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aim of the project is to develop a series of software
tools to model marine energy farms and validate
them against experimental data. More specifically,
the spectral model will predict the performance of
an array of WECs and its effect on the wave field
under a variety of realistic input conditions (such as
sea state, WEC control, bathymetry, etc.). The
linkage of this model to the GH WEC array
planning tool ‘WaveFarmer’ ([1]) would also allow
assessment and optimisation of the array under
different objective functions and design constraints.

Abstract
This paper describes preliminary findings in the
development of a software tool that will facilitate
the design, planning and assessment of wave
farms. A third generation spectral wave model
(TOMAWAC) has been modified in order to
allow the assessment of wave energy converter
(WEC) power absorption in isolation and in
arrays of arbitrary layout. Following the
development of the core functionality, the
performance assessment of large WEC arrays
can benefit from this type of model due to its
computational efficiency compared to other
methods. The modelling methodology and a
series of generic considerations regarding preprocessing aspects are overviewed here. Initial
results are compared with those obtained via an
independent numerical model (a boundary
element method) that takes into account
additional effects such as phase-resolved
radiation and diffraction processes. The
assessment includes a commentary on the
influence of array spacing on results accuracy.
The key findings include considerations
regarding the potential linkage of spectraldomain solvers to a generic WEC farm
modelling tool under development.

Third-generation spectral-domain models solve the
following wave action density conservation
equation ([2]):
[1.1]

WEC

where N is the directional spectrum of wave action
density, t the time, (x,y) the Cartesian coordinates,
(kx,ky) the wave number vector,
the relative
angular frequency and Q the source/sink term. It
has recently been suggested (e.g. [3-4]) that WECs
could be represented in such models as additional
wave action density source terms, which would
convert and re-distribute energy in the spatial,
frequency and directional dimensions. The main
advantages of this method include its ability to
model complex bathymetry and some nonlinear
processes as well as the low computational time
required, even for very large arrays. However, as
phase-averaging models, spectral wave models
cannot fully model phase-dependent processes such
as radiation and diffraction.

A methodology to implement a representation of
WECs in a spectral wave model such as
TOMAWAC is being developed at GL Garrad
Hassan (GH). This work is taking place as part of
the PerAWaT (Performance Assessment of Wave
and Tidal array systems) project, commissioned by
the Energy Technologies Institute (ETI). The main

It should be noted that recently, analysis of realistic
array problems has suggested that the main
processes not taken into account in spectral wave
models (e.g. phase-dependent array interactions)
could potentially be neglected without comprising
accuracy significantly ([3-4]). Indeed, the strong
positive and negative interaction effects (closely
linked with phase-dependent processes) that were

Keyword: Array, PerAWaT, spectral model,
TOMAWAC, wave energy converter, wave farm.

1

OVERVIEW
AND
REPRESENTATION

1

ICOE 2012

4th International Conference on Ocean Energy

observed in early studies ([5-6]) were generally
derived from a number of strong assumptions
including optimal WEC control and a
monochromatic incident wave field. More realistic
approaches ([3-4]) concluded that interaction
factors are lower and not significantly dependent on
the nominal phase relationship. Therefore spectral
wave models may well be adequate for modelling
wave farms under realistic conditions. Together
with the importance of the gain in computational
efficiency in using these solvers compared to other
tools (such as boundary element methods), it is
foreseen that spectral wave models could be well
adapted to assessing realistic WEC array
performance as array size increases.

density spectrum at the WEC location before the
absorption of energy by that WEC.

A sub-grid approach in a spectral wave model,
involving each WEC of the farm being represented
at a different point of the computational grid, was
applied in [7] to a flap-type WEC with quadratic
damping and wave force decoupling. The study
demonstrated that spectral models can accurately
model some nonlinear hydrodynamic effects,
provided that the nonlinear force is differentiable.
EDF conducted a preliminary study involving a
representation of WECs in TOMAWAC [8]. In this
study, which focused on heaving buoys, the source
term was constructed using an absorption
coefficient derived from frequency-domain results.
This coefficient was taken to be the relative capture
width (RCW), defined as the ratio between the
absorbed power and the incident wave power over
the width of the WEC.

In this section, the results of investigations into the
effect of the ‘Courant number’ implicit parameter
are presented. The Courant number is a measure of
the ratio of distance travelled by a particular wave
component to the distance between adjacent nodes
in the mesh for each time step:

2

PRE-PROCESSING ASPECTS

In this section, the influence of various simulation
parameters on the results is examined. These
include the time step, the mesh size and the
frequency and directional discretisation.

2.1

Time step, mesh size and Courant
number

[2.1]

Here, nc is the Courant number, τ the time step and
d the size of the mesh. In the following, the Courant
number is calculated for the peak frequency
component of the spectrum and is denoted ncp.
Simulations were run for an array of two devices
using three different sea states and corresponding
optimal PTO settings, as summarised in Table 1.

Following the aforementioned studies, a
parameterisation of the WECs based on look-up
tables has been implemented in the spectral wave
model currently under development. These look-up
tables are derived from explicit models (frequencyor time-domain) and lead to a capture width
function dependent on the frequency and direction
variables. The source term Qwec may then be
constructed from the look-up tables using the
following direct relationship:

Case

Sea state spectrum

1

Bretschneider
fp=0.1Hz, Hm0=4m
Jonswap
fp=0.1Hz, Hm0=4m
Annual
averaged
spectrum

2
3

PTO
(kNs/m)
645
450
1 260

Table 1. Definition of the sea state input spectra used.
[1.2]

The time step and the mesh size were varied in
these simulations. The Courant number was found
to be a very influential parameter with respect to
the power absorbed and the wave field around the
device. Figure 1 shows the significant wave height
around two devices for different mesh sizes and
Courant numbers.

where CW is the capture width, f and
the
frequency and direction variables, cg the group
velocity, A the representative area of a node and F
the variance density spectrum. The absorbed power
Pn may then be constructed from the same look-up
tables using the following direct relationship [9]:

For a given Courant number, the size of the mesh
has only a limited impact on the power absorption
(about 0.5% between 20m and 50m meshes).
Indeed, the source term has been designed in order

[1.3]
where ρ is the water density, g the modulus of the
acceleration due to gravity, F is the variance
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to conserve the intensity of the interference pattern
behind the WEC. When the mesh size increases, the
source term strength decreases (see equation [1.2])
since the power absorbed by the WEC manifests
itself as a deficit in the wave field over a larger
area. Note that Figure 1a) and b) show a similar
deficit in wave height due to the WECs despite the
difference in levels of detail.

process does not significantly
interference pattern behind the body.

2.2

Frequential
discretisation

and

affect

the

directional

In TOMAWAC, the frequency range is discretised
by considering a series of frequencies in a
geometric progression, defined by the number of
frequencies nf, the ratio q and the minimum
frequency f1:

At constant mesh size, to ensure that all the wave
components of the spectrum have time to propagate
to the next node in one time step, the Courant
number should be set to 1 for the slowest
component of the spectrum (i.e. the highest
frequency). However, as shown in Figure 1c), the
smoothness of the propagation pattern down-wave
of the device deteriorates as the Courant number
increases, due to the interpolation of the spectrum
over each time step in the propagation process.

[2.2]

with n ranging from 1 to nf. The interval of
propagation directions [0, 360o] is discretised into
nd evenly distributed directions, so that these are
given by:
[2.3]

with m ranging from 1 to nd. A direct consequence
of changing the frequential and directional
discretisation is the modification of the input wave
spectrum representation; as the refinement of the
discretisation increases, the input wave spectrum
gets closer to the target spectrum due to
interpolation errors decreasing. Several simulations
have been run using different frequential and
directional discretisations:

a)

b)

c)
Figure 1. Wave case 2. Significant wave height (m)
distribution in the 2D grid for different Courant numbers
ncp and mesh sizes d: a) ncp=1, d=20m; b) ncp=1, d=50m;
c) ncp=2.5, d=20m.



Number of directions from 8 to 180;



Number of frequencies from 40 to 200,
ratio from 1.015 to 1.05, minimum
frequency from 0.02 to 0.05Hz

In the following cases, a discretisation of 96
directions and 100 frequencies with a ratio of 1.02
will be kept. For the cases studied here based on the
three sea states mentioned in Table 1, these settings
give indistinguishable results to those for a finer
discretisation, whilst computations were 35%
faster.

To calculate the optimum time step therefore, a
maximum wave frequency must be chosen to for
setting the Courant number to unity. This is the
frequency below which all the spectral energy
passes on to the downstream node within one time
step. The value should not be too large nor too
small in order to ensure that the spectrum
propagates well and the power absorption
calculation is sufficiently accurate. In the cases
studied here, the optimum Courant number for the
peak component has been found to be between 1
and 1.3. These settings give results within 1.5% of
the correct total power value (as calculated with a
frequency-domain solver), whilst the interpolation

3

VERIFICATION
AGAINST
FREQUENCY-DOMAIN
RESULTS

Verification is a fundamental element of the
software development process. In this section the
WEC parameterisation methodology is verified in
terms of power absorption estimates. In order to do
this, the spectral solver output is compared to that
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of a frequency-domain solver based on a boundary
element method. Under the conditions used here
(that is to say a linear regime) the frequencydomain results are expected to be at least as
accurate as those from the spectral-domain solver.
The study presented here considers different set-ups
(in terms of PTO definition and sea state) involving
point-absorber WECs (20m diameter, 10m draft
cylinders moving in heave subject to an external
linear damping coefficient).
In this verification study, the objective is to assess
the potential utility of the wave farm model in the
modified solver. The exercise aims to compare the
power absorbed by a single device and an array of 4
devices, calculated using the spectral-domain solver
and the frequency-domain solver in WaveFarmer.
However, the ongoing verification exercise is
limited by the approximations performed. The
source terms are limited to absorption and thus do
not fully account for the contributions of radiation
and diffraction. Since WEC spacing is an
influential parameter on the interaction effects,
arrays with separation distance from 20 to 1000m
are assessed in a domain of 40m water depth.

3.1



PTO settings for all WECs: Case 3 (see
Table 1).

Ratio

1

Absorbed power (kW)
FD
SD
103
102
164
163
158
157

FD

0.95

SD
0.9
0.85
0.8

0

200

400
600
800
Separation distance (m)

1000

Figure 3. Case 3. Q-factor against WEC spacing:
frequency-domain (FD) and spectral-domain (SD).

The calculated absorbed power using each method
converges to the power of the devices operating in
isolation as separation distance increases (Q=1). As
for an isolated WEC, there is a small offset between
converged frequency-domain and spectral-domain
array power absorption, although this is effectively
cancelled out when looking at the Q-factor
(encapsulating array effects), where the slight bias
exists in both the denominator and the numerator.
In fact the Q-factor values as calculated by both
methods are very close to each other for most of the
range of distances. The spectral-domain solver is
judged to be sufficiently accurate here for
separation distances greater than six WEC
diameters (120m): above this distance, the error in
Q-factor between frequency- and spectral-domain
solvers is less than 1%. This spacing is expected to

These results show less than a 0.8% difference
between absorbed power calculated in the spectraldomain and the frequency-domain. This difference
can be explained by small inaccuracies in the
spectral solver propagation process (see Section
2.1).

4 WEC case

The following inputs have been used to compare
the frequency-domain and the spectral-domain
outputs in the case of four WECs:


Input spectrum: Case 3 (see Table 1). Note
that because an annual spectrum is used
here and the system is fully linear, power
absorbed is proportional to energy yield;

1.05

Table 2. Power absorbed per sea state by an isolated
WEC, calculated in the frequency-domain (FD) and
spectral-domain (SD).

3.2



The results in terms of the Q-factor (ratio between
absorbed power of the array to that of the same
number of isolated WECs) against separation
distance are presented in Figure 3 below. Note that
although overall interaction effects are generally
small in magnitude for this array, these will
increase as the number of WECs increases.

The simulations described in this section involve a
single device in the sea states described in Table 1.
Table 2 shows the absorbed power computed in the
frequency-domain as well as the spectral-domain.

1
2
3

Layout: 4 devices in a square arrangement,
with sides at 45 degrees to the waves (see
Figure 2);

Figure 2. Array layout – direction of wave propagation
indicated by the arrow.

Single WEC case

Case



Separation distances between WECs from
2 to 100 radii;

4

ICOE 2012

4th International Conference on Ocean Energy

be among the smallest that is realistic for wave
energy array deployment due to access and safety
restrictions.

to be in the region of twenty times slower given
that simulations with four WECs take 10 minutes
and given the N2 relationship between number of
WECs and execution time.

At short separation distances, there are noticeable
differences between the two curves, where the
frequency-domain curve exhibits oscillations about
the generally increasing trend with spacing. This
can be explained by the main inherent difference in
the methods used. The frequency-domain solver
incorporates phase-dependent effects (including
radiation and diffraction) that lead to fluctuations
with distance, whereas the spectral-domain solver
only takes into account phase-averaged absorption
effects. Further investigation is underway to find a
methodology to take radiation and diffraction
processes into account in the spectral solver, thus
increasing the range of separation distances at
which the spectral-domain solver is accurate.

4

Figure 4. Bathymetry of the domain (m) and location of
the devices (dark blue dots, not scaled).

REALISTIC CASE
Figure 5. Variance density spectrum (m2.s) input at the
borders of the domain

In this section an example of a more realistic, larger
array is considered in the spectral-domain solver.
This array consists of 22 point-absorber WECs
organised in a staggered layout of 5 rows and
situated off the coast of San Francisco. The wave
data corresponding to this site have been used to
create an annual averaged spectrum (Station 46042
NDBC, see Figure 5). The average depth of the
array is approximately 40m, and the separation
distance between devices is 300m. Some
nonlinearities are considered in the simulation such
as bottom friction, white-capping and depthinduced breaking. An identical PTO setting is used
for all the devices of the array, which is determined
as the optimum value for an isolated device under
the annual spectrum (see Table 1, Case 3).

Figure 6. Absorbed power per row – individual WEC
and average.

At the boundaries of the domain, the dominant
direction of the spectrum is from the North West.
However the waves turn due to the bathymetry, and
are almost perpendicular to the shoreline when they
reach the array. Hence the shadowing effect is
significant from one row to the next one, as seen in
Figure 6. Note that there is also a shadowing effect
between WECs in the same row.

The
spectral-domain
solver
allows
the
consideration of the impact of a WEC array on the
wave field up to the shoreline, by comparing the
results with the undisturbed case. This is shown in
Figure 7 using the modification in significant wave
height. At 0m depth the error is large because the
wave height is small. In terms of absorbed power,
the spectral-domain outputs a total of 2.7MW, with
an average absorbed power per WEC of 125kW.
Note that these should be seen as average figures
over the entire year. The computational time
depends on the size of the domain and the number
of iterations rather than on the number of devices.
In this case (300 iterations, domain approximately
2.7km2) the simulation completed in 15 minutes.
Equivalent calculations have not been conducted in
the frequency-domain, although they are expected

Figure 7. Comparison between the empty domain and
the domain with the array in terms of significant wave
height (%) with location of the WECs (not scaled).
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It should be noted that the results in terms of
absorbed power are largely dependent on the sea
state, PTO settings, geometry of the devices and
array layout which are chosen arbitrarily in this
exercise. However the objective of this real case
application is to demonstrate the potential utility
and speed of the spectral-domain solver even for
large wave farm studies. Furthermore, the spectraldomain is able to model some nonlinear processes
and incorporate realistic bathymetric profiles.

Different WEC descriptions will be verified in
further studies and alternative parameterisations
with higher levels of complexity (in terms of
nonlinearities) will be trialled in future. The
modified version of TOMAWAC described here
should also be linked to the main WaveFarmer tool
in order to allow the utilisation of power absorption
estimates in full WEC array planning exercises.
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CONCLUSIONS

In this paper, a preliminary methodology to
implement a representation of WECs in a spectraldomain solver has been given. The influence of key
simulation parameters on the accuracy of the
outputs has been investigated and appropriate
values given. Note, however, that further studies
may be required for different physical set-ups (for
example, using arrays of flap-type WECs).
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