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Abstract: The growth of the offshore wind industry in the last couple of decades has made this
technology a key player in the maritime sector. The sustainable development of the offshore wind
sector is crucial for this to consolidate within a global scenario of climate change and increasing
threats to the marine environment. In this context, multipurpose platforms have been proposed
as a sustainable approach to harnessing different marine resources and combining their use under
the same platform. Hybrid wind-wave systems are a type of multipurpose platform where a single
platform combines the exploitation of offshore wind and wave energy. In particular, this paper deals
with a novel hybrid wind-wave system that integrates an oscillating water column wave energy
converter with an offshore wind turbine on a jacket-frame substructure. The main objective of this
paper is to characterise the hydrodynamic response of the WEC sub-system of this hybrid energy
converter. A 1:50 scale model was tested under regular and irregular waves to characterise the
hydrodynamic response of the WEC sub-system. The results from this analysis lead to the proof of
concept of this novel hybrid system; but additionally, to characterising its behaviour and interaction
with the wave field, which is a requirement for fully understanding the benefits of hybrid systems.

Keywords: wave energy; hybrid wind-wave; concept development; oscillating water column (OWC);
physical modelling; hydrodynamic response

1. Introduction

In the last couple of decades, offshore wind energy has become a major player in the world’s
renewable energy sector, with 15.8 GW of installed capacity in Europe at the end of 2017 [1].
This exceptional development has been, to a large extent, driven by the relatively shallow waters and
good wind resources of the North Sea, which washes the shores of one of the most industrialised regions
of the planet [2]. The great potential for development of offshore wind has raised the expectations that
this will play a leading role in Europe’s future energy supply, pushing its industry to establish a target
of 460 GW of installed capacity by 2050 [3]. It is clear that, for this target to be realised, a significant
increase must be achieved, especially by developing deep water and floating substructure systems.

In a global scenario of climate change and amid mounting threats to the marine environment [4–7],
the sustainable development of offshore wind is not only crucial for the consolidation of the industry,
but also to providing a reliable and accessible source of renewable energy. In this context, multipurpose
platforms have been suggested as a sustainable means of exploitation of certain maritime resources,
which are usually in the same area [8–11]—e.g., marine renewable energies (MREs), food resources
(fisheries and aquaculture), maritime transport and leisure, among others. On the basis of the strong
synergies between offshore wind and wave energy [12–14], hybrid wind-wave systems have been
proposed as one of the most promising types of multipurpose platforms [15].

Previous works on hybrid systems have mostly been grouped around some EU-funded projects,
whose aim was to develop some conceptual ideas and set the basis for future developments, defining
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guidelines and recommended practices for the wider group of multipurpose platforms [16–20].
This work has been complemented with some concepts proposed by the industry, e.g., [21–24]. At the
moment of writing, there are only a few scientific publications dealing with hybrid systems [25–28],
with most of the previous work around the wider group of combined wind-wave systems [29].
The characterisation of the combined resource together with the study of the potential combination of
both technologies has been studied by [30–32]—e.g., through the co-location feasibility index [33,34].
The effects of the temporal correlation of both wind and wave resources on the combined power output
and its grid integration have been studied by [35–43]. The study of the shadow-effect of co-located
wind-wave farms on the operation and cost of the overall farm was carried out by [44–46].

In particular, this research deals with the development of a novel hybrid wind-wave energy
converter for jacket-frame offshore wind substructures. The proposed hybrid system integrates an
oscillating water column (OWC) wave energy converter (WEC) sub-system with a jacket-frame type of
offshore wind substructure. An intensive test campaign was carried out using a 1:50 scale model of the
hybrid device to characterise the hydrodynamic response of the WEC sub-system. This was carried out
following a three-step methodology: (i) the interaction between the device and its surrounding wave
field was studied by means of an incident and reflected wave analysis (IRWA); (ii) the performance
of the OWC was studied using the capture width ratio; and (iii) the response of the main parameters
influencing the performance of the OWC—i.e., the free surface elevation and the pneumatic pressure
inside the OWC chamber—was studied by means of the response amplitude operator (RAO).

The content of this article is structured as follows. Section 2 defines the hybrid device’s WEC
sub-system. Section 3 tackles the materials and methods for the experimental campaign, including
the physical model, the experimental set-up and programme, and the data analysis. The results are
presented in Section 4 and discussed in Section 5. Finally, conclusions are drawn in Section 6.

2. The OWC WEC Sub-System

The hybrid wind-wave energy converter concept considered for this work builds on that
presented in [47] (Figure 1a). An OWC WEC sub-system prototype (Figure 1c) was outlined in
the framework of a new patent [48], with number WO2016185189A1. A novel hybrid wind-wave
energy converter is defined, where the OWC chamber forming the WEC sub-system has the capability
to self-adapt to different wave heights and tidal ranges as well as to the direction of the incident waves.
The adaptability of the OWC chamber is achieved by means of a self-adaptable skirt and the change of
the relative position between the chamber and the substructure.

Figure 1b shows a schematic representation of one of the possible configurations of the prototype.
The figure shows frontal and top views of the device, where some of its components and parts are
indicated. The proposed device is formed by a chamber (1); a substructure system (2) to link the device
to the seabed (i.e., usually the substructure system will be shared with a wind turbine); a ballast tank
(3), defined as part of the hull of the chamber between the inner (7) and external walls of the chamber;
a skirt (4) or extension at the bottom of the chamber; one or more air turbines (5), which act as the
OWC power take-off, driving the electric generator to produce electricity; a security and control system
including pressure relief valves (6); and a set of bulkheads (8) that provide structural strength and
divide the internal part of the chamber into separate segments (9). Note that the numbers shown in
brackets refer to those in the figure.
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Figure 1. Proposed hybrid wind-wave energy converter for jacket-frame offshore wind substructures: 
(a) conceptual representation of the hybrid model; (b) front and top views of the prototype showing 
its different parts; and (c) a perspective view of the WEC sub-system. 

The hybrid system proposed in the patent includes an OWC WEC sub-system that integrates a 
skirt of a certain length lS (Figure 2a) over a certain angular sector α (Figure 2b). The device can be 
either designed for the skirt length and aperture angle to be constant, or equipped with a mechanism 
that enables the aperture angle and depth to be modified. 

(a) (b) 

Figure 2. Schematic representation of the OWC skirt, its length (lS) and aperture angle (α): (a) cut view 
of the device with a vertical lateral plane; and (b) cut view of the device with a horizontal plane at the 
skirt level (partially reproduced from [48]). 

3. Materials and Methods 

3.1. The Physical Model 

A 1:50 scale model of the proposed hybrid wind-wave energy converter was built. The design 
of the model (Figure 3) considered the limitations of the experimental facility—e.g., the wave maker 
capabilities and main dimensions of the flume [49], and tank blockage effects [50]—together with 
various guidelines and recommended practices for physical modelling of WECs [51,52]. A jacket-
frame substructure proposed by [53] was considered to define the model for a 50 m water depth site 
[54]. Froude similitude and geometrical similarity were considered to define the jacket frame and the 
section of the OWC chamber below the mean water level. However, the volume of the pneumatic 
section of the OWC—i.e., the OWC chamber above the mean water level—was scaled [55–57] using 
λ2 as the scale ratio, rather than the λ3 dictated by Froude similarity, to account for air compressibility 

Figure 1. Proposed hybrid wind-wave energy converter for jacket-frame offshore wind substructures:
(a) conceptual representation of the hybrid model; (b) front and top views of the prototype showing its
different parts; and (c) a perspective view of the WEC sub-system.

The hybrid system proposed in the patent includes an OWC WEC sub-system that integrates a
skirt of a certain length lS (Figure 2a) over a certain angular sector α (Figure 2b). The device can be
either designed for the skirt length and aperture angle to be constant, or equipped with a mechanism
that enables the aperture angle and depth to be modified.
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Figure 2. Schematic representation of the OWC skirt, its length (lS) and aperture angle (α): (a) cut view
of the device with a vertical lateral plane; and (b) cut view of the device with a horizontal plane at the
skirt level (partially reproduced from [48]).

3. Materials and Methods

3.1. The Physical Model

A 1:50 scale model of the proposed hybrid wind-wave energy converter was built. The design
of the model (Figure 3) considered the limitations of the experimental facility—e.g., the wave maker
capabilities and main dimensions of the flume [49], and tank blockage effects [50]—together with
various guidelines and recommended practices for physical modelling of WECs [51,52]. A jacket-frame
substructure proposed by [53] was considered to define the model for a 50 m water depth site [54].
Froude similitude and geometrical similarity were considered to define the jacket frame and the section
of the OWC chamber below the mean water level. However, the volume of the pneumatic section of
the OWC—i.e., the OWC chamber above the mean water level—was scaled [55–57] using λ2 as the
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scale ratio, rather than the λ3 dictated by Froude similarity, to account for air compressibility [58,59].
The jacket-frame substructure was the limiting factor in designing the OWC subsystem, and in
particular in defining its diameter, which was selected to fit within the jacket-frame, and so that the
connection pipe between the OWC chamber and the air reservoir could pass through the top aperture
of the jacket-frame. Table 1 shows the main characteristics and dimensions of the model.
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Figure 3. 1:50 model of the hybrid wind-wave energy converter: (a) during tests at the University of
Plymouth’s COAST Laboratory, and (b) cross-sectional view of the model.

Table 1. Model characteristics and dimensions.

Parameter Symbol Dimension

Air reservoir external diameter dres 0.450 m
Air reservoir external length lres-e 0.585 m
Air reservoir internal length lres-i 0.545 m
Air reservoir wall thickness eres 1.5 × 10−3 m
Chamber draught c 8.0 × 10−2 m
Chamber external diameter dOWC 0.160 m
Chamber length lOWC 0.200 m
Chamber-reservoir link length llink 0.294 m
Chamber wall-thickness eOWC 4.0 × 10−3 m
Distance from the skirt to the floor c 0.884 m
Jacket-frame length ljf 1.438 m
Skirt length ls 4.0 × 10−2 m
Skirt angle α 180 deg
Water depth h 1.0 m

The model was built out of four different parts. First, a lattice of welded carbon steel pipes was
used for the jacket-frame. A clear acrylic pipe of 0.16 m diameter was used for the OWC chamber.
The air reservoir—for the additional volume of air—was built using galvanised steel pipe of 0.45 m
diameter and galvanised sheets. Finally, the section linking the OWC chamber and the air reservoir
was built using the same acrylic pipe as for the OWC chamber.

The damping exerted on the OWC chamber by an impulse turbine can be modelled by means
of an orifice [60,61]. But if further calculations concerning the efficiency of the turbine are required,
the orifice may be replaced by an Actuator Disk Model in the case of a numerical simulation [62,63].
In order to study the effect of the turbine-chamber coupling in the model, three different orifice sizes
(turbine damping) were considered [64]. The diameter of the orifices was selected for three values of
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the area coefficient—i.e., the area coefficient is defined as the ratio between the area of the orifice and
the water plane area of the inner OWC chamber—of 0.5%, 1% and 1.5% [65].

3.2. Experimental Set-Up and Testing Programme

The ocean basin at the University of Plymouth’s COAST Laboratory was the facility selected to
conduct the experimental campaign. This has a total length of 35 m, a width of 15.5 m and a variable
floor depth that, for the purpose of this study, was adjusted at 1.0 m to match the Wave Hub test
site—i.e., a test centre of the North coast of Cornwall and in particular in selecting the wave conditions.
Waves are generated from a flap-type wave-maker, from Edinburg Designs, Ltd. (EDL, Edinburgh,
UK). The reference system adopted for the experimental set-up defines: the longitudinal axis (Ox),
passing through the mid plane of the basin, with x = 0 at the wave-makers and positive towards the
model; the vertical axis (Oz), with positive direction upwards and z = 0 at the still water level; and the
transversal axis (Oy), perpendicular to the basin, with positive direction such that the trihedral Oxyz
has a positive orientation.

The free surface displacement along the basin was measured using four conductive wave gauges
(WGs), and the displacement of the free surface inside the OWC chamber with an additional WG
(Figure 4). The first group of WGs (WG1, WG2 and WG3) were positioned along the centreline of the
basin, at x1 = 9.43 m, x2 = 9.87 m and x3 = 10.12 m, to record the data for an IRWA. The fourth (WG4)
was positioned in the lee of the model along the centreline of the basin, at x4 = 14.23 m, to record
the transmitted wave. The remaining wave gauge (WG5) was positioned inside the OWC chamber
at x5 = 12.72 m, to measure the free surface oscillation inside the chamber. In addition, a differential
pressure transducer (PT), PX2300-0.5BDI, from Omega was used to measure the differential pneumatic
pressure between inside and outside the OWC chamber. Data were acquired using Edinburg Designs
hardware and a National Instruments acquisition system for the wave WG and the PT, respectively,
both at a sampling frequency of 128 Hz.
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Figure 4. Side and top views of the experimental set-up.

The experimental programme was defined for a range of regular and irregular wave conditions
and three different orifice sizes—note that for irregular waves, only the intermediate orifice size was
used. Following [51,66], the tests were structured into three different series, one for regular waves
(Series A) and two for irregular waves (Series B and Series C). Series A defines regular waves by
combining five wave heights (H = 1.5, 2.5, 3.5, 4.5 and 5.5 m, in prototype values) and seven wave
periods (T = 7, 8, 9, 10, 11, 12 and 13 s, also in prototype values). The duration of the tests was
defined to cover at least 100 waves. Series B defines six sea states using a joint North Sea wave project
(JONSWAP) spectrum [49], to study the hydrodynamic response of the device under irregular waves.
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In addition, the effect of the wave period on the response of the device is studied in Series C, which is
defined for seven JONSWAP sea states with the same significant wave height and different peak wave
periods (Table 2). The duration of all the irregular tests was selected to match 60 min at prototype scale
following [51], covering between 271 and 571 waves.

Table 2. Wave conditions for the two irregular wave series (data in prototype values).

Test Series Test Number HS TE TZ TP

Series B

B01 0.5 m 6.05 s 5.04 s 7.06 s
B02 1.5 m 6.49 s 5.41 s 7.57 s
B03 2.5 m 6.98 s 5.82 s 8.14 s
B04 3.5 m 8.00 s 6.67 s 9.33 s
B05 4.5 m 8.46 s 7.05 s 9.87 s
B06 5.5 m 9.10 s 7.58 s 10.62 s

Series C

C01

3.5 m

5.40 s 4.50 s 6.30 s
C02 6.60 s 5.50 s 7.70 s
C03 7.20 s 6.00 s 8.40 s
C04 8.40 s 7.00 s 9.80 s
C05 9.00 s 7.50 s 10.50 s
C06 9.60 s 8.00 s 11.20 s
C07 11.40 s 9.50 s 13.30 s

The time series of the free surface elevation recorded from the wave gauges at their different
positions along the basin, the free surface recorded by the wave gauge inside the oscillating water
column and the differential pneumatic pressure between inside and outside the OWC chamber
recorded by the pressure transducer are presented in Figure 5 as an example of an irregular waves test.
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the oscillation of the water column and the differential pressure between the inner OWC chamber and
the atmosphere (HS = 3.5 m, TP = 9.33 s, B* = 47.87).
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3.3. Data Analysis

Incident and reflected waves were characterised following the incident and reflected wave analysis
(IRWA) method proposed by [67,68]. Data from the frontal group of wave gauges (WG1, WG2 and
WG3) were used as input for the method. Based on the incident and reflected wave heights and on the
transmitted wave height obtained from the wave gauge in the lee of the model (WG4), the reflection
and transmission coefficients (KR and KT) can be defined for regular waves [69] as

KR =
HR
HI

, (1)

KT =
HT
HI

, (2)

and for irregular waves as

KR =

√
m0R
m0I

, (3)

KT =

√
m0T
m0I

, (4)

where m0i is the generic zero order moment,

m0i =
∫ fmax

fmin

Si( f )d f , (5)

Si is a generic power spectral density, and the respective incident, reflected and transmitted zero-order
moments (m0I, m0R and m0T) can be obtained by replacing Si with the power spectral density of the
respective incident, reflected and transmitted waves.

The wave energy flux, or mean power for the incident waves per metre of wave front (J), can be
calculated from the incident wave from the IRWA for regular waves

J =
ρwgH2

I cg

8
, (6)

and for irregular waves

J = ρwg
N

∑
i=1

Si
(
cg
)

i∆ f , (7)

where ρw is the water density; g the gravitational acceleration; HI the incident wave height: N is the
number of frequency components or bands (for each ∆f ), and Si and (cg)i are the spectral density and
the group velocity for the i-th band, respectively. The group velocity is given by(

cg
)

i = nici, (8)

ni =
1
2

(
1 +

2kih
sinh(2kih)

)
, (9)

where h is the water depth, ki the wave number for the i-th frequency band and ci is the phase celerity,

ci =
ωi
ki

, (10)

where ωi is the angular frequency of the i-th band, obtained from the dispersion relationship,

ω2 = gkitanh(kih). (11)
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The mean pneumatic power of the OWC (Pm) during a test can be defined, following [64], by

Pm =
1

tmax

∫ tmax

0
∆p q dt, (12)

where ∆p is the relative pressure, i.e., the pressure difference between the inner chamber and the
atmosphere, q is the volumetric air flow rate through the chamber’s orifice, t is time and tmax is the
duration of the test. Here, ∆p is directly obtained from the differential pressure transducer (PT) data,
while q is approximated assuming incompressible flow and using the velocity of the free surface inside
the inner chamber [60,70], obtained by numerical differentiation of the free surface elevation recorded
by wave gauge WG5.S.

The capture width ratio (CWR) is the parameter used to evaluate the performance of the WEC
sub-system. CWR is defined as the ratio between the power absorbed by the WEC—i.e., the mean
pneumatic power (Pm)—and the wave power incident on the device per metre of wave front (J) times
a relevant dimension of the device (b) in m—i.e., for this paper, this is the external diameter of the
chamber (dOWC)—

CWR =
Pm

J b
. (13)

The response amplitude operator (RAO) is used to characterise the response of the two main
parameters controlling the performance of the device—i.e., the amplitude of the free surface oscillation
and the pneumatic pressure of the OWC chamber—against the incident wave. The RAO operator for
the translation motion of the chamber’s free surface oscillation in heave (RAOC) can be rewritten as

RAOC =
HC
HI

, (14)

where HI is the incident wave height and HC is the chamber’s free surface oscillation height. A similar
approach is followed for the RAO of the pneumatic pressure (RAOP), but divided by the water density
(ρw) and the gravitational acceleration (g) to make the RAO non-dimensional

RAOP =
1

ρwg
HP
HI

, (15)

where HI is the incident wave height and HP is the variation of the pneumatic pressure height.
The five parameters defined to characterise the hydrodynamic response of the hybrid device (KR,

KT, CWR, RAOC and RAOP) depend not only on the wave conditions (wave height and period) but
also on the damping induced by the orifice on the OWC system [71]. To quantify its influence, the
dimensionless damping coefficient (B*) can be defined, following [49], as

B∗ =
∆p1/2

qρa1/2 , (16)

where ∆p is the pressure between the chamber and the atmosphere, q is the volumetric air-flow rate
through the chamber’s orifice, and ρa is the air density. For this work, the damping coefficients for the
three orifice diameters tested (do = 11, 15 and 19 mm) are B* = 64.10, 47.87 and 39.59, respectively.

4. Results

4.1. Incident and Reflected Wave Analysis (IRWA)

An IRWA was carried out with data from the experimental campaign to obtain the incident and
reflected wave heights and to determine the reflection and transmission coefficients (KR and KT).
The results for regular waves are presented in Figure 6 for the three damping coefficients versus the
wave steepness (S). In addition, Figure 7 presents the results for irregular waves for the intermediate
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damping coefficient (B* = 47.87) versus the significant wave steepness (SS)—refer to Appendix A for
the definition of both wave steepnesses (S and SS).

KR values range from 0.09 to 0.40, with an average value of 0.19, for regular waves; while it ranges
from 0.40 to 0.64, with an average value of 0.46, for irregular waves. KT values range from 0.28 to
0.42, with an average value of 0.35, for regular waves; and from 0.27 to 0.58, with an average value of
0.39, for irregular waves. It is clear that both coefficients (KR and KT) are, in general, driven by the
wave period and, to a small extent, the wave steepness and turbine damping. Data are, in general,
well grouped, except for the two smallest periods (T = 7 and 8 s) in regular waves, which show more
scattered results.
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For a given value of wave height (Series C), the reflection coefficient (KR) does not vary
significantly with the wave steepness for wave steepness values of up to 0.02, beyond with the
reflection coefficient increases with the wave steepness (Figure 6). This means that the influence of the
wave steepness on the reflection coefficient is limited to large wave periods. Furthermore, it can also be
noticed that KR increases when the damping coefficient increases—i.e., when the orifice diameter size
decreases. The transmission coefficient (KT) shows, in general, well-grouped values around 0.35–0.40
for both regular and irregular waves. For regular waves, contrary to the reflection coefficient, KT
increases with the wave period and decreases with the damping coefficient; similarly, for irregular
waves, KT increases with the significant wave steepness.

4.2. OWC Performance

The capture width ratio (CWR) was used to evaluate the performance of the hybrid wind-wave
energy converter. The CWR is represented for regular waves in Figure 8 for the three damping
coefficients tested versus the wave steepness (S); and for irregular waves in Figure 9 for the intermediate
damping coefficient (B* = 47.87) versus the significant wave steepness (SS). In addition, the CWR
and mean pneumatic power (Pm) are also represented as the capture width and power matrices in
Figures 10 and 11, respectively.
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CWR values range from 1% to 13%, with an average value of 5%, for regular waves; and from
2% to 10% for irregular waves, with an average value of 6%. It is clear that the CWR is mostly driven
by the turbine damping and the wave period, and to a small extent by the wave steepness. Data are,
in general, well grouped and show a similar trend, except for the smallest period (T = 7 s) in regular
waves, which shows more scattered results. Note that the regular wave condition with a wave height
(H = 4.5 m) and a wave period (T = 13 s) seems to be an outlier (Figure 10).

From Figures 8 and 9, it can be observed that the capture width ratio (CWR) is highly influenced
by the turbine damping—with average values of the CWR 7%, 5% and 4% for turbine damping values
of B* = 64.10, 47.87 and 39.59, respectively, for regular waves and 6% for irregular waves and B* = 47.87.
The largest turbine damping value—i.e., the smallest orifice diameter size (B* = 64.10)—thus, not only
the best performance—i.e., the maximum CWR for this damping is 13% while the maximum value for
the other two damping values is 11% and 10% for B* = 47.87 and 39.59, respectively—but also a wider
region of larger efficiency. Furthermore, the wave period does exert a strong influence on the CWR,
increasing, in general, when the wave period decreases; with the exception of the smallest wave period
(T = 7 s) for the largest damping value (B* = 64.10). This behaviour can also be clearly identified for
irregular waves (Figure 9) by comparing the results of both Series. While CWR remains, in general,
constant for Series B, it increases with the significant wave steepness (SS) for Series C, and so it does
when the wave period decreases (Series C keeps a constant significant wave height).
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To better understand the relevance of the different parameters influencing the performance of the
device, the capture width matrix is represented, for regular waves, in terms of the wave height (H) and
the wave period (T) for the three turbine damping values (B*) (Figure 10). An area of best performance
can be identified for the three damping values for the lower wave periods (T < 10 s). The intermediate
and the smallest damping values (B* = 47.87 and 39.59) have their peaks of maximum efficiency at
T = 7 s; by contrast, the largest damping value (B* = 64.10) has a primary efficiency peak at T = 9 s,
followed closely by a secondary efficiency peak at T = 7 s. Complementarily, the mean pneumatic
power (Pm) may be presented in terms of the wave height (H) and period (T) for the three turbine
damping values (B*) in the form of power matrices (Figure 11). An area of best performance can be
identified for the larger wave heights (H > 3 m). Similarly to the capture width matrix, two peaks of
power output are found for the three damping values at T = 7 s and T = 9 s.

4.3. Device Response

The response amplitude operator (RAO) was used to evaluate the response of the two main
parameters influencing the performance of the OWC—i.e., the free surface elevation and the pneumatic
pressure inside the OWC chamber (RAOC and RAOP respectively). The results for regular waves are
presented in Figure 12 for the three damping coefficient values versus the wave steepness (S) and in
Figure 13 versus the wave frequency.
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respectively) with the wave frequency (f ) for regular waves (Series A); and for different values of the
wave height (H) and damping coefficient (B*) (prototype data).

RAOC values range from 0.64 to 1.17, with an average value of 0.95 while RAOP values range
from 0.05 to 0.37, with an average value of 0.16. Data are, in general, well grouped and show similar
trends. Note that the wave condition with a wave height H = 4.5 m and a wave period T = 13 s seems
to be an outlier, as identified in the previous section.

In Figure 12, it can be clearly observed that both RAOs are mainly driven by the damping
coefficient (B*) and the wave steepness (S). RAOC and RAOP show opposite behaviours, when RAOC
increases RAOP decreases and vice versa. The higher the damping coefficient value and the higher the
wave steepness, the lower the amplitude of the free surface oscillation (RAOC). Therefore, the higher
the damping coefficient and the higher the wave steepness, the lower the amplitude of the differential
pneumatic pressure between the inner OWC chamber and the atmosphere (RAOP).

Figure 13 shows the traditional representation for RAOs—i.e., versus wave frequency (f ). From the
analysis of this figure, the following observations can be made:

(1) RAOC values converge, in general, to 1 for lower wave frequencies for all damping values.
(2) The effect of the wave height on RAOC is, in general, very limited for medium to low wave

frequency values; however, this influence becomes more relevant for larger wave frequency
values (f > 0.12 Hz, in prototype values).

(3) Two peaks of maximum free surface oscillations (RAOC) values are found at the frequency values
corresponding to the wave periods T = 7 and 9 s—i.e., matching the two periods of maximum
OWC efficiency identified in the previous section (Figure 10).
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(4) RAOC diverges for the larger wave frequencies.
(5) The parameter affecting the RAOP values most is the damping coefficient, increasing with RAOP

value with the damping.
(6) The higher the wave height and the lower the wave period, the higher the RAOP.
(7) Two peaks of maximum values of RAOP can be observed for the largest damping value (B* = 64.10)

at the frequencies (f = 0.111 and 0.143 Hz) while only the second one is observed for the other
two damping values—i.e., these correspond to the same peaks observed for the CWR at T = 9 and
7 s, respectively.

5. Discussion

A comprehensive series of physical model tests were carried out as a first step in the development
of this novel concept of a hybrid wind-wave energy converter for jacket-frame substructures.
A simplified version of the WEC sub-system was defined and tested. Its hydrodynamic response was
characterised to better understand the performance of the device and its interaction with the wave
field; and to set the reference for future developments of the device.

Three parameters were selected to investigate the hydrodynamic response of the hybrid energy
converter: the wave height, the wave period and the damping coefficient—i.e., different turbine
damping values were modelled by considering different orifice plates, with three different orifice
diameter sizes. In total, 118 tests were performed, considering regular and irregular waves, and these
were structured into three test series. The methodology followed to characterise the hydrodynamic
response of the device was carried out considering three different sets of analysis techniques: (i) an
incident and reflected wave analysis (IRWA), to determine the reflection and transmission coefficients
(KR and KT); (ii) the analysis of the capture width ratio (CWR), to study the efficiency or ratio between
the pneumatic power output of the OWC and the incident wave power; and (iii) the analysis of the
RAOs of the free surface oscillation and the pneumatic pressure inside the OWC chamber (RAOC and
RAOP respectively), to study the relationship between these key components of the OWC power
output with the incident wave.

The IRWA identified the wave period as the parameter that influences the wave reflection
and transmission coefficients most—i.e., the influence of the wave period is much more relevant
than that of the turbine damping coefficient or the wave steepness. As the wave period increases,
KR decreases—note that this behaviour is the opposite to that observed for a coastal structure extending
down to the seabed, but similar to the one observed for other WECs, e.g., [72,73]. As the wave period
increases, KT increases very slightly. The IRWA shows an interaction of the device with the wave
field that reflects between 9% and 40% of the incident wave power and reflects between 28% and 42%.
Note that this interaction is crucial to understanding the implications that the ‘shadow effect’ may
have at a larger scale—at the wind farm scale or at the nearest coasts.

The analysis of the hybrid energy converter performance identified the damping and the wave
period as the parameters influencing the CWR the most. The accentuated influence of the turbine
damping on the device performance highlights the importance of the appropriate selection of the
turbine damping when designing an OWC device, as shown previously by, e.g., [49,74–78]. For the
wave conditions and damping coefficient values tested, the largest damping coefficient (B* = 64.10)
is the one showing, generally, the highest values of CWR. A peak of CWR was found for the three
damping values at T = 7 s, and a second peak was found for the larger damping coefficient value
(B* = 64.10) at T = 9 s. The capture width ratio matrix shows an area of maximum efficiency for the
lower wave period (T < 10 s) and across most of the wave heights. The maximum value of CWR is
approx. 13%, with average values between 4% and 7%. These results are in line with the best-fit
equation based on the statistical analysis of about 20 different OWC devices [79]. Indeed, following
the best-fit equation, and considering the diameter of the OWC chamber (8 m, at prototype scale) as
the width of the device, a CWR value of about 15.5% is to be expected. Notwithstanding, previous
work has shown that maximum values that are remarkably higher can be attained, e.g., 80% [60] or
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87% [76]. In principle, these figures would appear to indicate that there is plenty of margin to optimise
the performance of the OWC chamber. However, given the dependence of the CWR on the chamber
width that is apparent in the best-fit equation, the CWR is limited by the restriction imposed on the
chamber dimensions by the jacket-frame substructure within which it is to be mounted.

Comparing the shape of the capture width and power matrices with those from previous works,
certain differences are apparent. For example, comparing the previous Figure 10 with the results
in [49], it may be seen that maximum CWR values correspond to greater wave heights in the case of the
present OWC—and in both cases to lower wave periods (T < 10 s). The power matrix from Figure 11
bears some resemblance to those of point-absorbers in [80]—further research is needed in this respect.

Finally, the analysis of the response of the two main parameters that influence the power output
of an OWC—the relative pneumatic pressure between inside the chamber and the atmosphere, and the
free surface oscillation inside the chamber—was carried out by means of the RAO. Both RAOs
(RAOC and RAOP) are strongly driven by the damping coefficient and wave steepness—when
the damping coefficient or the wave steepness increases, RAOC decreases and RAOP increases.
RAOC converges to 1 for the lower wave frequencies and wave steepness—i.e., the amplitude of
the free surface oscillation inside the OWC chamber equals the incident wave amplitude, reducing the
efficiency of the device (Figure 8). On the one hand, the effect of the wave height on RAOP is quite
marked, increasing the RAO with the wave height. On the other hand, the effect of the wave height on
RAOC is of little significance with the exception of the longest wave frequency tested—corresponding
to the shortest wave period, T = 7 s. Furthermore, both RAOs show peaks of maximum values for the
wave frequencies corresponding to the wave periods T = 7 s and 9 s, matching the periods where the
peaks of maximum efficiency are found.

6. Conclusions

In this work, a novel hybrid wind-wave energy converter for jacket-frame substructures was
successfully studied by means of an intensive physical modelling test campaign. Based on the results
of the model tests, two main objectives were achieved: (i) the proof of concept of the proposed WEC
sub-system was successfully carried out for a jacket-frame substructure; and (ii) the hydrodynamic
response of the OWC WEC sub-system was characterised following a comprehensive methodology
that makes it possible to better understand the performance of the device and its interaction with the
wave field.

Previous research on either hybrid or WEC devices was mostly focused on individual parameters,
such as the efficiency or the RAOs. This work follows a comprehensive methodology to characterise
the hydrodynamic response of a hybrid system’s WEC sub-system; a methodology based on three main
pillars: (i) the interaction between the device and the wave field; (ii) the OWC efficiency; and (iii) the
response of the two main parameters driving the efficiency of the OWC—the free surface oscillation
and the pressure drop inside the OWC chamber—to the incident wave field. This methodology
makes it possible to fully characterise the behaviour of the WEC sub-systems and will constitute a
starting point for future research to further evaluate the effects of this behaviour at a larger scale
(e.g., the behaviour of a hybrid wind-wave farm).

Based on the results from this work, it may be concluded that the proposed hybrid wind-wave
energy converter constitutes a viable solution for installation on jacket-frame substructures;
notwithstanding, further work is required for its development and to tackle some fundamental
issues—e.g., the increased loads on the substructure. Thus, the results of this work are but an initial
step towards the development of the proposed prototype.

Supplementary Materials: The research materials supporting this publication may be accessed at http://hdl.
handle.net/10026.1/11045. If you have any question regarding these research materials, please contact the
corresponding author of this paper.
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Appendix A

The wave steepness parameter (S) used to analyse the results for regular waves is defined as

S = 2π
H

gT2 , (A1)

where H is the wave height, g is the acceleration of gravity (9.81 m/s2) and T is the wave period. For
irregular waves, the significant steepness parameter (SS) is defined as

SS = 2π
HS

gT2
P

, (A2)

where Hs is the significant wave height, g is the acceleration of gravity and TP is the peak wave period.
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