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Numerical benchmarking study of a selection of wave
energy converters
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The aim of this study is to estimate the mean annual power absorption of a selection of eight Wave Energy Converters (WECs) with different
working principles. Based on these estimates a set of power performance measures that can be related to costs are derived. These are the
absorbed energy per characteristic mass [KWh/kg], per characteristic surface area [MWh/m?], and per root mean square of Power Take Off (PTO)
force [kKWh/N].

The methodology relies on numerical modelling. For each device, a numerical Wave-to-Wire (W2W) model is built based on the equations of motion.
Physical effects are modelled according to the state-of-the-art within hydrodynamic modelling practise. Then, the W2W models are used to calculate the
power matrices of each device and the mean annual power absorption at five different representative wave sites along the European Coast, at which the
mean level of wave power resource ranges between 15 and 88 kW per metre of wave front. Uncertainties are discussed and estimated for each device.

Computed power matrices and results for the mean annual power absorption are assembled ina summary sheet per device. Comparisons of
the selected devices show that, despite very different working principles and dimensions, power performance measures vary much less than the

mean annual power absorption. With the chosen units, these measures are all shown to be of the order of 1.

1. Introduction

In the last decade many projects for the development of wave
energy converters (WECs) have emerged in places all around the
world, especially in Europe. A review of technologies and working
principles may be found in [1].

For devices that have been publicly announced, the available
information is usually limited to sketches, pictures and anima-
tions, and in some cases, also dimensions and system layout. Only
a few quantitative figures on the estimated or measured energy
conversion are presently known. As a consequence wave energy
sector is often seen as a confused and risky business from the
investors and policy makers point of view. By providing estimates
of annual energy absorption in realistic conditions for some of the
most studied structures proposed for wave energy conversion, the
first aim of this paper is to contribute to clarifying what can
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reasonably be expected as the mean output of wave energy
converters.

The second aim is to compare the selected technologies with
reference to a set of quantitative measures that can be related with
costs. To our knowledge, there is only a few published studies of
this kind. One must notice the Danish Wave Energy Research
program [2] which resulted in estimates of energy absorption and
cost estimates for 15 different WECs. They were obtained through
tank test experiments. It was shown that for all the considered
devices, the capture width ratio' varied between 4 and 30%. Esti-
mates for the cost of energy for prototypes indicate to be at best
about 1 €/kWh. In [3], energy delivery and costs of 8 devices were
assessed for potential deployment in a pilot plant in the US
regarding energy production and costs. The methodology was
based on information given by the developers. The study concluded
that only the Pelamis was acceptable for selection at that time.

The present work is distinguished from these two previous
studies by using numerical rather than experimental methods and
by considering different WECs and performance measures. The

! Ratio of absorbed wave power to the wave power flux times the typical width of

the device.



selected WECs are mainly based on the oscillating bodies working
principle, with the exception of one floating Oscillating Water
Column (OWC). The selected performance measures are:

e Annual absorbed energy.

e Annual absorbed energy per characteristic mass.

e Annual absorbed energy per characteristic surface area.

e Annual absorbed energy per unit of characteristic PTO force

The annual absorbed energy represents the income side of
a wave energy project. It may be estimated once the external
dimensions, working principle, machinery function and local wave
resource are known. However, it is not a sufficient measure by itself
because it is actually the average economic cost per kilowatt-hour
over the device life span that is important, as this dictates whether
a project may be realised or not. This requires cost estimation,
which is a much more complex task since the costs of design,
fabrication, installation, operation, maintenance, and eventually
decommissioning have to be taken into account. As long as the
technical solutions are uncertain or unknown on a detailed level,
cost estimates are inevitably hampered by large uncertainties. That
is why there has not been any attempt to derive them in this study.
Instead, we chose to use performance measures that we believe are
good cost indicators.

It may be tempting to say that the absorber structure fabrication
cost will depend on its displaced mass as it seems to be the case in
shipbuilding [4]. However, this performance measure is not fair
when most of the mass is water or concrete ballasts like it is the
case for some WECs. To account this fact, one could also consider
the wetted surface area of the WEC as an indicator of the costs of
the hull.

In this study the characteristic mass has been taken to include
the mass of foundations for devices that find their force-reference
in the sea bottom. For self-referencing floating systems, the
mooring layout has not been included in the analysis but the
characteristic mass is set equal to (1.15 & 0.1) times the displaced
mass in order to roughly account for the mooring system, although
this may be very uncertain. For the characteristic wetted surface
area, foundations are included in the same way, but no additional
surface area has been attributed to mooring systems.

It is expected that the PTO system will be a significant source of
cost as well. It is well known that for the same amount of output
power, the higher the velocity the cheaper the PTO system.
Conversely, the higher the PTO forces, the more expensive the PTO
system will be. Therefore, the amount of absorbed energy per unit
of characteristic PTO force is expected to be a relevant measure for
the cost of the PTO system. In this study the characteristic PTO force
was chosen as the root mean square value over a year.

This paper is organised in three parts. The first part describes the
case studies; both selected WECs and selected sites. In the second
part, the modelling approach is explained. The results in terms of
power matrices, energy absorption and cost-related performance
measures are given and discussed in the last part.

2. Case studies
2.1. Devices

Eight devices with different working principles and/or dimen-
sions were considered in the case studies. A short description is
provided in the following. Details on dimensions and parameters
which were used can be found in [5].

The geometry and configuration of each of the eight devices
were inspired by the design of well-known wave energy converters
currently under development by different technology companies. It

should however be noted that there may be significant and
important differences both in geometry and configuration between
the devices studied here and their inspirators, thus also the
performance may differ.

2.1.1. Small bottom-referenced heaving buoy (Bref-HB)

This wave energy converter is inspired by the Seabased WEC
which is currently in development in Sweden. Fig. 1 shows its
different components.

The device consists of an axi-symmetric buoy with ellipsoidal
cross section floating on the ocean surface. Through a wire it is
connected to a machinery unit standing at the sea bottom. The
machinery consists of a linear generator placed inside a steel hull
mounted on a concrete ballast structure. Under wave action, the
buoy moves in surge and heave, resulting in a wire pull that drives
the generator.

A simplified sketch of the system and its main dimensions and
parameters are shown in the device summary sheet, Fig. 12. Note
that, for this device, the anchoring system is an essential compo-
nent as it provides the reaction point. Therefore, it was included in
the characteristic surface area and characteristic mass measures for
the system. The characteristic surface area was estimated to be
about 42 m? and the characteristic mass to be about 31 tonnes.

2.1.2. Bottom-referenced submerged heave-buoy (Bref-SHB)

This wave energy converter is inspired by the Ceto WEC which is
currently being developed in Australia and France. A picture
showing the buoy is found in Fig. 2.

The working principle of this device is close to the previous one.
The main differences are that the buoy has a diameter twice as
large, that it is fully submerged and that the PTO system is
hydraulic. Still the PTO is placed on the sea bottom and connected
to the buoy through a tether.

Fig. 13 shows simplified sketch of the system, as well as a table
giving the main dimensions and parameters. As for the previous
device, the anchoring system was included in the characteristic
surface area and characteristic mass measures for the system. The
characteristic surface area was estimated to be about 220 m? and
the characteristic mass to be about 200 tonnes.

2.1.3. Floating two-body heaving converter (F-2HB)

This system is inspired by the Wavebob WEC which is currently
under development in Ireland. Fig. 3 shows a picture of the 1/4th
scale model of the Wavebob, which was tested at sea in the Galway
bay in Ireland.

It is an axi-symmetric, self-reacting point absorber, operating in
the heave mode. It is composed of a torus sliding along a vertical
float. The hydraulic PTO system is driven by the relative motion
between the two bodies. A simplified sketch is shown in Fig. 14.

Fig. 1. Components of the Seabased WEC.



Fig. 2. Picture of the unveiling of the Ceto buoy.

Contrary to the first two systems, this system does not need
to react against the seabed, so it can be installed in deep water.
The role of the mooring system is to counteract drift and current
forces. Therefore, the weight of moorings and anchors is ex-
pected to be small, so it was not taken into account in surface
area and mass estimation of the system. The characteristic mass
is then about 5700 tonnes and the wetted surface area about
2100 m?.

2.14. Bottom-fixed heave-buoy array (B-HBA)
This system is inspired by the Wavestar WEC, under develop-
ment in Denmark. In Fig. 4 the test section currently being tested at

Fig. 3. 1/4 scale model of the Wavebob at sea.

Fig. 4. Picture of the test section of the Wavestar WEC.

Hanstholm in Denmark is shown with its buoys and platform in
survival mode.

In its full size the system is composed of many floats connected
to a single jack-up structure. The jack-up structure stands on the
seabed and provides a fixed reference to the floats. The floats are
submerged hemispheres. Each one is connected to the main
structure via an arm and a hinge. With the action of the waves, each
float moves up and down. The relative motion between floats and
the structure is converted into useful energy via hydraulic rams. In
the present analysis, the number of buoys was set to 20.

A sketch of the system is shown in Fig. 15. As the jack-up
structure is an essential part of the system, it was included in the
measures of mass and surface area. The characteristic surface area
was estimated to about 4350 m? and the characteristic mass to
about 1600 tonnes.

2.1.5. Floating heave-buoy array (F-HBA)

This system is inspired by the Pontoon Power Converter, under
development in Norway. Fig. 5 shows an artistic view of the system.

It is a multibody floating WEC, composed of many heaving
buoys connected to a common submerged reference structure. This
structure is composed of an arrangement of a single support
structure and a series of ballasts baskets, connected through
tension wires, as illustrated in Fig. 5. The total buoyancy force from
the buoys is balanced by net gravity forces of the bridge and the
ballast baskets. The buoys are connected to the submerged struc-
ture via a hydraulic PTO system, which converts the energy. In the
analysis provided here, the number of buoys was set to 10.

A sketch of the system is shown in Fig. 16. As the submerged
structure is an essential part of the system, it was included in the
mass and surface area measures. The characteristic surface area was
estimated to about 4800 m? and the characteristic mass to about
5200 tonnes.

Fig. 5. Artistic view of the Pontoon Power Converter WEC.



2.1.6. Bottom-fixed oscillating flap (B-OF)

This system is inspired by the Oyster WEC, under development
in Scotland by the company Aquamarine Power. Fig. 6 shows the
Oyster2 geometry.

This device is a simple pitching flap, oscillating about a fixed axis
close to the sea bottom, and so is suitable for shallow and inter-
mediate water depth. It has a hydroelectric machinery system,
where a pump placed at the rotating shaft pumps pressurised
hydraulic oil to a shoreline station. There the hydraulic energy is
used to drive an electric generator.

A sketch of the system and main dimensions and parameters are
shown in Fig. 17. The characteristic mass was estimated to be about
3800 tonnes and the characteristic surface area to be about
2020 m?. It includes an estimated gravity based structure designed
to withstand the horizontal forces.

2.1.7. Floating three-body oscillating flap device (F-30F)

This device is inspired by the Langlee WEC, currently under
development in Norway. Fig. 7 shows an artistic view of a full scale
Langlee WEC.

It consists of four hinged flaps which are all connected to the
same frame. Via PTO systems, the relative motion between each
flap and the main frame is converted into useful energy.

A sketch of the system analysed in this work is shown in Fig. 18.
The characteristic mass of the flaps and supporting structure is then
estimated to about 1600 tonnes. The characteristic surface area is
about 2200 m?.

2.1.8. Floating oscillating water column (F-OWC)

This device is inspired by the OE Buoy which is developed by
Ocean Energy Ltd. in Ireland. Fig. 8 shows a picture of the 1/4th
scale model of the OE Buoy under testing at sea in Galway Bay in
Ireland.

The floating oscillating water column device is a particular type
of OWC device known as the backward bent duct buoy (BBDB) first
proposed by Masuda [6]. It has a single air chamber and is free to
move in six degrees of freedom. The water column has
a submerged opening aligned downstream of the incident wave
propagation direction. The device is constructed of thin steel walls
enclosing the water column. The power conversion is provided by
means of an air turbine connected to an electric generator. The
motion of the water column relative to the OWC body creates

Fig. 6. Picture of the Oyster2 wave energy converter.

Fig. 7. Artistic view of the Langlee WEC.

oscillating pressure in the chamber and air flow through the
turbine. A relief valve provides a way to keep the pressure in the
air chamber within acceptable limits to prevent the turbine from
stalling.

A sketch of the system is shown in Fig. 19. The characteristic
mass is about 1800 tonnes and its characteristic external surface
area is estimated to about 6500 m?.

2.2. Sites

As the level of mean wave energy transport varies from one
place to another, it is important to consider several sites with
different wave resource in order to evaluate the influence this has
on the benchmarking performance measures. In this study, wave
data statistics from five locations along the Atlantic coast of Europe
were used, as indicated in Fig. 9.

The wave statistics are shown in Fig. 10. For the SEM-REV and
Yeu island sites, the data come from the ANEMOC data base.?
Statistics for the EMEC and Lisbon come from [7]. For Belmullet,
they come from the Irish Marine Institute.

Although the sites are located at different finite water depths
ranging from 40 to 100 m, deep water was assumed for the
numerical simulations. It means that the computed responses are
slightly different from those that would be found if the true water
depth were used. However, some of the considered devices are
designed for shallow water. When waves enter shallow water
power is lost due to various dissipation mechanisms [8]. Assuming
that the wave data statistics in shallow water is the same as in deep
water would have lead to overestimates of energy absorption for
devices in finite water depth. In order to make a more even basis for
the comparison of deep-water and shallow-water results, the deep
water data statistics were processed to synthesise shallow water
data statistics that take the energy loss into account. According to
[9], this energy loss may be expected to be around 10% in typical
wave conditions. Therefore, shallow-water wave data was gener-
ated assuming that for each wave frequency component of each sea
state, 90% of the energy is transferred from deep to shallow water
depths (13—20 m).

Table 1 shows the mean wave power level for each of the five
sites, in function of the water depths used in the simulations here.
The levels of resource ranges from 15 to 80 kW/m, which is
believed to cover possible locations for wave energy plants quite
well.

2 candhis.cetmef.developpement-durable.gouv.fr. Accessed May 2010.
3 www.marine.ie. Accessed May 2010.
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Table 1
Mean annual wave power level in function of site and water depth.
Site Wave power resource (kW/m)
in deep water 20 m depth 13 m depth
1. SEM-REV 14.8 133 133
2. EMEC 21.8 18.7 18.7
3. Yeu island 26.8 224 224
4. Lisbon 375 33.7 33.7
5. Belmullet 80.6 72.5 72.5

in which:

e X, X, X are the position, velocity and acceleration vectors of the
considered device. They have as many rows as the device has
degrees of freedom.

e M is the mass matrix of the device. Depending on the device

and whether the equation of motion was linearised or not, it is

not necessarily constant. It can be a function of the position and

velocity vectors X and X.

Fex, o and K(t) are respectively the wave excitation force, the

added mass matrix and the memory function of the radiation

forces.

Fy is the hydrostatic force, resulting from the combined action

of the gravity and buoyancy force.

e Fpro is the force applied by the Power Take Off (PTO) system.

e Fy is a damping force that depends quadratically on the
velocities, and which aims at taking into account the effect of
viscous losses.

e Fy; is the mooring force.

Fes is a force which aims at taking into account the effect of end

stops in the PTO mechanism, if any.

e Fcoriolis 1S a force which comes from non-linear terms in the
mechanical part of the equation of motion.

Models and modelling assumptions used for these force terms
are explained in more detail in the following sections.

In the present analysis, drift forces, current forces and wind
forces were not considered because we believe that they have no or
very small influence on the potential for energy absorption.

3.1.1. Wave-structure interaction

For modelling waves and wave—structure interaction, linear
potential flow theory was used. It relies on assumptions of inviscid
and incompressible fluid, irrotational flow, small amplitudes of
motion of the device relative to its dimension and small wave
amplitudes relative to the wavelength.

For wave energy application, the agreement between linear
theory and experiments is usually good in small to moderate sea
states, as it has been shown in many studies; see [10—14] for
examples. However, there can be characteristic discrepancies in
severe sea states, or in wave conditions that excite resonances,
because of non-linear and/or viscous effects. To our experience,
linear theory will lead to an overestimation of the dynamic
response and the energy absorption in these cases. We acknowl-
edge that it brings uncertainty in the results. However, as the aim of
the study is to provide upper estimates for wave energy absorption,
we believe that this uncertainty is acceptable.

In addition, we assumed that waves are mono-directional. It has
no consequence for axi-symmetric devices, but it can introduce
a bias in other cases. However, it was shown in [15] that the effect of
directionality was smaller than 10% when varying the wave direc-
tion from —45° to +45°, in the case of the directionality-dependent
SEAREV device. The sites which were considered in this study being

along the West coast of Europe, most of the characteristic wave
resource will come from the South-West to North-West direction.
The mooring system of floating devices might well allow some
alignment of the devices with the wave direction, and for bottom-
fixed devices refraction at shallow water tends to align the wave
crests with the coastline. Taking this into account, we conclude that
directionality should not have a significant effect on the main
results of this study.

Using linear potential theory, the pressure force resulting from
wave—structure interaction can be written as the sum of a wave
excitation force Fex and a radiation force Frq = —poX
— ]é K(t — 7)X(t)dt. The wave excitation force can be related to the
incident wave field spectrum S(f) through the relations:

Fex(f) = R Z(\/M)Fex(fi)ei@wﬁrw) @)

in which Af is an adequate frequency step, ¢; are a set of random
phases and Fex are complex vectors of wave excitation force per
metre of wave amplitude in the frequency domain.

The hydrodynamic functions K and the coefficients Fex and i
were calculated using the BEM (Boundary Element Methods)
codes WAMIT [18] or Aquaplus [19]. In each case, mesh conver-
gence was checked by comparing the obtained coefficients for
two different mesh refinements. Convergence was always
reached.

3.1.2. Quadratic damping force

In many cases, linearity and irrotationality assumptions of
linear potential flow theory are likely to be violated. Neglecting
this would in these cases lead to numerical prediction of unreal-
istically large amplitude of motions, and thereby also energy
absorption.

In reality, non-linear effects and viscous effects such as flow
separation will limit the amplitude of motion. A common way of
modelling the latter effect is to add a quadratic damping term
similar to the drag term in Morison’s equation [20]:

1
Fy = —5pCpAp|V — Vo|(V — Vo) 3)
in which:

e Vand Vj are respectively the device velocity and undisturbed
flow velocity.

e Ap and Cp are respectively a matrix of characteristic areas and
a matrix of drag coefficients.

Here, the difficulty lies in the estimation of the drag coefficients
Cp. There are many experimental results available in the literature,
coming from research on hydrodynamic forces on risers and other
offshore equipments in the Oil & Gas industry. In this study, drag
coefficients were estimated based on that knowledge. Reference
[16] was used as the main source.

It is realised that this methodology of selecting the drag coef-
ficients brings a large uncertainty in the models. Therefore, it has
been important to perform analysis of the absorbed energy’s
sensitivity to variations in the drag coefficient. For each device, drag
coefficients were varied from one quarter to twice their nominal
values. Corresponding variation on the energy absorption was
retained as the uncertainty bar. Although the drag coefficients were
varied by a factor of up to 4, one should notice that the influence on
the energy absorption was never found to be more than 30%,
whatever the device.



3.1.3. Power take-off force

The power take-off (PTO) is the system which converts the
mechanical energy of the device into electricity. In the case of an
OWC it will be an air turbine such as a Wells turbine. In the case of
wave activated bodies WECs, it can be based on hydraulic compo-
nents (hydraulic rams and motors) combined with an electric
generator, as assumed in [21]. Or it can be fully electric, like in [22]
or [23].

The Wells turbine has an almost linear relationship between
pressure drop and volume flow [24], and may be well modelled as
a simple linear damper. Also the fully electrical PTOs are often
controlled to yield a linear relationship between force and velocity,
and may then be modelled as a linear damper. In the case of
hydraulic PTO systems, a better representation is achieved by using
a Coulomb damping model. Details of the PTO modelling are given
below.

3.1.3.1. Linear PTO model. Depending on the considered WEC,
additional inertia or spring effects may improve the power
absorption ability. Such effects were included in the PTO force
together with the damping effect when it made sense from an
engineering point of view. With both inertia, damping and spring
effects, the PTO force in the general case reads:

Fpro = —MproX — BproX — KproX (4)

In this study, one should note that only the case of positive
machinery spring coefficients Kpro was considered. The reason is
that the effect of positive values can be efficiently obtained with
mechanical components. Negative spring effects are harder to
obtain in reality and usually involves feeding large amounts of
reactive power through the machinery equipment [17]. Dissipative
losses may make such solutions less attractive, and negative mass
and spring coefficients have therefore not been included as an
option in this study.

3.1.3.2. Hydraulic PTO model. In the case of hydraulic PTO,
a Coulomb damping model was used. As with the linear PTO,
a spring or additional mass term was included as well as the
damping term when it made sense from an engineering point of
view. In the general case, the PTO force reads:

Fpro = —MproX — Cerosign(X) — KproX (5)

The numerical implementation of the Coulomb damping force
is difficult because the derivative is infinite at X; = 0. This can
lead to non-physical oscillations of the velocity around O,
subsequently leading to erroneous values for power absorp-
tion. Hence, in practise perfect Coulomb damping is replaced
by an approximate Coulomb damping, in which the damping
force is supposed to have a finite (but still high) derivative in
the range about zero velocity. The principle is illustrated in
Fig. 11.

Mathematically, the PTO force with approximate Coulomb
damping reads

Fpro(A) = —MproX — min(Gpro|X|, Cpro)sign(X) — KproX  (6)

In this study, the coefficient Gprg was set to 100 times the dry mass
plus added mass coefficient.

3.1.3.4. Optimisation of the PTO coefficients and control. The PTO
system is an essential part of any WEC. It is well known that it has
a large influence on the dynamic response of the system. Varying its
properties give some freedom to tune the dynamic response of the

10
linear damping

Coulomb damping
— — — = approximate Coulomb damping

PTO force

velocity

Fig. 11. PTO force vs velocity when PTO is linear, Coulomb damping and approximate
Coulomb damping.

system in order to optimise the energy absorption abilities of the
WEC.

This tuning can be done on a wave by wave basis, or on a sea
state basis. The first option is a real time control. Together, with
efficient control algorithms [25—30], it has the ability to signifi-
cantly increase the energy absorption, by a factor of up to 2—3.
However, in principle this kind of control requires some knowl-
edge of the future excitation force, which means we need to
somehow measure and predict the incident wave. Although there
is promising on-going research on this topic [31], it is not a prac-
tical option at the current time. Therefore, it was not considered in
this study.

The second option — tuning of the PTO parameters on a sea state
basis — is much easier to achieve in practise, because it only
requires the knowledge of the current sea state. In practise, one can
measure the sea spectrum at some distance of the WEC with a wave
data buoy and adjust the PTO settings accordingly. Other alterna-
tives include the use of extremum-seeking control as proposed in
[30]. In the present study the first of the spectrum measurement
approach is assumed, where the PTO parameters are optimised for
each state. Optimisation was made using brute force, i.e. iterative
simulation using a maximum-search algorithm.

It should be noted that, in principle, such iterative search may
reach a local maximum, not the global maximum. However, it was
not found to be an issue in this study.

3.1.4. End-stop forces

Some of the considered devices have end stops, which were
implemented in the numerical model by adding springs with large
stiffness coefficients. They become active as soon as the amplitude
of the motion is larger than the amplitude constraint. This was
formulated as follows:

Fes = —Kesdlag(X +Xe5)u(—x - XES)
— Kesdiag(X — Xes)u(X — Xes) (7)

in which K, is the stiffness coefficient of the end stop spring; u(-) is
the element-wise Heaviside step function and X, is the amplitude
constraint vector.



3.1.5. Mooring force

In [32] and [33], it was shown that at least for slack-moored
heave-buoy systems the influence of the mooring system on
the energy absorption is negligible. Therefore, mooring systems
were represented by simple linear springs adjusted to keep the
device in place with minimum influence on the power
absorption.

3.2. Implementation and verification

For each particular device (except the floating heave-buoy
array), the corresponding equation of motion was derived. Then,
a numerical Wave to Wire model was built. The implementation
was made in Fortran90. A second-order predictor—corrector time
integration scheme was used.

Whenever possible, results from the numerical model were
compared with publicly available information. In the cases of the
small bottom-referenced heaving buoy, the floating two-body
heaving converter, the bottom-fixed heave-buoy array, the
bottom-fixed oscillating flap and the floating three-body oscillating
flap device, references [22,34—37] were used, respectively. A very
good agreement was found. In some cases, limited differences were
found, because of different dimensions or control strategies of the
PTO systems. Details of the comparisons, of the equations and of
the models can be found in [5]. The numerical models are available
from the authors upon request.

In the particular case of the floating heave-buoy array, the
commercial SIMO software [38] was used. SIMO is a computer
program developed by Marintek for simulating motions and
station-keeping behaviour of complex systems of floating vessels
and suspended loads. SIMOs essential features for the present
analysis is its flexible modelling of multibody systems that
accommodate introduction of PTO setting, end stops as well as
hydrodynamic coupling between the bodies. In total, there are 13
bodies included in the present model. It consists of 10 buoys,
a submerged support structure and 2 ballast baskets. The hydro-
dynamic properties of those bodies including the hydrodynamic
interaction between the 10 buoys are calculated in the frequency
domain using HydroD [39] and then applied in SIMO to solve the
equation of motion of the full system for a given sea state in time
domain. More illustration and discussion on how to use SIMO
features to model PTO system, end stops and wires for multibody
WEC may be found in [32].

4. Results & discussion

Using the Wave to Wire models, the power matrices of each
device were computed. By multiplying them with the wave scatter
diagrams at each site, the annual mean absorbed power of each
device at each site was derived. Results are reported in the devices’
summary sheets, see Figs. 12—19.

For the bottom-referenced submerged heave-buoy and the
bottom-fixed heave-buoy array, both the linear PTO and the
hydraulic PTO (Coulomb damping) models were implemented.
Unlike [28], no increase in energy absorption was observed with
the Coulomb damping model in comparison with the linear model.
Actually, Coulomb damping model led to a reduction in energy
absorption by 20% in the case of the bottom-referenced heave-
buoy, and by a few percents in the case of the bottom-fixed heave-
buoy array. Therefore, results are reported only for the case of the
linear PTO model, except for the floating heave-buoy array for
which only Coulomb damping was considered.

From one device to another, depending on the site, one can see
that mean annual power absorption figures are very different,
ranging from 2 to almost 800 kW. Of course, this was to be expected

as the working principles and the sizes are very different. As also
expected, one can notice that mean annual power absorption varies
with the site. It is worth noticing that an increase in the available
wave power resource does not necessarily mean an increase in
mean annual absorbed power, as can be seen in the case of devices
5 and 7 for the Lisbon and Yeu sites. The reason is that for the Lisbon
site, waves are much longer than at Yeu. As the waves are longer,
the wave resource is larger, but at the same time it is more difficult
for the devices 5 and 7 to efficiently capture these long waves.
Hence, in the end, despite a larger resource, there is less energy
absorbed.

Large variations are also found on capture width ratios from
one device to another, ranging from 4% for the small bottom-
referenced heaving buoy to 70% for the bottom-fixed oscillating
flap. However, one can see that the variations of the three other
performance measures (energy per characteristic mass, per char-
acteristic surface area and per RMS of PTO force) are much more
limited, with a maximum to minimum ratio less than 5 at a given
site. In the following this will be discussed more in detail. We look
first at the uncertainties associated with the present modelling
approach.

4.1. Estimation of uncertainties

Numerical modelling was used. It relies on mathematical
models for each component of the device, which are based on
several assumptions and approximations. Therefore, it is
acknowledged that the behaviour of an actual system could deviate
from what is predicted by the numerical model.

In the particular case of strong sea states, it is expected that the
deviation between the response of the actual device and its
numerical model can be large. However, one should note that the
quantities derived in this study are averaged values over a normal
year. Then, errors are averaged too, so they are expected to be
smaller.

Moreover, one should also recall the primary objective of this
study: it is to derive estimates of mean annual power absorption for
a selection of wave energy devices. From our experience, it is
believed that if the behaviour of the numerical model deviates from
the actual behaviour, then the trend of the deviation will be to
overestimate the dynamic response of the system, and then also the
energy absorption. Therefore, the numbers given here are believed
to be in the upper range of what can be achieved with these
instances of each type of device.

Finally, the modelling approach is the same for all devices.
Therefore, it is expected that even if the numbers are not perfectly
exact, the trends observed in comparisons between each tech-
nology should be correct.

To get an idea of the error bars, an uncertainty analysis was
performed. Estimation of the drag coefficient was identified as the
main error source for almost all of the devices (see the discussion
on the error sources for each component of the system in Section 3).
Hence, a sensitivity analysis was carried out as described in Section
3.1.2. Uncertainty was found to be always smaller than +30%,
whatever the device. Fig. 20 shows an example of the computed
mean annual power in function of the drag coefficient applied in
the numerical model for the case of the self-reacting two-body
heaving device.

Here, we have to make a distinction for the cases of the floating
OWC and the array of heaving buoys on a fixed platform. In the latter
case, the uncertainty associated with the modelling of drag forces
was found to be negligible. However, the modelling did not take into
account the wave interactions effect between the buoys. Based on
[40], the associated uncertainty was estimated to be about +20%.



1. Small bottom-referenced heaving buoy (Bref-HB)

Working principle 3,bo
The device consists of an axi-symmetric S }5\“*‘“5‘ z
_— I ~ X
buoy with ellipsoidal cross section float- \ i = J\ z T
ing on the ocean surface. Through a wire ‘t ; — =~ T
it is connected to a machinery unit stand- o J' /
ing at the sea bottom. The machinery g =
consists of a linear generator placed in- b I
side a steel hull mounted on a concrete § -7i
ballast structure. Under wave action, the i ,’7\
buoy moves in surge and heave, resulting r
in a wire pull that drives the generator. ) ;
%% 7
Main dimensions and parameters Power matrix
Property Value Unit 7— 1125 105 100 88 86 82 76 73 68
Diameter 30 m = o Ji103 101 51 83 75 67 65 64 58
Draft 0.63 m \E« ; 111101 89 81 75 68 64 61 55 58
Displacement 283w’ BOL 0 T 10 61 59 54 51 0 47
Mass of the buoy 1000 kg T et 89 86 76 68 62 56 50 46 45 4336
Stroke length 18 m Sk jmer e 57 a4 47 1 sacsns
PTO model Linear & | 45 46 43 3973,
Char. surface area 42 m? R
Characteristic mass 31 Mg 1
Water depth 40 to 100 m Peak pgio e
Estimates of performance measures
Site SEMREV EMEC Yeu Lisbon Belmullet
Annual mean absorbed
power (KW) 1.6 2.8 3.3 3.5 5.0
Capture(‘;?th ratio 3.6 42 41 31 2.1
0
Absorbed energy per
characteristic mass (kWh/kg) 0.46 0.78  0.92 10 14
Absorbed energy per
Siibea sEan (NI ) 0.34 0.57 0.68 0.73 1.0
Absorbed energy per RMS 15 91 93 9.9 26

of PTO force (kWh/N)
Capture width ratio is here defined as the ratio of capture width and the

diameter of the buoy. The uncertainty on the annual mean absorbed power is
estimated to be in the range of [-20,4-20 %)].

Fig. 12. Summary sheet for the small bottom-referenced heaving buoy (Bref-HB).




2. Bottom-referenced submerged heave-buoy (Bref-SHB)

o 7,00 2
7}
‘-\ il I et ™ N T «
¥ | - =
Foar e T e e
. S
VR \
: — 8 : ]
Working principle g N i }l
[ -
This device consists of a submerged buoy 'f -
close to the free surface. Through a wire 8 ’f
(=]
it is connected to a hydraulic power take /
off system standing at the sea bottom. /
1/
AR

—t—
/7

Main dimensions and parameters Power matrix

Property Value Unit 7 157 104 103 82 & 51 423
. I 151 113 95 76 55 44
glanllleter 57)8 m 2 of 127 88 79 65
ight : = |
-elg m3 = sf 156 139 116 :z ;: ®
Displacement 148. m i L i
Mass of the buoy 35. Mg S 4F 119 121 97 6 58
Stroke length 6. m AN .
PTO model Linear S [ s s
Char. surface area 220 m? “2
Characteristic mass 200 Mg !
Water depth 20 m Peak pgl)’io 4(s)
Estimates of performance measures
Site SEMREV* EMEC* Yeu* Lisbon* Belmullet*
Annuzlogffr(‘k%?orbed 8.8 185 22 19. 31.
Capture(gl;ith ratio 9 13 13 8 6
0
Absorbed energy per
characteristic mass (kWh/kg) 0-39 0-81 0.97 0.83 137
Absorbed energy per
surface aves (NIWhim?) 0.35 0.74 0.88 0.76 1.24
Absorbed energy per RMS 1.53 91 9.4 3.8 2.9

of PTO force (kWh/N)

Capture width ratio is here defined as the ratio of capture width and the
diameter of the buoy. The uncertainty of the annual mean absorbed power is
estimated to be in the range of [-40,4-20 %].

Fig. 13. Summary sheet for the bottom-referenced submerged heave-buoy (Bref-SHB).
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3. Floating two-body heaving converter (F-2HB)

20,00
I

o B & "'___‘-_-_:__z_

g NI
Working principle \\I \ N\ I’%L_ x

. ; ; ; ; \ e

This device consists of an axi-symmetric, ; ,{1‘_ ul
self-reacting two-body system, operating ;o

|

I

I

|

|

I

|

l

in the heave mode. It is composed of a :
low-draft torus sliding along a high-draft : <

|

|

I

|

|

I

|

I

I

float. It has a hydraulic PTO system, § j \\
which is driven by the relative motion be- : !
tween the two bodies. | l!
| /
‘ /
‘ /
5 ; !
\ ' ~
ol
Main dimensions and parameters Power matrix
Property Value Unit
Torus diameter 200 m 7
Torus draft 20 m .
Float draft 50.0 m £ ,
DiSplacement 4960 m3 rgo y 27 418 574 678 708 :;: :;: ::: :;z ig: ;:3 2
Mass of torus 278. Mg —‘:E 4F 256 366 403 S51 536 531 473 420 289 268
Mass of float 4680. Mg g g 1 il 6 e s
Stroke length 6. m & 9. 243 255
PTO model Linear <
Char. surface area 2120 an®
Characteristic mass 5704 Mg S pi:[t}'io ()
Water depth Deep m
Estimates of performance measures
Site SEMREV EMEC Yeu Lisbon Belmullet
SHEIA BERD BoROLDe 79. 127.  191.  199. 373.
power (kW)
Capture width ratio 97 99, 36. 97, 93.
(%)
Absorbed energy per
characteristic mass (kWh/kg) 012 020 020 090 0.5
Absorbed energy per
surfsce ares (MW /m?) 0.33 053 0.79 0.82 1.54
Absorbed energy per RMS 1.9 17 20 20 97

of PTO force (kWh/N)
Capture width ratio is here defined as the ratio of capture width and the
diameter of the buoy. The uncertainty of the annual mean absorbed power is
estimated to be in the range of [-20,440 %)].

Fig. 14. Summary sheet for the floating two-body heaving converter (F-2HB).
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4. Bottom-fixed heave-buoy array (B-

Working principle

This system is composed of many floats con-
nected to a single jack-up structure. The
jack-up structure stands on the seabed and
provides a fixed reference to the floats. The
floats are submerged hemispheres. Each one
is connected to the main structure via an arm
and a hinge. With the action of the waves,
each float moves up and down. The rela-
tive motion between floats and the structure
is converted into useful energy via hydraulic
rams.

Main dimensions and parameters

Power matrix

HBA)

%_

2

537

13,00

Property Value Unit
Float diameter 5.0 m B
Float height 50 m i .
Float displacement 25.5 md g 6 T ”’8‘
Float mass 35. Mg | sk S124813481115 1176 825 890 982 8
Number Of ﬂoats 20 ‘D ; 1 33912021181 1050 1140 1012 848 863 672 828 ©
f 4 1123 1098 1030 984 799 857 821 830 637 592 652 6.
Length of structure 70 m § 900 843 785 717 662 656 557 551 571 580 478 41
Width Of Structul—e 17_ m e‘é 3r 653 641 602 557 555 460 471 431 393 4
Structure mass 900. Mg R viliad
PTO model Linear 1
Char. surface area 4350 m? -
Characteristic mass 1600 Mg Peak period (s)
Water depth 13. m
Estimates of performance measures
Site SEMREV* EMEC* Yeu* Lisbon* Belmullet*
Ann“;ﬁ:f?ggorbed 127. 225.  280.  303. 612.
Capture (x(;l;ith ratio 14, 16. 17 12, 12,
(1]
Absorbed energy per
characteristic mass (kWh/kg) 062 1.2 1.5 L. ol
Absorbed energy per
s Fune) e (e ) 0.25 0.45 0.56 0.61 1.23
Absorbed energy per RMS 0.93 1.9 1.9 11 16

of PTO force (kWh/N)

Capture width ratio is here defined as the ratio of capture width and the
length of the structure. The uncertainty of the annual mean absorbed power
is estimated to be in the range of [-20,4-20 %].

Fig. 15. Summary sheet for the bottom-fixed heave-buoy array (B-HBA).
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5. Floating heave-buoy array (F-HBA)

Working principle

This system is a multibody floating
WEC, composed of many heaving buoys
connected to a common submerged ref-
erence structure. This structure is com-
posed of an arrangement of a single sup-
port structure and a series of ballasts
baskets, connected through tension wires.
The total buoyancy force from the buoys
is balanced by net gravity forces of the
bridge and the ballast baskets. The
buoys are connected to the submerged
structure via a hydraulic PTO system,

which converts the energy. \/

60,00

Main dimensions and parameters Power matrix

Property Value Unit
Float diameter 8.0 m J § A
Float draft 134 m 60 449 450 406 372 329
Float displacement  406. m? g SF e oL
= 07 429 381 323 30
Float mass 364. Mg E st
Number of floats 10 2 |
= 4F 113112691163 982 743
Length of structure  132. § 904 1035 949 788 617 2
Width of structure 18, m E 3 o5 :‘;; :?: P2 :i :
Structure mass 467. Mg @ 2
PTO model Coulomb damp. ;
Char. surface area 4750 m? "
Characteristic mass 5233 Mg Peak period (s)
Water depth Deep m

Estimates of performance measures

Site SEMREV EMEC Yeu Lisbon Belmullet
sianpaliean absorbed 9224, 326.  409. 317 417.
power (kW)
Capture width ratio 11 11 1. 6.4 3.9
(%)
Absorbed energy per
characteristic mass (kWh/kg) 0.37 0.54 0.67 0.52 0.68
AbEDEbCCh ENSTEy Der 0.43 063 0.79 0.61 0.80

surface area (MWh/m?)
Absorbed energy per RMS
of PTO force (kWh/N)
Capture width ratio is here defined as the ratio of capture width and the
length of the structure. The uncertainty of the annual mean absorbed power
is estimated to be in the range of [-10,425 %].

N/A N/A 132 N/A N/A

Fig. 16. Summary sheet for the floating heave-buoy array (F-HBA).
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6. Bottom-fixed oscillating flap (B-OF)

Working principle

This device is a simple pitching flap, oscillat- - o]

ing about a fixed axis close to the sea bottom,
and so is suitable for shallow and intermedi-
ate water depth. It has a hydroelectric ma-
chinery system, where a pump placed at the
rotating shaft pumps pressurised hydraulic oil
to a shoreline station. There the hydraulic
energy is used to drive an electric generator.

13,00

9,00

/“"‘--.. 1
- —|—
ot
-~ !
N

4,00

0o(0m)

P(-9m)

Main dimensions and parameters Power matrix

Property Value Unit
Width 26. m 7
Draft 9. m s o
Thickness 2. m ‘E’
Hinge height from 4. m '% 2
seabed S 4
MaSS 150 Mg L‘E 3 503 693 799 824 876 792 759 704 546 579 554
Displacement 442 m? E" 8 467 568 623 616 601 519 523 481 390 428 3
PTO model Linear w2 :
Char. surface area 2020 m? 1
Churscraionan 5500 M
Estimates of performance measures
Site SEMREV* EMEC* Yeu* Lisbon® Belmullet®
Annuzlcﬁ:fr(‘kﬁjorbed 211. 348.  440.  513. 981.
Capture (‘%ith ratio 61. 68. 72. 58. 52.
Absorbed energy per
characteristic mass (kWh/kg) 0 fie =l k2 e
Absorbed energy per
stirface ares (MWh/m2) 0.92 1.5 1.9 99 4.2
Absorbed energy per RMS N/A 11 1.4 1.6 6.6

of PTO force (kWh/N)

Capture width ratio is here defined as the ratio of capture width and the width
of the flap. The uncertainty of the annual mean absorbed power is estimated

to be in the range of [0,+-30 %].

Fig. 17. Summary sheet for the bottom-fixed oscillating flap (B-OF).
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7. Floating three-body oscillating flap device (F-30F)

| 25,00 |
Working principle ' 3 p !
. g, ) <
T
This device consists in four hinged flaps  — EI?}‘ = Ty fiS 7 L
v N, >

attached to the same floating structure. i’f e EAE
Via PTO systemns, the relative motion be- g / N
tween each flap and the structure is con- % d/ [E
verted into useful energy. 7 I —— - -

_E_l L

Main dimensions and parameters Power matrix

Property Value Unit

Flap width 95 m )l

Flap draft 8.5 m i )

Displacement 185. m3 g o H15L SgEisl 329
~ L 955 808 603 430 3

Number of flaps 4 g st 796 926 695 486 341 2

Structure length 25. m B 45

Structure width 25 m % i

Structure draft 12 m g 3t

Displacement 673. m? 3 oh

PTO model Linear 1

Char. surface area 2160 m? -

Characteristic mass 1622 Mg Peak period (s)

Water depth Deep m

Estimates of performance measures

Site SEMREV EMEC Yeu Lisbon Belmullet
Annual mean absorbed
power (kW) 52. 112. 131. 104. 145.
Capture width ratio 14, 20, 920 11 -
(%)
Absorbed energy per
characteristic mass (kWh/kg) 0.28 0.-60 0.69  0.57 0.78
Absorbed energy per
surface area (MWh,/m?) 0.21 0.46  0.51  0.42 0.6
Absorbed energy per RMS 11 1.4 1.6 15 15

of PTO force (kWh/N)

Capture width ratio is here defined as the ratio of capture width and the
width of the structure. The uncertainty of the annual mean absorbed power
is estimated to be in the range of [-25,4+30 %)].

Fig. 18. Summary sheet for the floating three-body oscillating flap device (F-30F).
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8. Floating oscillating water column (F-OWCQC)
Working principle

This device is a particular type of OWC
device known as the backward bent duct
buoy (BBDB). It has a single air chamber
and is free to move in six degrees of free-
dom. The water column inlet is on the
downstream side of the device. The hull
is constructed of thin steel walls enclosing 50,00
the water column. The power conversion
is provided by means of an air turbine
connected to an electric generator. The [
motion of the water column relative to
the OWC body creates oscillating pres-
sure in the chamber and air flow through
the turbine.

13,00

24,00
I
i
s
[]

Main dimensions and parameters Power matrix

Property Value Unit E
Length 50. m £ 3
Wldth 24. m E 548 861 113011901050 896 805 780 803 765 399 4
e 433 680 896 942 831 708 636 616 634 605 473 3

Draft 13. m s 1332 521 686 721 636 542 487 472 486 463 3

3 b= 504 530 467 40,2
PTO model Linear il 50 368 324
Char. surface area 6500 m? @

Characteristic mass 1800 Mg

Water depth Deep m > .
Peak period (s)
Power matrix
Estimates of performance measures
Site SEMREV EMEC Yeu Lisbon Belmullet
AnEal R GLEGthed 147. 262.  337.  367. 745.
power (kW)
Capture width ratio A1 50. 59. 41, 38,
(%)
Absorbed energy per
characteristic mass (kWh/kg) 07 1 16 16 30
Absorbed energy per 0.19 0.35 045  0.49 1.0

surface area (MWh/m?)
Absorbed energy per RMS
of PTO force (kWh/N) A MR Dk YA NgR
Capture width ratio is here defined as the ratio of capture width and the width
of the barge. The uncertainty of the annual mean absorbed power is estimated
to be in the range of [-25,425 %)].

Fig. 19. Summary sheet for the floating oscillating water column (F-OWC).
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Fig. 20. Mean annual absorbed power in function of applied drag coefficient ratio for
the self-reacting two-body heaving device.

In the case of the floating OWC, losses were taken into account
through additional linear damping terms. They are applied to the
body by introducing a diagonal damping matrix with constant
values over the whole frequency range, taken as a certain
percentage of the radiation damping. This has the effect of reducing
the body motions. Another damping coefficient is also introduced
with the effect of reducing the volume flow through the mean
internal water surface. Uncertainty limits were obtained by taking
these damping coefficients to be zero and twice the nominal values.
They were found to be about +25%.

For the performance measures related to mass and surface area,
a small uncertainty is also attributed to the estimation of the
characteristic values. In particular, the rough estimation of char-
acteristic mass for the self-referenced floating converters should be
expected to have an uncertainty of about 10%.

It should be noted that all results have been derived with the
assumption that the PTO parameters are kept at constant values
optimised for each sea state. If highly efficient machinery solu-
tions can be developed for reactive control or other phase control
realisations, then wave-by-wave control may become a viable
strategy. It may then be expected that the devices with the most
narrow-banded natural responses (i.e. responses without any
PTO damping applied) will have the most to earn from such
techniques. As no example of successful and robust application of
such a strategy in practise have been reported, no uncertainty
has been attributed to this choice here.

4.2. Performance measures

Consider first the capture width ratios in Figs. 12—19. One can
see that they vary somewhat with the site, but not as much as the
power absorption figures. Thus, it shows that capture width ratio
can be a very useful number if one wants to make a quick estimate
of the energy absorption of a device for a given wave energy
resource. Here it is worth noticing that the capture width ratios we
obtained are in agreement with the ones which were found in [2].

It appears that the capture width ratios reach their maxima for
the Yeu site. For this site, the wave resource is also of the order

25 kW/m which can be considered as a reasonable average for wave
energy resources. For a higher level of resource, the number of
possible sites would be much smaller, meaning a smaller market,
whereas for lower levels of resource it would be more difficult to
achieve economic viability.

Therefore, the Yeu site was selected for comparing the perfor-
mance measures of the different devices. The comparison is
shown in Fig. 21. From top to bottom we find the mean annual
power, the mean annual absorbed energy per mass, the mean
annual absorbed energy per surface area and the mean annual
absorbed energy per RMS of PTO force, for each of the eight
devices.

The top figure shows how different the mean annual absorbed
power can be from one device to another. It illustrates well the wide
diversity in wave energy concepts. The ratio is about 140 between
the device with the smallest power absorption and the device with
the largest one.

However, one should notice that they are also respectively the
smallest and biggest devices, and that the ratio of masses is about
the same magnitude. So if one takes the ratio of annual absorbed
energy and characteristic mass, then the differences between the
devices are considerably reduced. This is shown on the second
figure from the top. The ratio of the maximum to the minimum of
this performance measure is about 5, whereas it was 140 for mean
power. Based on these results, one may roughly state that the
annual energy absorption to characteristic mass ratio is in the order
of 1 MWh/tonne.

The comparison of the small bottom-referenced heaving buoy
and the floating three-body oscillating flap device is particularly
noticeable. Despite totally different working principles and a char-
acteristic mass ratio of 45, the ratio of absorbed energy to mass
differs only by about 25%.

Then consider the third performance measure, i.e. absorbed
energy per characteristic surface area. Here, the ratio of maximum
to the minimum is about 4.

If the particular case of the bottom-fixed oscillating flap is
excluded for the moment, this ratio is even seen to be smaller,
about 1.3. A tentative explanation for why this last measure has
only little variation between devices could be that wave forces are
pressure forces. Power is pressure times volume stroke per time.
Both the orders of magnitude of the wave pressure and the time (i.e.
wave period) are the same for all the devices. That leaves us with
volume stroke, which is area times stroke length. The stroke length
is limited by mechanical constraints and the need for keeping
viscous losses down, and ends up being of the same order for all
devices. Accordingly, power should depend on wetted surface area,
which could explain why the absorbed power per characteristic
surface area is close for all devices. As an average, one could say that
it is typically equal to 0.8 MWh/m?.

Considering now the case of the bottom-fixed oscillating flap,
one can see that it has a much higher energy to surface area ratio
than all of the other devices. The factor is about 2.5. It indicates
that this working principle makes better use of its surface to
capture wave energy. This can also explain the high capture
width ratio of about 70%. This capture width ratio is large, but
one can note that it is in agreement with experimental results
reported in [37].

To conclude on the performance measure of annual absorbed
energy per surface area, we will retain that the order of magnitude
is typically 1 MWh/m?, except for the bottom-fixed oscillating flap
for which it is of order 2 MWh/m?>.

In the bottom figure, one can see that also the ratio of annual
absorbed energy to the RMS of PTO force exhibits only little vari-
ation with the device. Here again, maybe we should not be
surprised, as the energy is the product of PTO force and stroke
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Fig. 21. Comparison of performance measures for the eight considered devices. The calculations were made using wave statistics for the Yeu site. Filled red bars indicate that the
computation was made using time domain models, whereas the unfilled bars indicate solution in the frequency domain. (For interpretation of the references to colour in this figure

legend, the reader is referred to the web version of this article.)

length, and as different PTO systems have similar stroke lengths.
Thus this performance measure is directly linked to the total stroke
travelled during one year. As an average, one can say that its value is
typically 2 MWh/KN = 7200 km.

4.3. Parametric studies on maximum PTO power and rated power

In the wave energy community, there are sometimes discussions
on how the rated power of a device, and the resulting capacity
factor (defined as the ratio of the averaged power to the rated
power) should be defined. There is also sometimes confusion
between the maximum instantaneous power of the PTO system
and the rated power of the WEC. In the following, we will present
our views on this and we will show how the rated power could be
roughly estimated from the knowledge of the mean annual absor-
bed power. This also directly gives and estimate for the capacity
factor.
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First, let us distinguish between the absorbed power and the
output power (also called delivered power or useful power). We
take the absorbed power as the power that flows from the
mechanical system (oscillating body or water column) into the PTO
system. It is then equal to the PTO force times the velocity for the
productive degree of freedom, depending on the PTO system.
Because waves are oscillations the velocity is oscillating, and thus
the instantaneous absorbed power is oscillatory too, going to zero
twice per cycle. Fig. 22 shows an example of the instantaneous
absorbed power in the case of the floating two-body heaving
device. The incident wave is irregular with peak period 9 s and
significant height 2.5 m. One can can see that the instantaneous
absorbed power stays within the range between 0 and 2 MW which
has been set as the maximum power of the PTO system in this case.
In other words, we define the maximum PTO power as the
maximum of instantaneous power that can be absorbed by the PTO
system.
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Fig. 22. Instantaneous and mean absorbed power by the floating two-body heaving
device, in an irregular wave of peak period 9 s and significant height of 2.5 m. Also
shown is the maximum PTO power and the rated power.

Further let us define the output power of the WEC. Of course, the
instantaneous power absorbed by the PTO system is too oscillatory
to be sent directly to the grid. It has to be smoothed, e.g. by using
energy storage components such as hydraulic accumulators,
flywheels, batteries [41] or super-capacitors [42]. The output of
these storage components, which is delivered to the grid, is what
we mean by output power. It may still have considerable variation,
but the maximum capacity may be well described by a mean value;
this is what we define as the rated power of the WEC.

The mean output power will necessarily be smaller than the
mean absorbed power due to losses in the conversion and storage
components. If the mean absorbed power exceeds the rated power,
the excess power will have to be dissipated, or the device motion
must be controlled in order to reduce the power absorption. In the
example of Fig. 22, the average absorbed power is 703 kW, whereas
we have set the rated power to 500 kW. The consequence is that the
smoothing system will not be able to deal with the difference of
(703—500) kW = 203 kW. In analysis of the numerical simulation
we therefore consider the difference as lost, and the mean output
power becomes equal to the rated power. In real operation of the

Table 2
Effect of limiting the instantaneous power or the mean rated power on the mean
annual power absorption for some of the considered devices.

Device Maximum Rated Mean annual
PTO power (kW) power (kW) output power
Small bottom-referenced None None 24
heaving buoy 20 None 2.36
Bottom-referenced submerged None None 22.
heaving buoy 200 None 21.7
400 None 21.7
None 100 22
None 200 22
Floating two-body None None 191
heaving converter 1000 None 159
2000 None 182
None 1000 191
Bottom-fixed heave-buoy None None 280
array 2000 None 246
4000 None 275
None 600 240
None 1200 269
Bottom-fixed oscillating None None 280
flap 2000 None 246
4000 None 275
None 1000 240
None 2000 269
Floating three-body None None 219
oscillating flap device 1000 None 200
2000 None 216
None 1000 214

device the absorbed power would probably have to be reduced by
controlling the motion.

As we can see, the settings for the maximum absorbed power
and the rated power influence the mean annual output power. This
effect was investigated in the following way: if the instantaneous
absorbed power is larger than the maximum PTO power, then the
difference is assumed to be lost. The same rule was applied to the
relationship between mean absorbed power and rated power.
Table 2 shows the results of mean annual output power which were
obtained for 5 of the eight devices, as a function of the maximum
PTO power and the rated power.

One can see that setting the maximum PTO power to 20 times
the mean annual absorbed power does not significantly decrease
the mean annual output power, whatever the device. Therefore, it
could be used as a rule of thumb in the design of the power take off
system: the maximum PTO power could be limited at least down to
about 20 times the mean annual power. For the rated power,
a factor of five would not significantly decrease the mean annual
output power. Therefore, the rule of thumb would be here that the
capacity factor of a WEC should be at least about 0.2. The upper
limit for the capacity factor will depend on how the size of the
device is chosen relative to the rated power and the way the motion
is controlled in practise.

5. Conclusion

In this study, eight wave energy converters with different
working principle have been considered, and their performance at
five prospective locations have been estimated. The aim was to
compare them in terms of the following performance measures:
annual absorbed energy for each WEC, per unit of characteristic
mass, per unit of characteristic surface area and per unit of char-
acteristic power take-off (PTO) force.

The power matrices of each WEC were computed by the use of
numerical models such that the annual absorbed energy could be
found. The models were formulated in the time domain in order to
be able to deal with non-linear effects such as viscous losses and/or
end stops. As the performance depends strongly on the PTO
parameters, these were optimised for each sea state in order to
maximise the energy absorption. Uncertainties in the numerical
model were discussed and error bars were derived for each
performance measure.

Matrices of absorbed power per sea state and estimates of the
annual absorbed energy were given for each considered device, at
each location. Based on these results, the following conclusions
were drawn:

e The annual absorbed energy differs a lot, from 2 kW for the
small bottom-referenced heaving buoy at the least energetic
site up to 800 kW for the bottom-fixed oscillating flap at the
most energetic site. This was to be expected, as the compared
devices differ a lot in terms of size and working principle. It
illustrates well the wide diversity of wave energy converters
that are currently being developed. However, as soon as the
absorbed energy was considered relative to dimension-
related parameters, the differences were found to be much
smaller.

e The average capture width ratio varies only weakly between
different sites. Therefore this measure could be used to make
rough estimates of the energy absorption for any device placed
at a given site.

e The annual absorbed energy per characteristic mass was found
to be in the order of 1 MWh/tonne, whatever the device.

e The annual absorbed energy per characteristic surface area was
found to be typically about 1 MWh/m?, with exception for the
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bottom-fixed oscillating flap which gives in the order of
2 MWh/m>.

e The annual absorbed energy per RMS of PTO force was found to
be typically about 2 MWh/kN, whatever the device.

e By limiting the maximum PTO power (respectively the rated
power) to 20 times (respectively 5 times) the mean absorbed
power, one would not significantly decrease the mean output
power in comparison to larger power ratings.

We believe that the performance measures that were estimated
in this study directly reflects the main cost drivers for a wave
energy converter. The study has shown that each of them are quite
similar for different devices, despite very different working prin-
ciples. The presented values for these performance measures may
be taken as criteria for required performance in order for a tech-
nology to be interesting, and can hopefully help to bring down the
cost of wave energy.
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