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Representing Wave Energy Converters in the
SWAN model with varying transmission
coefficients across frequencies

Matias Alday G., Vaibhav Raghavan, and George Lavidas

Abstract—Understanding the effects of arrays of Wave
Energy Converters (WEC) on the wave fields is still an
ongoing effort. Many publications have proposed different
approaches to incorporate WEC farms in wave models
to assess sea state changes in the near and far field. In
the present study, a practical iterative method is proposed
to incorporate the spectral response of a WEC obtained
from HAMS-MREL in the SWAN spectral wave model.
This allows to change the transmission properties of the
WEC, represented in the model as an obstacle, at each
time step. Since the response of a WEC simulated in a
Boundary Element Method (BEM) model is defined in the
frequency domain, it is possible to relate the absorbed
power, at each discrete frequency, to the transmission
coefficient applied at each frequency used to discretize
the wave spectrum in SWAN. In this case, the method is
applied to a single point-absorber type device since its
response is independent of the waves’ directions. Further
adjustments of the method should be done comparing the
spectrum obtained downwave of the WEC in SWAN, with
the spectrum reconstructed using the regular wave fields
information from HAMS-MREL.

Index Terms—HAMS-MREL,
spetrum, ...

SWAN, WEC, Wave

I. INTRODUCTION

HE development of types and technology of
Wave Energy Converters (WECs) keeps progress-
ing, pushing towards commercialization as the global
demand for alternative sources of energy increases. In
this sense, the spatial projection of WEC arrays is a
necessary step to optimize layouts, and quantify op-
erational interactions, effects production and economic
feasibility (e.g.; [1]-[3]). At the same time, predicting
the effects of WECs on the wave field can be of great
importance when large arrays are projected, especially
for environmental impact studies. Depending on the
WEC arrays layout, number of devices and depths of
deployment, it is expected to have changes in the wave
field characteristics in the near and far fields. In the
latter case, these changes can possibly affect coastal
processes in the nearshore [4]-[7].
Many studies based on numerical modelling, have
progressively improved our understanding of the ex-
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tent of WECs’ effects on the sea states characteristics.
Employing different approaches to incorporate WEC
devices in wave models, these publications have also
helped to clarify the benefits and shortcomings of
the different proposed methods [8]-[11]. In the preset
paper, we present a practical method to incorporate
the response of a WEC obtained from the HAMS-
MREL [12] Boundary Element Model (BEM), in the
SWAN spectral wave model [13], [14]. The aim of
this method is to emulate the WEC’s operation with
optimized PTO values (linked to the incoming sea
states), in the wave model. This is done relating the
absorbed power per frequency obtained in HAMS-
MREL and available wave power, at a specific time
step, to a frequency dependent transmission coefficient
K.(f) in SWAN. In this case, a point-absorber device is
represented as a closed polygon which acts as partial
sink element, with changing characteristics in time. It
should be noticed that, at this stage, the radiated wave
components generated from the WEC’s operation are
not considered in SWAN.

Both, HAMS-MREL and SWAN, operate in the spec-
tral (or frequencies) domain. This implies that simu-
lations require low computational resources and run-
ning time compared to time domain WEC models or
phase solving wave models. Therefore, the proposed
approach can help to improve the accuracy of results
for long term (i.e. > 10 years) assessments of WEC
farms’ effects on the wave field characteristics.

In the present study, the method description is in-
cluded in Section II, with the obtained results in Section
III, followed by a brief discussion in Section IV.

II. MATERIALS AND METHOD
A. HAMS-MREL model

The hydrodynamic model developed with HAMS-
MREL is used to estimate the power per frequency
absorbed by the WEC. Using time series of variance
spectra, the power absorbed per frequency is used
to construct power spectra time series, which is later
utilized to obtain the transmission coefficient in SWAN
(see Section II-C).

The geometry and mass properties of the point ab-
sorber devices are inspired by the Corpower C4 device
[15]. The dimensions of the device are given in Table
I. A weakly non-linear frequency domain model, only
considering heave motion, was used for estimating
the motion of the device per frequency, considering
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viscous losses. The viscous losses are calculated using
the spectral domain method [16], [17], which are well
suited for irregular sea states.

Passive control is adapted for the WEC, which uti-
lizes an optimized PTO coefficient based on the work
of Hals et.al [18]. The motion for the i*" frequency w;
is estimated with the following expression:

[~wi(ma +ma,i(wi)) + iwi(ba,i(wi) + bpro + by) + chls = feilwi)

)
where the first 2 terms are the mass of the device
mq and the added mass heaving hydrodynamic coeffi-
cient mg ;. Then, b, ; is the radiation damping heaving
hydrodynamic coefficient, bpro is the PTO coefficient
for the device, b, is the linearized viscous damping
coefficient. Finally, ¢;, is the hydro-static stiffness co-
efficient in heaving, f.; is the heave exciting force,
and s is the displacement amplitude of the device also
referred to as the body excursion. When the amplitude
of the incident wave is 1 m, then s represents the RAO
(Response amplitude Operator) in heave motion for the
device.

The frequency dependent hydrodynamic coefficients
and exciting forces are obtained from the solver
HAMS-MREL. The mesh employed for running the
simulations in HAMS-MREL is shown in Fig. 1.

In order to estimate the optimal passive PTO coef-
ficient for a given irregular sea state, the transferred
method [19] is used, wherein an equivalent regular sea
state is obtained from the irregular sea state based on
energy equivalence. For an irregular sea state repre-

TABLE I
PROPERTIES OF THE POINT ABSORBER DEVICE

Property Value  Unit
Diameter 9 m
Height 18 m
Weight 70 T
Buoy Draft 6 m
Undamped Natural period (heave) 3 s

Fig. 1. Mesh of Point absorber modelled using HAMS-MREL

PROCEEDINGS OF THE 16TH EUROPEAN WAVE AND TIDAL ENERGY CONFERENCE, 7-11 SEPTEMBER 2025, FUNCHAL

sented by H, and T),, the equivalent regular sea state
can be estimated with H,/ V2 and T., where T, is
the energy period and can be estimated as 0.97}, [20].
The hydrodynamic coefficients and exciting forces in
heaving are estimated for this regular sea state and
then used to estimate the optimal passive damping
coefficient pro.

Estimating the optimal passive damping coefficient
bpro and the response in irregular sea states utilizing
spectral domain calculation for the viscous damping
requires an iterative procedure, that has been utilized
by the authors in Alday et al. [21].

Once the responses per frequency are estimated, the
power per frequency can be estimated as

1
Pops(wi) = §bPTOWi2|5i|2 ca(w;)? )

where
a(w;) = /2E(w;)Aw; 3)
where E(w;) is the variance spectrum for any given
time step, and w; = 27 f;.

B. SWAN model setup

SWAN (Simulating WAves Nearshore) is a spectral
wave model specially developed for applications in
coastal zones. It solves the Eulerian formulation of
the (discrete) spectral balance of wave action (4). The
model can be driven by winds and boundary condi-
tions and it accounts for processes such as: wind-wave
generation, nonlinear wave-wave interactions, white-
capping, wave-current interactions, depth-induced re-
fraction, wave dissipation due to bottom friction and
depth induced breaking (to name a few).

ON 0 0 0 0 S
o T %CmN+ a—yCyNJr %CUN+ %C’g]\f = 4)

The evolution of the wave spectrum is described by
(4), where N is the wave action density. The terms
on the left-hand side of the equation are: First, local
rate of change of action density in time; Second and
third terms are the propagation of wave action in
the geographical space with celerity C, and C,; The
fourth term is relative frequency (o) due to variation in
depth and currents with propagation velocity C,; The
fifth term is the depth-induced and current-induced
refraction with propagation velocity Cy in the direc-
tional space 6. All the propagation speed terms are
taken from the linear wave theory [22], [23]. The S/c
term on the right-hand side of (4) corresponds to all
the source terms included in the model as physical
parameterizations, such as the nonlinear wave-wave
quadruplets and triads [24], [25]. For further details on
the SWAN model, please refer to the SWAN user and
scientific manuals [26], [27].

In the present study we consider a model domain of
505 m by 405 m, along the = and y axis respectively,
with a spatial resolution (Az and Ay) of 5 m. The wave
spectrum is discretized in 180 directions (2° resolution)
and 32 frequencies from 0.034 to 0.65 Hz. Frequencies
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Fig. 2. WEC representation in SWAN. Dashed Gray lines show the
computational grid cells, black circles are the points defining the
close hexagon. A (50,0), B (55,5) and C (55,-5) are control locations
where wave spectra is requested.

Fig. 3. Location at which directional spectra is taken from the
ECHOWAVE hindcast and used as boundary conditions in SWAN.
Specific POR coordinates are : Lon: 41.68°, Lat: —8.97°

have a logarithmic distribution with a 1.1 factor be-
tween each one of them (see recommendations in [26]).
The point-absorber WEC described in Section II-A is
included in the wave model as a closed hexagon using
the subgrid obstacle parameterization [27] (see Fig. 2).
This shape was adopted following recommendations
from de Leon et al. [28]. The WEC center is located
at x = 50, y = 0. A frequency dependent transmission
coefficient K (f) is applied to the “obstacle” represent-
ing the point-absorber. As explained in Section II-C, the
transmission values are updated at each time step.

The model is forced only with spectral boundary
conditions taken from the ECHOWAVE hindcast [29].
For this test case, the (hourly) spectra data is taken
from the POR location ~ 10 km offshore the coast
of Viana do Castelo, Portugal (Fig. 3). The bound-
ary conditions are applied along the West, South and
North sides of the computational grid. Additionally, a
constant uniform depth of 70 m is considered for the
complete modeled domain, matching the depth from
where the boundary conditions are taken.

C. Estimation of transmission coefficients per frequency

The response of the WEC varies in time, through
optimization of the PTO, to maximize power harvest-
ing under different incoming sea states characteristics.
This implies that not only the bulk absorbed power
will change, but also its values per frequency. If the
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presence of the WEC is consider as a “partial sink” of
spectral energy in the wave model, then it is possible
to estimate its effect based on the computed absorbed
power (per frequency) and the available wave resource.
Using the information from the wave (omnidirectional)
spectrum, the wave power density at each discrete
frequency Pyave(fi) is computed as follows:

Puself3) = TeCo(£2) (2a(fi))° 5)

where f; corresponds to a discrete frequency. a(f;) is
the amplitude of a regular wave, with frequency f;,
obtained from the spectral density level E(f;):

a(fi) = V2E(f)Afi (6)

The varying “sink effect” of the WEC is then in-
cluded with the frequency dependent transmission
coefficient K;(f;). The aim of K;(f;) is to allow the
down-wave propagation of energy that has not been
used by the point-absorber. At each time step, Ky(f;)
is computed with the following expression:

Pabs(fi) )
Ki(fi)=1—- —————
t(f ) (¢wccpwavc(fi)
where ¢yec is the WEC’s diameter.

@)

D. Modelling pipeline

The following steps are considered to include the
WEC’s operation characteristics in SWAN. Addition-
ally, a diagram of the modelling pipeline is presented
in Fig. 4 for further details.

o Hourly time series of estimated absorbed power
using HAMS-MREL with “realistic” spectral data
from hindcast.

o Time series of K,(f;) is generated with results from
hourly Paps(fi) and spectral data.

o A “pre-run” is done in SWAN without including
the WEC in the domain , and with spectral condi-
tion from the first time step. This is done to create
an initial hot file used in the first run including
the point-absorber.

o N number of stationary runs including the WEC
are done. Each run corresponds to a time step
from the time series of spectral data. Boundary
conditions and K;(f;) are updated for each run.
At the end of every stationary run a hot file is
created and then used as the starting wave field
for the follow up SWAN run. This allows to reduce
the computing time and improves stability of the
wave model.

E. Comparison analysis

To evaluate the changes on the wave field, intro-
duced by the WEC operation in SWAN, a comparison
is done with simulations using a simpler approach.
For the tests presented here, we compare with runs
that consider a fixed K, value for every time step (as
done for example in Rute Bento el al. [5] or in Carballo
& Iglesias [7]). In this case K; (8) defines the ratio
between the incident significant wave height (H,;) and
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Fig. 4. Modelling flow chart describing the proposed method to
include WECs in SWAN.

the transmitted one (H,;) intermediately on the down-
wave side of the WEC.

Kt :Hst/Hsi (8)

All comparisons are done for 1-month simulations
(January 2021), with 1-hourly output data. Changes on
the wave field characteristics are assessed in terms of
the 1D (omnidirectional) spectrum and wave parame-
ters: significant wave height H,, peak period T, and
the mean wave period Tp,—10. To quantify the differ-
ences between modelling approaches, the following ex-
pressions are used: Mean Differences (9), Normalized
Mean Differences (10), and the Normalized Root Mean
Squared Differences (11).

MD(X) = (X - X) ©)
_ Z(Xa - Xb)
NMD(X) = 100550 (10)
_ Z(Xa - AXb)2
NRMSD(X) = 100 N (11)

In equations (9) to (11) X is the analyzed quantity
(Hs for example), and a and b denote the modelling ap-
proach. In all tests, comparisons are made with respect
to results obtained employing the modelling method
proposed in this study. For simulations that use a fixed
transmission coefficient, K; = 0.1 is employed (as
adopted in Wells at al. [30]). NMD and NRMSD are
expressed in percentage.

III. RESULTS
A. Differences on wave parameters

As mentioned in Section II-E, we evaluate the
changes of the H,, T, and T_1o fields, related to
the use of different modelling approaches to represent
the effect of the point-absorber. The MD, NMD and
NRMSD results are presented in Fig. 5.

In general the use of a fixed K; = 0.1, based on (8),
overestimates the WECs operation effects on the wave
field. In Fig. 5.a we observe that mean changes of H,
are more significant within the first 30 m away from the
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WEC position with MD levels close to —0.13 m (NMD
of —4.5%). At 50 m away from the device (along the
mean wave direction), the MD are close to —0.05 m
only (NMD = —2.2%). The NRMSD of H, shows that
the WEC representation approach effects extends a bit
further along the mean downwave direction. About
70 m away from the WEC the NRMSD can be close to
3%. Once again more accentuated effects are observed
closer to the WEC, with NRMSD > 5% at 30 to 50 m
away from the WEC.

Through the wave periods T}, and T;,—10, we observe
that the influence of the modelling approaches on the
wave fields can be have a larger extent than those seen
only with the H, changes (Fig. 5.b,c). Nevertheless,
for the analyzed time window (and chosen K; = 0.1),
these differences are < 0.1 s or < —0.5%. Note that in
both cases, T, and T},_10, the largest MD and NMD
(close to —5%) are observed intermediately after the
WEC location and not at the location of the WEC
itself as happens with Hj. It is interesting to see that
the NRMSD for T, over 70 m away from the WEC
(> 5.5%), is notably larger than the values obtained for
Tm—10 (~ 1%). This implies that even though the mean
changes in T}, related to the modelling approaches,
are small, there are constant differences in the time
series of the peak period. Ty,_10 is obtained through
integration of the wave spectrum. Thus, slight changes
on the position of the energy peak do not translate
as significant changes of this parameter for distances
> 50 m away from the device. Closer to the position of
the WEC, the NRMSD from 7}, can reach values > 15%
and of the order of 7% for T},_10.

B. Spectral differences

To have a wider picture of the changes introduced
to the wave fields, it is necessary to analyze the effects
of the WEC representation in the spectrum. In this
case we analyze the omnidirectional spectrum, since
the interest in centered on the energy or wave variance
levels across frequencies, but the analysis could be
extended to the directional spectrum. Results obtained
comparing the use of a fixed K; = 0.1 with respect
to the time varying frequency dependent method pro-
posed here, are presented in Fig. 6. MD, NMD and
NRMSD are computed for the spectral variance levels
at each discrete frequency, as done in Perignon [31] and
Alday et al. [32].

Four locations are analyzed. Location A, B and C
correspond to the position of the WEC and 7 m away
to the NE and SE of the device (Fig. 2). Then, the fourth
position is located 50 m to the East of the WEC (z =
100, y = 0). Note that this locations were selected to
observe changes in the spectral characteristics where
the WEC is placed and away from it.

All comparison parameters show large differences
between modelling methods at A (dashed blue line),
with NMD and NRMSD close to 100% across all fre-
quencies. At the same time, these differences quickly
reduce 7 m away from the center of the device at B
and C. Specially between 0.1 and 0.2 Hz, MD, NMD
and NRMSD are the smallest at all locations. More
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Fig. 5. Differences in (a) Hs, (b) T and (c) Tm—10 using 2 different approaches to include WECs in SWAN. All comparisons are K:=0.1 -
Ki(f)(varying in time) methods. White circle indicates the position of the WEC.

interesting are the larger overall differences at frequen-
cies between 0.05 and 0.1 Hz, and increase of NMD
and NRMSD for frequencies > 0.2 Hz. Between 0.05
and 0.1 Hz is where the peaks of energy occur more
frequently (not shown). It is though that the larger
differences within this frequencies range is related to
the poor representation of the WECs operation when
a fixed K, is employed. The same applies for the
higher frequencies range. The WECs’ absorbed power,
after PTO adjustments, comes mostly from the range
of frequencies with the largest amount of available
wave energy. Thus, when using the fixed K; approach,
the amount of absorbed energy at high frequencies
is largely overestimated (NMD close to —30% and
NRMSD > 30% at B and C).

Although partially outside the mean wave incidence
direction, the point 50 m away from the device still
gives a good idea of the “attenuated” effect of the WEC.
Much smaller differences are found across frequencies
larger than 0.1 Hz as the wake effect becomes less
dominant and the energy gradients are balanced by
the incoming waves. On the other hand, NMD and
NRMSD levels can still be > 30% for frequencies
< 0.06 Hz.

We simulated a reduced set of idealized cases, forc-
ing HAMS-MREL and SWAN with a JONSWAP spec-
trum to compare the wave fields characteristics at 25
and 50 m away from the WEC (not shown). Recon-
struction of the wave spectrum using the sea surface

elevation obtained in the BEM model shows that, with
the proposed method, there is still an overestimation
of the WEC’s “shadow” effect. The overestimation of
spectral variance reduction is observed mainly within
the neighborhood of the peak. Nevertheless these com-
parisons are still preliminary and further analysis is
required to properly assess accuracy of the results in
SWAN, and to improve the method’s tuning approach.

IV. DisCcussIiON

In the present study, a practical way to incorporate
WECs in SWAN has been proposed. The main aim of
this method is to improve the representation of the
changes introduced on the wave fields caused by the
WECs’ operation. The proposed approach considers
the use of a partially blocking element in SWAN with
a frequency dependent and time varying transmission
coefficient K,;(f). This K,(f) is computed based on
the estimated absorbed power per frequency, obtained
using the BEM model HAMS-MREL, and the available
wave power density.

To see the effects of the proposed modelling ap-
proach, the method was compared to a simpler one,
considering a fixed K; (of 0.1 in this case) for all
time steps. Preliminary results showed mild changes
in MD and NMD of H;, T}, and Ty,—1¢ fields at dis-
tances over 70 m away from the WEC in the mean
downwave direction. More noticeable differences are
observed within the first 30 m away from the device,
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for example, NMD of —4.5% for H, and close to —5%
for T}, and T},—10. The NRMSD showed that changes,
due to different modelling approaches, can be detected
at distances over 70 m away from the WEC. It is though
that this is related to the differences of the H,, T}, and
Tim—10 characteristics in time.

Analysis of the wave spectrum showed that the
largest differences are found at the WEC position with
NMD and NRMSD close to 100%. These differences
quickly decrease about 7 m away from the device, but
there are still large for frequencies < 0.1 Hz and can
reach NMD and NRMSD levels > —30% and up to 50%
respectively. Something similar is observed for higher
frequencies > 0.2 Hz. These results are of great interest
since they give a clear idea of where the fixed K;
approach fails to incorporate the WECs’ operation. In
this case, this effect could be seen as an overestimation
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of the absorbed power for those frequency ranges.

The presented analysis is mainly aimed to show the
implementation of the proposed method only. Further
assessments and adjustments should be made to fully
quantify the method’s benefits regarding the WEC’s ef-
fects on the wave field. Nevertheless, from the current
results, we noticed that at high frequencies the sink ef-
fect of the WEC tends to be minimum. This means that
the absorbed power from those frequencies is almost
negligible and the reflection of the devise becomes
dominant. This element should be included to improve
the current method. Estimating the reflection effects
could be done from the HAMS-MREL wave fields
output. Similarly, radiated wave components (not con-
sidered here) could be evaluated either with HAMS-
MREL or a time domain model, and thus assess how
important is its inclusion. Nevertheless, it is expected
that, due to its curvature, radiated waves are bound
to quickly decay as they propagate away from the
device. Comparisons with the sea surface amplitudes’
fields from HAMS-MREL are also required to verify
and validate spectral levels in the near and far fields.
We consider improving the reflection considerations,
perform spectral validation and testing for WEC farms
in ongoing research efforts.

Although not shown, it should be mention that
spatial resolution plays an important role in the results
from SWAN. Additional tuning is required to adjust
K,(f), when coarse resolution is employed to reduce
errors in the far field wave conditions.
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