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Development of the Exowave Oscillating
Wave Surge Converter

Sarah K. Iversen, Jacob Andersen, and Peter Frigaard

Abstract—With increasing demand for renewable energy
resources, the development of alternative concepts is still
ongoing. The wave energy sector is still in vast develop-
ment on the way to contribute to the energy production
world wide. The present study presents the development
of the Exowave wave energy converter made so far. A
numerical model has been established supported by wave
flume tests performed at Aalborg University during the first
phase of the development. Furthermore, a successful open
sea demonstration has been performed on 7 meters of water
at Blue Accelerator, Belgium, from which the concept has
been proven. As part of the ongoing research, verification of
the numerical model will be made through experimental
testing in the wave tank of Aalborg University, and an
open sea demonstration at 14 meters of water depth will
be executed off the coast of Hanstholm, Denmark.

Index Terms—Wave energy, WEC, Morison equation,
numerical modelling, wave flume tests.

I. INTRODUCTION

HE political push towards renewable energy

sources along with strategies to mitigate audible
and visual pollution have encouraged offshore deploy-
ment of renewable energy devices such as wave energy
converters (WECs) which if integrated with offshore
windfarms can increase utilization of otherwise ded-
icated marine spaces and critical infrastructure, i.e.,
substations, transformers, grid, etc. Exowave is a wave
energy converter of the oscillating wave surge type
with a bottom-hinged wave-activated body that moves
in pitch when excited by waves. Of other wave energy
converters of the oscillating wave surge type, Oyster
[1], or WaveRoller [2] can be mentioned. Common for
these two devices is the flap-like shape of the wave-
activated body. In both cases, the flap covers more
or less the entire water column from seabed to water
surface, and with a width/height ratio larger than
1. For the Exowave device, the original idea was to
create a smaller device, with a flap arm connecting
the flap in the upper part of the water column with
the hinge at the foundation and place the devices
in clusters The Exowave WEC is a multifunctional
device, that can produce fresh water or electricity as
needed. As other WECs of this type, the concept is a

© 2023 European Wave and Tidal Energy Conference. This paper
has been subjected to single-blind peer review.

This work was supported by The Danish Energy Agency under
The Energy Technology Development and Demonstration Program
(EUDP) contract number 64022-1062, Niels Bohrs Vej 8D, 6700 Esb-
jerg, Denmark.

S. K. Iversen (e-mail: ski@build.aau.dk), J. Andersen and P.
Frigaard is with the Department of the Built Environment at Aalborg
Universitet, Thomas Manns Vej 23, 9220 Aalborg @Ost, Denmark.

Digital Object Identifier:
https://doi.org/10.36688 /ewtec-2023-368

Fig. 1. Exowave Cluster

fully submerged solution to secure survivability during
extreme events, which is known to be a challenge for
many other wave energy devices. Furthermore, audible
and visual pollution is avoided, when the device is
fully submerged. The aim for the implementation of
Exowave is a better utilization of dedicated offshore
wind energy areas, as it can be integrated in offshore
wind farms and connected to critical infrastructure,
i.e. substations, transformers, grid, etc. The WEC con-
sists of a gravity-based foundation. Attached to the
foundation is a bottom-hinged power-take-off (PTO),
which is driven by a buoy-like wave-activated body,
which is connected to the PTO. Through a flow line
pipe system, the PTO is connected to a water turbine
electrical generator.

For estimation of power production and structural
design of wave energy converters, numerical mod-
elling is key. The development of a numerical model is
highly dependent on the design and size of the wave-
activated body in proportion to the sea state at the
target location of the device, as the model must be
able to capture the relevant phenomena associated with
the specific wave regime as given by [3]. This paper
will therefore present the development of the Exowave
wave energy converter as seen in Fig. 1, with focus on
the design of the wave-activated body and numerical
modelling of the movement hereof including power
production. An overview of research performed so far
will be given, which has lead to the current design of
the device. Additionally, the plans for the ongoing and
future development will be presented.

II. RESEARCH PERFORMED UNTIL NOW

The development of Exowave kickstarted with the
project Exowave, Water, Electricity and PtX which was
supported by The Danish Energy Agency under The
Energy Technology Development and Demonstration
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Program, wherefore it will in the following be referred
to as EUDP1. The objective of EUDP1 was to develop
a numerical model for estimation of power produc-
tion and for use in structural design of the device,
to investigate the feasibility and business case for a
combined wave energy and offshore wind plant, to
perform wave tank testing and CFD analysis, and lastly
to demonstrate the device in open water for verification
of the numerical model. The following sections will
present the outcomes of EUDP1 performed by Aalborg
University, which relates to the design of the wave-
activated body and the numerical modelling and wave
flume testing hereof.

IIT. NUMERICAL MODEL

For estimation of the power production and for use
in the structural design of the device, a numerical
model for the interaction between the wave loads
and the wave-activated body has been developed by
Aalborg University. The numerical model is described
in the following. Based on the wave force regime by
Chakrabarti [3], the numerical model is designed to
include the inertia and drag effects. The numerical
model for the Exowave converter is therefore based
on the Morison equation [4], which is applicable in the
inertia and drag dominated wave force regimes. It is
therefore assumed that there are no diffraction effects.
The wave kinematics used in the numerical model
are evaluated using linear wave theory for regular or
irregular waves.

For structural design of the device as well as esti-
mation of the energy production, the loads involved
in movement of the wave-activated body must first
be defined. The wave forces are calculated from the
Morison equation as given by [4], as it is assumed
that the characteristic length of the WEC is small
relative to the characteristic wavelengths of the target
wave climates. For a moving body, the Morison force
is calculated using (1). The resulting wave force and
moment at the point of rotation are calculated using
Simpson integration.
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where
p Density of water, [kg/m?]
A, D Characteristic cross area and length nor-
mal to flow direction [m?, m]
u Horizontal wave particle velocity, [m/s]
Uy Wave particle velocity orthogonal to
body [m/s]
Ca,Cp | Added mass and drag coefficients, [-]
0,6 Angular velocity and acceleration of
body [rad/s, rad/s?]
r Distance from hinge to point on body
[m]

The hydrostatic forces on the energy-collector are
the buoyancy and the gravity, which work in opposite

directions, wherefore the hydrostatic moment at the
point of rotation is expressed from (2).
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where o .
g Gravitational acceleration, [m/s?]

V| Volume of energy-collector, [m?]

rp | Distance from hinge to centre of buoyancy,
[m]

m | Mass of energy-collector, [kg]

rm | Distance from hinge to centre of gravity, [m]

The power take-off (PTO) consists of a double acting
hydraulic system with a pressure pyyq,. The PTO is ac-
tivated when 8 > 0A 6 > 0 or 8 < 0 A 8 < 0. The react-
ing force from the PTO piston is Fpiston = Phydr Ahydr,
where Ajyq, is the effective internal area of the hy-
draulic cylinder. The moment at the point of rotation
due to the PTO is then calculated from (3) with respect
to the arm, d, which is calculated from trigonometry as
a function of 6.

Mpro = Fpistond(0) 3)

The WEC is modelled as a one degree-of-freedom
(DoF) system, which is free to move in pitch, when it
is excited by waves. The dynamic system is described
from the equation of motion as stated in (4), where K
is the rotational stiffness, C' is the rotational damping
coefficient, I is the moment of inertia and M, is the
resulting moment of the system as specified in (5).

KO(t) + CO(t) + 16(t) = Myes(0,0,0) (4)

The resulting moment consists of the resulting
Morison moment, M,,,, the hydrostatic moment,
Mpydrostat, and the PTO moment, Mpro:

Mrcs (0; é7 9) :Mmor (07 év 9) + Mhydrostat(o)
+ Mpro(0,0)

The equation of motion is then represented in state
space as two ordinary differential equations. When
the PTO is active, the system is considered highly
nonlinear, wherefore it is solved using a Runge-Kutta
solver following the implementation by [5] and [6].

©)

IV. DEVELOPMENT OF WEC DESIGN

During the numerical modelling with regard to the
target wave climate at the future position of the WEC,
simulations showed that the system was more inertia
dominated than drag dominated, wherefore the design
of the wave-activated body was lead to an idea of
a more cylindrical shape. The shape was therefore
changed from the initial idea of having a flat flap-like
shape to being frustum of a cone to reduce the drag
coefficient, as the drag will damp the movement of the
system. Furthermore, the idea of the conical design was
to increase the width at the top of the body to match
the velocity profile of the water particles.
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A first estimate of the inertia and drag coefficients
was therefore based on literature review. The estima-
tions are based on the recommendations from [7]. For
two-dimensional bodies, the added mass coefficient of
a cylinder in infinite fluid is 1.0. As a two-dimensional
body, no effects from the free surface or other 3-
dimensional effects are taken into account. Intuitively,
this implies that the added mass coefficient of the
system might be below 1.0, when the 3D effects are
considered. For a fixed cylinder in a steady flow with
Reynolds number of approximately 10°, the drag co-
efficient is in the range of 0.5-1.0 depending on the
roughness of the surface. The determination of added
mass and drag coefficients for a cone-like structure
for a given wave climate is however associated with
large uncertainties, wherefore experimental testing in
the wave flume were performed to support the choice
of coefficients in the numerical model.

V. WAVE FLUME TESTS

This section will describe the wave flume tests
performed in the flume at the Ocean and Coastal
Laboratory at Aalborg University as part of EUDPI.
The test included different float model designs and
the determination of Morison coefficients hereof. The
outcome of the two tests is given in the following.

A. Morison Coefficients

The test setup for the flume tests conducted at
Aalborg University was based on a potential design
for a 100kW rated power WEC cell to be deployed
at the site Thor off the coast of Hvide Sande, Den-
mark. The scope of the model tests were to calculate
Morison coefficients for different shapes of the wave-
activated body for various sea states defined based on
the Keulegan-Carpenter (K¢) number, and secondly
to assess the influence of the geometry of the body
on the wave loading. Test specimens were delivered
by Exowave Aps. The different designs tested are
illustrated in Fig. 2 The tests were performed in the
wave flume with a horizontal bed and water depth
of 0.645m, corresponding to 25.8m in prototype scale.
The test setup in the flume appears from Fig. 3. Force
transducers to measure loads in the wave propagation
direction were installed at the top of the model as
illustrated in Fig. 3. All tests were repeated with no
model floats but instead a wave gauge installed at
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Fig. 2. Dimensions of investigated float model designs (axisymmet-
ric) [mm]
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the model float location. Identical steering signals for
wave generation were applied between repeated sea
states. The force transducers and wave gauge signals
were logged utilizing WaveLab 3.858 [8]. The different
designs were all tested for target sea states of which the
Kc-numbers were kept constant for all three designs.
The K¢ numbers were calculated from:

Umax OT
kot bty 6
D(w ( )

where a0 is the horizontal maximum particle
velocity at SWL [m/s], T is the wave period [s], and
D, is the average of D; and the bottom diameter [m)].
Umaz,0 Was calculated from stream function theory, i.e.,
specifically from the Fourier approximation method
by [9]. Only regular sea states were investigated. The
waves were generated from second order theory as per
[10] with modifications by [11] for K¢ of max. 3 or
from approximate stream function theory as per [12]
for larger K- numbers.

For calculation of the wave loads, the Morison equa-
tion was applied, which models the wave force on a
structure as a linear combination of inertia and drag
loads. For the static float, the horizontal force per unit
length, f [N], is expressed from the Morison equation
in (1), here with the velocity of the body being equal
to 0.

The resulting force F, was calculated by integrating
f over the height of the float. The Morison coefficients,
Cyu = Ca+ 1 and Cp, were calculated by a least
squares approach adopted from [13]. For inertia dom-
inated regimes, the experimental determination of the
drag coefficient is associated with very high sensitivity,
wherefore Cp = 0.8 was imposed as found from
numerical tests with computatioanl fluid dynamics
(CFD), see Section V-B.

Kc =

B. Calculation of Drag Coefficient from CFD

Numerical tests with CFD were carried out by Delft
University and Aalborg University to calculate the
drag coefficient for a fixed float model with the top
point tangential to the still water level. The open-
source, cell-centred finite volume CFD framework
of OpenFOAM [14] was used to set up a three-
dimensional, two-phase (water and air) model with
uniform inflow velocity of 0.5 m/s (Re = 1e5). The grid
was structured with predominantly hexahedrals and
wall functions were employed at the no-slip bound-
aries of the float model. A domain size of 5 float
diameters upstream of the model, 15 float diameters
downstream, and about 3 diameters to either side patch
was used. The interFoam solver of OpenFOAM-v2012
(ESI) was employed to numerically solve the Reynolds-
Averaged Navier-Stokes equations with turbulence clo-
sure from the k-omega-SST model as per [15] Time
stepping was done by a maximum Courant criterion
of 0.1. The fluid-structure interaction problem yielded
Cp = 0.8 after development of a steady state.

C. Results

The measured wave height and wave periods are
used to calculate five time series of the resultant F.
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Fig. 4. Photos of the test setups: a) Installed model float with
no water in flume, b) Installed float model with water, passive
absorption in the background, c) Force transducer mounted on top
of float model, d) SWL and top of float model coinciding.
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Fig. 5. Force transducer mounted on top of the float models [mm].
a) Transverse of the wave propagation direction view, b) Section A-A
view.

The measured surface elevation time series and the
measured force time series were aligned from adjacent
zero-down-crossings from the surface elevation time
series. The least squares error approach is utilized
to estimate the Morison coefficients for each of the

investigated KC numbers. Error bars of plus/minus 2 standard
deviations are included.

calculated resultant time series (5 repetitions) with each
of the measured force time series (5 repetitions). Thus,
a total of 25 sets of Morison coefficients is calculated
for each sea state. Fig. 6 illustrates the average inertia
coefficient, Cyy = 1+ C4, with plus/minus two stan-
dard deviations for each sea state (K¢) for all three
designs. For all designs, the inertia coefficients are
seen to depend significantly on the K¢ number. E.g.
a decrease from approximately Cpy = 1.9 at K¢ =1
to approximately Cps = 1.6 at K¢ = 3 is present for
all designs. From [16], the inertia coefficient of a 2D-
cylinder for Ko < 4(Re ~ 2-10%) is 2.0 (from U-tube
experiments). Intuitively, 3D effects of flow under and
over a cylindrical structure will mitigate wave loads
relative to a 2D cylinder, in compliance with the Cy,
values in Fig. 6. An increase in C; occurs for all three
designs for K¢ values corresponding to a wavelength
of around 4.8m, i.e. K¢ = 8 for Design 1, K¢ = 6 for
Design 2, and K¢ = 4 for Design 3. Reflective wave
loads will be more dominant for longer waves, as these
waves will have ramped further up when re-impacting
the float model than for shorter waves. The aforemen-
tioned increases of Cj; are ascribed to reflective wave
effects, and considering C; of the shorter wavelengths
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in suggests that C; will equal 1.5-1.6 for the highest
investigated K¢ numbers. No significant differences
between inertia coefficients of the different designs are
present for K¢ corresponding to wavelengths less than
4.8m. Variations between trials were present for most
tested sea states. These are ascribed to inaccuracies in
the trigger signal system, and could in further analyses
be mitigated from cross-correlation analysis of both
surface elevation and force signals.

D. Conclusions

Inertia coefficients are determined for seven different
K¢ numbers for three different designs. The inertia
coefficients strongly depend on the K¢ numbers, and
ranges from approximately 1.9 for K¢ = 1 to ap-
proximately 1.5-1.6 for Ko = 6. Calculated inertia
coefficients for K¢ numbers corresponding to longer
wavelengths are more subjected to reflective wave
loads in the wave flume. For wavelengths larger than
4.8m in the present tests, inertia coefficients are ex-
pected to be overestimated. No significant differences
of the inertia coefficients are found between designs
for wavelengths shorter than 4.8m. Thus, Design 3 will
yield the largest amplitude of a wave load cycle, since
the cross-sectional area of this design is larger than for
Design 1 and 2.

VI. OPEN SEA DEMONSTRATION

The EUDP1 project terminated with an open sea
demonstration of the WEC10 converter. The demon-
stration was performed at Blue Accelerator, Belgium.
The location provided a water depth of 7 meters with
4-5m tidal deviations and a 1m/s tidal current, which
is rather different from the future intended location of
the Exowave converter. The demonstration provided
a proof of the installation principles for future use.
The foundation was assembled on land. The PTO was
installed in the foundation, and the wave-activated
body was installed on top. The WEC10 can be seen
in Fig. 7 before launch. Furthermore, a ballast test
was performed as seen in Fig. 8, before the WEC was
successfully towed to the desired location at sea as
shown in Fig. 9, where it was ballasted with seawater
and placed on the sea bed. The WEC was calibrated
to start production at 45 bar counter pressure, which
should be possible at a sea state with a significant wave
height of 1m. The production during the demonstration
was measured as the flow produced by the hydraulic
piston. The data acquisition took place during Septem-
ber and October 2022. Due to a very mild climate
during the data acquisition period, the recorded data
was mainly useful for proof of the concept. More
data will be necessary for further verification of the
numerical model. After demonstration, the device was
successfully uninstalled and transported back to the
workshop, where it will be used for further analysis of
the components.

VII. CONCLUSION

The research performed so far at Aalborg University
of the Exowave wave energy converter has lead to a
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conical design of the wave-activated body. The idea
behind the axisymmetric body is to reduce the drag,
as the drag will damp the movement of the body. This
design is different to other wave energy converters de-
veloped so far. A numerical model is developed based
on present design, from which the structural design of
the device and power production hereof can be esti-
mated. The numerical model is based on the Morison
equation, as the characteristic length of the Exowave
is small relative to the characteristic wavelengths of

Fig. 7. WECI10 prepared for launch at Blue Accelerator, Belgium.

Fig. 8. Ballast test, Blue Accelerator, Belgium.



368-6 PROCEEDINGS OF THE 15TH EUROPEAN WAVE AND TIDAL ENERGY CONFERENCE, 3-7 SEPTEMBER 2023, BILBAO

Fig. 9. Towing of WEC to site, Blue Accelerator, Belgium.

the target wave climates. The Morison coefficients used
in the formulation of the numerical model have been
calculated from physical wave flume test performed in
the wave flume at the Ocean and Coastal Laboratory at
Aalborg University, and by numerical tests from two-
phase CFD analyses. The current design of the wave
energy device has been demonstrated in open sea at
Blue Accelerator, Belgium, from which the installation
principles and conceptual design are found successful.

VIII. FUTURE DEVELOPMENT

The future development is already in process with
a new project supported by The Danish Energy
Agency under The Energy Technology Development
and Demonstration Program as well, therefore referred
to in the following as EUDP2. The objectives of the
EUDP2 project is to verify the numerical model for
demonstration at 14 m water depth in the North Sea
for a cell power of 35kW (WEC35), to implement yaw
control of the device, to optimize the flap shape and
to balance the system pressure to improve the capacity
factor. Another degree of freedom is added to the WEC
system to reduce the loads in the direction perpendicu-
lar to the mean direction of wave propagation, where-
fore the system will be free to move in roll. The power
production will still be for the movement in pitch. The
numerical model and demonstration from the EUDP1
project did not cover this movement, wherefore addi-
tional wave tank tests will be performed at Aalborg
University, before the demonstration at open sea will
take place.

A. Wave tank tests

New wave tank tests performed at Aalborg Univer-
sity aims to test a moving system of the WEC35. An
active PTO will be added to the small scale model
to verify the power production estimated from the
numerical model. Furthermore, the behavior of the
system that is free to move in roll will be investigated
for multidirectional waves. The study will furthermore
investigate the loss of efficiency due to multidirection-
ality of the waves. Where the designs in the wave flume
tests presented in this paper primarily focused on

different sizes of the conical body, the coming tests will
furthermore focus on the influence of different shapes,
to see if any significant difference is experienced for
the new system. The tests will consider the amplitude
of the response as well and the band-width hereof.

B. Demonstration North Sea

For EUDP2 a open sea demonstration at 14 m water
depth is planned. The demonstration will take place
at the Danish Wave Energy Centre (DanWEC) off
the coast of Hanstholm, Denmark, in the North Sea.
The aim of the demonstration is to verify the energy
production. The hydraulic system of the PTO will be
connected to a water turbine generator onshore. Per-
formance wise, the demonstration aims to implement
yaw control of the device in order to orientate the
device according to the measured mean wave direction
on the site. Furthermore an active control system of
the hydraulic PTO system is expected to be imple-
mented. For verification of the numerical model in
relation to power production and structural design, the
motion of the wave-activated body will be monitored
as well as the loads, which will be monitored by strain
gauges on the arm connecting the body to the PTO
and foundation. The demonstration furthermore seeks
to prove a new installation procedure for a concrete
foundation in stead of the steel foundation used for
the demonstration in EUDP1. Of other materials, it is
considered using glass fibres from wind turbine blade
waste material to produce the wave-activated body.
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