefficient, where following (48), is applied
to the pitching motion degree of freedom of the adjacent lump masses to the hinge, and where A6 is the
flex angle of the hinge in radians per meter wave height. Later in the manuscript, we compute numerically
the optimum value of dp1o to maximise wave energy extraction.

To consider the influence of irregular waves, a wave amplitude spectrum, S(w), is discretised in the fre-
quency domain and used to generate individual waves of wave amplitude A;, where j, in this case, is the
index denoting the individual wave. The amplitude of the discrete wave components is given by

Aj =1/25(wj)Aw, (M)

where S(w,) is the amplitude of the spectrum at the j-th frequency w;, and Aw is the discretisation step of
the spectrum. Similar to the irregular wave analysis carried out in Arredondo-Galeana et al. (4) for a wave
energy converter, we utilise the definition of the JONSWAP spectrum provided by the DNV Environmental
Conditions And Environmental Loads Practice Manual (13). Then, the average power for a given sea state
is computed as

N
P=3>"P,A2 (12)
J

where j indicates the j-th frequency and N is the total number of frequencies in which the JONSWAP
spectrum is discretised, P; is the average power of the j-th frequency computed with Equation (10) and
A; is the j-th wave amplitude computed with Equation (11).



5 Results

Turbine influence in platform motion

In this Section, we assess the influence of the turbine in the heave (Az) and flex response (A#) of the
mechanical hinges of the platform. Because of the rigid body assumption, both Az and A# are important
parameters that influence the motion at the hinge location, and therefore have an impact on wave energy
conversion. Furthermore, by computing A6, using Equation (9), we can understand the range of pitch
motion of the platform in the vicinity of the hinge. The range of pitch motion can indicate whether the
power performance of the turbine could remain constant, as demonstrated in the literature (42; 43).

As an initial step of analysis into the dynamics of the platform, we consider first the response of the VLFS
only, without wind turbine loading, and assuming an underdamped response (25), i.e. unloaded hinge. The
response amplitude operator (RAO) curves for heave (Az) and flex (A#) of the upstream and downstream
hinges are plotted in Figure 4a and Figure 4b, respectively. Both Az and A# are normalised by wave
amplitude and plotted as a function of the wave period. In both Figure 4a and Figure 4b, the Az and
A6 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, the Az and A6 of the VLFS with the wind turbine are
considered. The VLFS and wind turbine heave and flex RAO results are plotted with scattered markers in
both Figure 4a and Figure 4b, 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. Because we consider an underdamped response, the computed downstream hinge
RAOs are compared with experimental Az and Af measured at the Kelvin Hydrodynamics laboratory at
the University of Strathclyde (2). The experimental data is plotted with red scattered markers in both 4a
and Figure 4b. Note that in (2), the VLFS is hinged connected with three pontoons and without a turbine,
and only Az measurements are available at locations that correspond to the lump masses shown in Figure
3. Therefore, in Figure 4a, a factor of L8 is added to the heave response of the lump mass next to the
hinge, to account for L, which is the distance from the adjacent lump mass to the hinge and for 8, which is
the numerically computed pitch angle of the lump mass next to the hinge. The experimental error in Az
was estimated to be approximately 5% in (3) and is depicted with the error bars in Figure 4a.

Then in Figure 4b, the experimental flex is computed by deriving the pitch angle of each pontoon, from
heave measurements of different points located along each pontoon. The layout of the heave measure-
ment points on the hinged connected VLFS is available in (2). To reduce the error in the pitch angle esti-
mation, the maximum Az of the two most distant points in a pontoon were utilised. Subsequently, the
flex angle A6 was computed. The error was estimated through error propagation analysis (40), consid-
ering the heave error as the input, from the heave measurement and error bars are plotted in Figure 4b.
Lastly, adjacent averaging was applied to the experimental data in both Figure 4a and Figure 4b to improve
smoothness.

Figure 4a shows that when T' > 10s, the heave response of the upstream and downstream hinge has
a similar behavior. As T grows, i.e. T > 20s, Az ~ 1. This asymptotic condition is characteristic,
when the wave wavelength is significancy longer than the length of the full platform (3). In contrast, when
T < 10s, 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, attenuating the wave downstream. Figure 4a shows that in terms of heave response, the influence
of the turbine is almost negligible, and therefore, most of the heave dynamics of the platform are governed
by hydrodynamic loading.

Regarding hinge flex motion, Figure 4b shows that the upstream and downstream hinge have a similar
behavior also when T" > 10 s. In contrast, for shorter waves, i.e. T' < 10 s, the upstream hinge has a more
pronounced response. Furthermore, Figure 4b 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 ' ~ 9.5
s. At the resonant peaks, the highest flex angle at the upstream hinge is approximately 5° /m. In contrast,
the highest flex angle of the downstream hinge is approximately 4.5 ° /m. Noteworthy, the influence of the
wind turbine, denoted by the circular markers in Figure 4b, show a negligible effect also in the flex angle
of the platform, with a slight increase in the upstream hinge maximum flex peak which grows from 5° /m
to approximately 5.2° /m.

Two critical performance factors stand out from Figure 4b. Firstly, it can be seen that the peak flex re-
sponse of the upstream and downstream 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 (5; 4).
Secondly, because the upstream hinge absorbs more wave energy and imposes higher flex angles than the
downstream hinge, then the optimum position of the wind turbine, in terms of motion disturbance is the
downstream pontoon. Furthermore, we recall that the results presented here are for an underdamped
response. Additional control strategies, such as overdamped and optimal PTO damping (35), can be im-
plemented to maximise power extraction in the upstream hinge, and mitigating further the motion of the
downstream hinge.
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Figure 4: a) Heave (Az) and b) flex (A#) 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 (2).

With respect to wind turbine power performance, it has been demonstrated that for a low range of pitch
amplitude motions, the mean power performance of the turbine remains relatively stable (42; 45). 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 Figure 4b 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 (45). Therefore, we consider the mean
curve power of the NREL 5 MW turbine to compute the power production of the turbine.

WEC performance

We perform a sweep of different dpro 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. Figure 5a shows the normalised total
flex angle of the platform and the normalised mean power computed with Equation (10) versus dpto. For
clarity of the figure, only the case of 0.5 Hz is presented in 5a, although the rest of the cases (0.3 Hz and
1.0 Hz) show similar performance. It can be seen in Figure 5a, that as dpro > 1 GNms/rad, the total
flex starts to decrease. In contrast, the normalised power starts to increase reaching its maximum level at
dpro = 5.5 GNms/rad, while the total flex drops to about 62% of the underdamped response. Hence, for
the remaining of our study, the optimum dpr¢ 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 corre-
sponded to the combination of significant peak periods (7},) and significant wave heights (H;) over the
range of 6 sto 16 s in increments of 2 s, and over the range of 1 m to 5 m in increments of 1 m, respectively.
The power per sea state is computed with Equation (12) and results are interpolated to a finer grid of 50
x 50 elements. The matrix is computed assuming optimal damping and average turbine loading on the
platform. Results are presented in Figure 5.

The power matrix shown in Figure 5 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
maximum at H;, = 5m and at 7, = 12s. 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 response to the right hand side of the peaks detected in Figure 4b, which were located
between 8.5,s < T' < 9.55s. Lastly, larger T}, sea states contain more energy (see Equation (12)). This also
contributes to the maximum response of the power matrix shown in Figure 5 to be detected at 7}, = 125,
and to the right hand side of the peaks identified in Figure 4b. Note that the shape of the power matrix
coincides with related studies on wave energy generation through floating platforms composed by hinged
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Figure 5: a) Normalised total flex and power versus different values of power take-off damping (dpro) and
b) wave power matrix of hybrid platform. Considering dpro = 5.5 GNms/rad.

elastic plates (39).

We recall that the purpose of this paper is to assess the performance of the hybrid platform in sites with
different metocean properties, i.e. swell dominated sites versus wind-wave dominated sites (see Figure 2).
Therefore in the next section, we characterise NE3, NE8 and VS, in terms of wave and wind power densities
(Equations (2) and (3)) and in terms of wind and wave correlation index (Equation (1)). Subsequently, we
utilise the power matrix computed in Figure 5, and the power curve of the NREL 5 MW wind turbine to
assess the performance of the hybrid platform 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 (41).

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 Figure 6a and Figure 6b, respectively. Results are shown for the three selected sites, VS, NE3 and NE8
with red, blue and black marker lines, respectively. Note that the monthly wind and power densities are

computed by averaging the hourly data of Ujs, Hs and T}, and by using Equation (3) and Equation (2),
respectively

It can be seen that both Figure 6a and Figure é6b show a bathtub shape where the highest power density
is available in the winter months from November to February, and the lowest power density is available
in the summer months from May to August. Noteworthy, the wind power density is similar for the three
locations in Figure 6a, with a slight drop towards the edges in VS. In contrast, Figure 6b shows that the
wave power density is lowest in N8 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.
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Figure 6: Monthly average a) wind and b) wave power densities for VS, NE3 and NE8 averaged over 20
years from 2000 to 2019.



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 NE3, NE8 and VS. The monthly average wind
and wave power correlation coefficients are presented in Figure 7, where the vertical axis shows VS, NE3
and NE8 from top to bottom, and the horizontal axis shows the monthly coefficients averaged over 20
years (2000-2019). Hourly data and Equations (2), (3) and (1) are used to compute the monthly average
correlation coefficients. The colorbar of Figure 7 shows the color code for the correlation coefficient, where
a high value corresponds to dark blue (C' > 0.7), and a low correlation value corresponds to light yellow
(C < 0.4).

Figure 7 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 NE3 and NES8, respectively. The locations
selected off the coast of Scotland have clearly higher correlation coefficients than those in VS. NE8, in the
North Sea, has higher correlation coefficients than NE3, possibly because NE3 is exposed to the Atlantic
Ocean (see Figure 2), where swell waves might still be present, as in the case of VS. In contrast, N8 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.

Wind and wave power density correlation coefficients

-0.8
©-037 041 038 032 035 043 023 032 025 036 039 042
c 0.6 5
o -~
gg 0.65 064 0.63 0.64 058 061 0.60 0.69 064 065 059 0.62 <
(%) _
3 048
; 076 0.75 0.76 071 072 074 075 074 077 073 074 0.76
-0.2

Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec

Figure 7: Monthly average wind and wave power density correlation coefficients, averaged over 20 years
(2000-2019), for VS, NE3 and NES8.

Hybrid platform assessment

We investigate the performance of the hybrid platform in the three different locations depicted in Figure
2. The locations are: Villano-Sisargas (VS) off the coast of Spain, NE3 off the west, and NE8 off the east
coasts of Scotland. We recall that VS, NE3 and NE8 have low, intermediate and high wind wave correlation
indices, respectively, as indicated in Figure 7.

As performance metric, the power downtime of wind turbine versus hybrid platform is compared. Power
downtime in the hybrid platform is considered when the power drops below a certain power threshold.
For the case of the hybrid platform, we consider 1 MW (20% rated power of 1 PEM electrolyser rated at 5
MW - the same rating as the wind turbine), as the power production 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. 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 Figure
8a, Figure 8b and Figure 8c, for VS, NE3 and NES8, respectively. In the figures, the areas delimited by the
monthly downtime are delimited with dotted lines and are lightly shaded for the case of the wind turbine.
While, for the hybrid platform case, the downtime areas are delimited with solid lines and darkly shaded.
Red, blue and black colours are used for VS, NE3 and NE8, respectively. The polar plots of Figure 8 show that
power downtime increases during 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 Figure
6.
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Figure 8: 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) NE3 and c¢) NES.

In terms of wind power downtime, the polar plots show that the wind power downtime is higher in VS
(Figure 8a), followed by NE8 (Figure 8c) and then by NE3 (Figure 8b). The yearly downtime average are
7.4%, 5.4% and 4.7% for VS, NE8 and NE3, respectively. To understand these patterns, it is necessary to
average the monthly wind power density values shown in Figure 6a. Wind power density values for VS, NE8
and NE3 are 0.81 x 103 W/m?2, 1.01 x 103 W/m? and 1.08 x 103> W /m?, respectively. Hence, the higher
the wind power density of a site, the lower the associated wind power downtime, and vice versa.

In terms of hybrid power performance, the polar plots show that power downtime reduction is the highest
in VS (Figure 8a), followed by NE3 (Figure 8B), and very minimal for NE8 (Figure 8c). Specifically, the highest
power downtime reduction between wind turbine and hybrid platform case occurs in VS, with an average
yearly reduction from 7.4% downtime to 4.2% downtime. For NE3, the yearly power downtime reduction
goes from 4.7% to 3.0%. Lastly, for NE8, the drop in power downtime goes from 5.4% to 5.1%.

The power downtime performance of the hybrid platform is dependent on the performance of the wave
energy converter and on the selection 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 Figure 6b, we obtain pyqve = 3.96 x 10> W/m, puave = 4.24 x 10° W/m and puave =
1.67 x 10> W /m for VS, NE3 and NE8, respectively. While the yearly averaged wind and wave correlation
indices are 0.35, 0.63 and 0.78 for VS, NE3 and NE8, respectively. Hence, the location with one of the
highest yearly p,,.ve 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,
NE3 , with the highest yearly p,4v. 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 p,y4ve
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 NE3, which are swell dominated regions facing the European Atlantic Coast, as depicted in Figure
2.

Sensitivity analysis

The previous sections considered 1 MW, as the criterion to determine whether wave power was available
in the hybrid platform, and therefore, whether wind power downtime reduction occurred. Nonetheless,
because the selection of the wave power threshold can change, it is important to evaluate the performance
of the hybrid platform subject to different thresholds. Hence, in Figure 9, we compute the power downtime
in the three locations, VS, NE3 and NE8 subject to different wave power thresholds. The horizontal axis of
Figure 9 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, subject to different wave power threshold, are plotted for VS, NE3 and NE8, with
different markers as specified in the legend of Figure 9. In Figure 9, dotted lines are used to interpolate the
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markers. For comparison, Figure 9 also shows the power downtime due to wind only for the three locations,
VS, NE3 and NE8, as flat horizontal lines, showing 7.4%, 4.7% and 5.4% downtime, respectively.

Figure 9 shows that reduction in power downtime is still feasible up to 2 MW in VS and NE3. For example,
considering a 1 MW threshold, we recall that power downtime drops by approximately 43% in VS and 36%
in NE3. Considering a 2 MW threshold, these numbers change to 19% and 17%, respectively. Furthermore,
the blue dotted line in Figure 9 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 black dotted line shows that for NE3, a more gradual
and uniform drop in power is obtained over the same wave power threshold range. The red dotted line
shows that for NE8, a gradual and less steep drop in power occurs, extending from 100 kW to approximately
1MW.

As the wave power threshold increases to 3 MW in VS and NE3, 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 Figure 9 highlights that the performance of
the hybrid platform is superior in high wave power density locations with low to intermediate correlation.
However, the hybrid 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 Figure 9,
to thresholds below 1 MW.
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Figure 9: Different wave power thresholds versus average percentage power downtime computed with
metocean data during 20 years (2000-2019) for VS, NE3 and NE8.Scattered points show the hybrid power
downtime, with the scattered markers interpolated with dotted lines. Solid lines denote power downtime
for the wind turbine only.

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 switching 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
(27).

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
energy density and low wind and wave correlation locations. However, it is important to mention that the
wave energy conversion system of the hybrid platform can be improved through hull geometry 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 turbine. Hence,
the design of the hybrid platform can be modified according 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
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platform shows the highest drop in wind downtime power. This is because wave power is more available
due to the high energy contained in swell waves. Additionally, the complementary of wind and wave re-
sources 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 reduction in performance of the hybrid plat-
form. Hence, ideally, hybrid wind wave platforms are suitable for open sea swell dominated locations,
where wind and wave resource have low to intermediate correlation indices (C < 0.7).

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

7 Conclusions

This paper develops the concept of a hybrid wind and wave floating platform to provide a minimum power
base load for offshore applications. We consider the case of PEM electrolysers in an independent floating
station, whose operational life is reduced when the power baseload drops below 20% of their rated capacity
(27). For a system that includes a 5 MW wind turbine supplying power to a 5 MW PEM elctrolyser, the
minimum required baseload is 1 MW. Hence, in this work, we design a hybrid wind wave platform to supply
that minimum baseload. Consequently, wave power reduces the downtime in which the PEM electrolyser
would have to be shut down in only wind power was available.

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 (NE3) 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. The hybrid platform is composed of three pontoons interconnected by two hinges.
A numerical model to compute wave power was developed for the hybrid platform, which converts hinge
motion to wave energy. A 5 MW wind turbine is mounted on deck and downstream of the platform. 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. Therefore, based on the design considerations
above, the main findings of the manuscript are summarised as follows:

1. The influence of a 5SMW wind turbine in the motion of the platform was assessed. Assuming av-
erage wind turbine loading, it was observed that the turbine is not detrimental to hinge motion
performance, and therefore hinge motion of the hybrid platform can be deployed for wave energy
extraction.

2. The platform is free to yaw through a single point mooring line upstream of the platform. Hence, the
wind turbine is installed downstream of the platform, where motion is minimised by the upstream
hinge. The upstream hinge, acts as a motion suppressor to the downstream hinge. Importantly, as
demonstrated in the literature, as long as the pitching motion of the turbine is reduced, then, the
mean wind power production remains unaffected (45).

3. In this work, two mechanisms reduce the pitching motions of the downstream hinge. One is the
passive 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.

4. A power matrix for the hybrid platform was developed, considering irregular waves, through the
superposition of discrete waves from a JONSAWP wave spectrum. Wave power production of the
platform is broadband due to the presence of the two hinges, and is highest between 10s < T <
14 s, which is a region of significant wave power in multiple world locations (5; 4). Naturally, wave
power increases also with wave height.

5. Metocean data analysis of 20 years 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 main factors: Firstly, high wave power density. 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.
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6. Assuming that downtime = wave power < 1MW, analysis of 20 years of metocean data at the
three selected locations (VS, NE3 and NE8) reveal that the hybrid platform decreases wind power
downtime in VS and NE3 by 43% and 36%, respectively, with respect to the total time of wind power
downtime. This is equivalent to a reduction of 5,500 and 3,000 downtime hours, in VS and NES3,
respectively.

7. Sensitivity analysis shows that power thresholds of up to 2 MW can provide a significant reduction
in wind power downtime in VS and NE3. 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 applications 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 other applications in which smoothness of power is also relevant, making
the current design a versatile concept that can prolong the life of different offshore applications and also,
provide an alternative route to tackle wind intermittency and energy storage, through hybrid wind wave
power generation.
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A Appendix 1- Moments of inertia

In Equation 4, the mass matrix M is defined as
M,
M,
Mj = . (13)

My

where j indicates the submodule of each pontoon of the VLFS. The j-th M matrix is composed by

(14)
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where m is the mass of the submodule, I, I, and I, are the mass moments of inertia with respect to
x, y and z. The corresponding masses and moments of inertia for the N-the module that sustains the
wind turbine is computed considering the inertia of the rotor-nacelle assembly and of the tower (8), and
translating the moments to the base of the turbine through the the parallel axis theorem, as specified in
Appendix 1 from this manuscript. The local frame of references for the N-th submodule of the VLFS, the
tower and the RNA are depicted in the schematic of Figure 10.
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Figure 10: Frames of references for N-th module of the VLFS sustaining the wind turbine, the tower and
the RNA.

Lastly, the local mass moments of inertia are translated to the base of the N-the submodule through the
parallel axis theorem, such that

VLFS VLFS + WT

m m =m-+ Mpyp + MRNA
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