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a b s t r a c t

Wave energy converters (WECs) will have to be arranged into arrays of many devices to extract
commercially viable amounts of energy. To understand the potential coastal impacts of WEC arrays, most
research to date has relied on wave-averaged models given their computational efficiency. However, it is
unknown how accurate wave-averaged model predictions are given a lack of validation data and their
inherent simplifications of various hydrodynamic processes (e.g., diffraction). This paper compares the
predictions of coastal wave farm impacts from a coupled wave-averaged and flow model (Delft3D-SNL-
SWAN), to a wave-resolving wave-flow model (SWASH) that intrinsically accounts for more of the
relevant physics. Model predictions were compared using an idealized coastal bathymetry over a range of
wave conditions and wave farm geometries. Both models predicted the largest impacts (changes to the
nearshore hydrodynamics) for large and dense wave farms located close to the shore (1 km) and the
smallest impacts for the small and widely spaced farm at a greater offshore distance (3 km). However, the
wave-resolving model generally predicted somewhat larger impacts (i.e., changes to the nearshore wave
heights, mean velocities and mean water levels). We also found that coupling the wave-averaged model
to a flow model resulted in more realistic downstream predictions than the stand-alone wave-averaged
model.

© 2021 Elsevier Ltd. All rights reserved.
1. Introduction

Ocean waves are a potential source of renewable energy given
their high energy density and consistency, with the global wave
resource estimated at 2 TW [1]. Various WEC designs have been
proposed over recent decades, and despite differences in their
operating principles, all proposed WEC designs would need to be
deployed in arrays or farms to generate sufficient energy for
commercial-scale electricity. Due to their interactions with inci-
dent waves, wave farms also have the capacity to substantially
alter local wave fields. When constructed in close proximity to the
Australia, 35, Stirling High-

(D.R. David).
coast, wave farms may thus alter the nearshore circulation pat-
terns due to the attenuation of the nearshorewave field [2,3]. Such
changes to the nearshore hydrodynamics may in turn alter sedi-
ment transport pathways and could lead to erosion and/or ac-
cretion of beaches [4,5].

To understand the potential coastal impacts by wave farms,
most previous studies have relied on numerical models, as suitable
field or laboratory data is largely absent due to the lack of multi-
WEC deployments. Different numerical approaches of varying
complexity (e.g., wave-resolving and wave-averaging models) are
available to study wave farm impacts (see [6], for a recent review).
Due to their computational efficiency, wave-averaged models (or
spectral wave models) have become a popular tool to simulate
coastal impacts by wave farms at regional scales.

Wave-averaged models (e.g., SWAN, WAM, WAVEWATCH,
TOMAWAC and MIKE21-SW) describe the spatial and temporal
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evolution of statistical parameters of the wave field. As they do not
resolve the individual waves (instead describing wave properties
using linear wave theory), wave-averaged models are computa-
tionally efficient but rely on parametrizations to represent WECs
and other relevant wave properties (e.g., wave diffraction, dissi-
pation, etc.). Furthermore, wave-averaged models must be coupled
to circulation models (e.g., Delft3D, ROMS) in order to simulate the
nearshore wave-induced mean current fields. Existing studies have
extensively used the wave-averaged approach to model the
downstream influence of WECs, both uncoupled [5,7e11] and
coupled [12e14] to flow models. However, due to the lack of
detailed field validation data for a wide range of wave farm designs
and offshore distances, it remains largely unclear whether the
wave-averaged approach provides reliable predictions of coastal
impacts by wave farms. Although €Ozkan-Haller et al. [15] validated
both wave-averaged (uncoupled) and wave-resolving (linear wave-
WEC interaction) models with experimental data, their study only
focused on small wave farms (maximum of 5-WECs) that were
located only a small offshore distance (z500 m in field-scale).

More recently, several studies have proposed to use wave-
resolving models to simulate coastal impacts by wave farms, due
to their ability to provide a more direct simulation of relevant
nonlinear wave physics [16e18]. Types of commonly used wave-
resolving models include mild-slope models [19], Boussinesq type
models [20] and non-hydrostatic wave-flow models [17]. As they
resolve individual waves by solving the basic conservation of mass
and momentum balance equations, they have the capacity to more
accurately describe the wave transformation processes (shoaling,
refraction, diffraction, nonlinear wave-wave interactions, etc.).
Furthermore, by including the phase information and capturing the
dynamic wave-WEC interactions, they have the capacity to produce
more accurate downstream predictions of the influence of indi-
vidual or farms of WECs. For example, a comparison of experi-
mental data with a coupled wave-resolving model
(WAMIT þ MILDWave) by Stratigaki et al. [21] for a heaving WEC
array study showed a good agreement and demonstrated the ac-
curacy of the wave-resolving approach. A recent study by Rijnsdorp
et al. [17] also demonstrated the capabilities of a wave-resolving
model (SWASH) in simulating the wave-WEC interactions in both
linear and nonlinear wave conditions.

As wave-resolving models include a more complete represen-
tation of the physics, it is generally assumed that predictions of
coastal impacts downstream of a WEC farm from these models will
be more realistic than those fromwave-averaged models. In coastal
waters, where wave farms are most likely to be located, the hy-
drodynamic processes are highly nonlinear and SWASH has been
extensively applied and validated [22e26]. This emphasizes that
wave-resolving models can also serve as a validation tool to the
wave-averaged approach. However, wave-resolving models remain
computationally expensive and generally require supercomputing
resources for simulations at a typical coastal scale (O(1 km)). As
such, a majority of the research has relied on wave-averaged
models, which can be less accurate based on the inherent limita-
tions of this class of models. This study aims to rigorously evaluate
the predicted downstream and coastal impacts due to wave farms
from a coupled wave-averaged flowmodel (Delft3D-SNL-SWAN) by
comparing it to a non-hydrostatic wave-resolving model (SWASH).
The models are evaluated using a series of simulations over an
idealized bathymetry with a range of WEC farm designs and
offshore distances.

Section 2 provides a description of the numerical models used in
this study. In section 3, we present the methodology of this paper,
including an overview of the idealized simulations and wave farm
designs. The predictions by both models are subsequently
compared in section 4. In section 5, we discuss some uncertainties
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associated with the predictions in the wave-averaged approach.
Finally, we summarize our findings in section 6.

2. Overview of numerical models

2.1. Wave-averaged model

SWAN (Simulating WAves Nearshore) [27] is a third-generation
spectral wave model based on the wave action balance equation
[28] with various source terms to parameterize wave processes like
wave generation, dissipation due to bottom friction, white capping,
depth induced breaking and triad/quadruplet wave interactions. In
SWAN, WECs have conventionally been represented as an obstacle
with a constant transmission coefficient (kt). The most common
approach to include the effect of WECs is by making the grid cell
containing the WEC absorb some specified fraction of the wave
energy that would otherwise propagate through. As the response of
WECs to waves is frequency-dependent in nature, their power ab-
sorption characteristics also vary with wave frequency. To account
for this frequency-dependent wave energy absorption, Sandia Na-
tional Laboratory (SNL) modified the SWAN wave model to incor-
porate a frequency dependent transmission coefficient now
referred to as SNL-SWAN. Other studies have also used frequency
dependent WEC power absorption internally within the model e.g.,
Ref. [29], or in post-processing e.g., Ref. [30]. More information on
the development, validation with experimental data and applica-
tion of SNL-SWAN can be found in Ref. [31]. SNL-SWAN computes kt
based on the power (P) matrix provided by the user, which contains
the power absorption by the device for a given wave height and
peak wave period. The calculation of kt is based on the ratio of
power absorbed to the wave power incident to a device as [32],

k2t ¼
Plee

Pincident
¼ Pincident � Pabsorbed

Pincident
¼ 1� Pabsorbed

Pincident
, (1)

Wave-averaged models do not simulate mean currents and
must be coupled to a circulation model. Here SNL-SWAN is coupled
to the open-source Delft3D-Flow module (version 4.03.01) which
solves the shallow-water equations for incompressible free-surface
flow [33]. Also, wave-averaged models do not directly account for
the actual wave-structure interactions that perturb the incident
wave field (i.e., the scattered and radiated wave fields). These in-
teractions are phase-dependent and are very difficult (or more
likely impossible) to properly account for inwave-averagedmodels.
Furthermore, strong along-crest gradients inwave energy can occur
in the lee of a wave farm, and as a result, diffraction is expected to
be important and could potentially be a key process in reducing the
downstream impact of the wave farm on waves. The SWAN model
can incorporate diffraction based on a semi-empirical phase-
decoupled refraction-diffraction approach [34]. The parametrized
diffraction in SWAN is sensitive to grid resolution and a grid size of
~10% of the wavelength is recommended [35], which may be un-
realistic for modelling a range of wave conditions over coastal
scales (O(1 km)).

2.2. Wave-resolving model

SWASH (Simulating WAves till SHore) [36] is a non-hydrostatic
wave-flowmodel that solves the Reynolds-Averaged Navier-Stokes
(RANS) equations for an incompressible fluidwith constant density.
Non-hydrostatic models solve the basic flow equations, and
thereby intrinsically account for nonlinear hydrodynamic processes
(e.g., quadruplet/triad wave interactions, diffraction, wave skew-
ness, asymmetry and nonlinear dispersion).

Recently [17], has adapted SWASH to incorporate a three
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tethered submerged point absorber type WEC. The resulting model
accounts for the influence of WECs on the wave field as it captures
changes to the wave field due to the diffraction and radiation of
waves by the moving WEC. Further details regarding the model
implementation and validation can be found in Ref. [17]. While
SWASH simulations are an order of magnitude faster than CFD
(Computational Fluid Dynamic) models that are also used to model
WECs, they are an order of magnitude slower than wave-averaged
models. As such, wave-resolving models such as SWASH remain
computationally expensive for use at coastal scales and require
high-performance computing facilities. As the wave-resolving
approach captures the actual physical processes that describe the
impact of WECs on the wave field (i.e., the scattering and radiation
of waves by the moving WEC and the diffraction of waves in the lee
of a wave farm), we assume that the wave-resolved SWASH pre-
dictions are closer to reality than the wave-averaged approach.

3. Methodology

3.1. General approach

To achieve a fair comparison between the twomodel classes, the
WEC parameters, test conditions, model settings and boundary
conditions were matched as close as possible between the models
(e.g., bathymetry, WEC arrangement). However, due to their
differing numerical implementation, some differences in the
models will result even in the absence of WECs; for example, based
on how the two models describe depth-limited wave breaking in
the nearshore.

3.2. Model setup

Both models were run using the same idealized bathymetry
with WEC farms of various arrangements and offshore distances
placed on a flat bottom of 20 m water depth followed by a 1:50
Fig. 1. Plan and the sectional view of the model domain used to compare the pre-
dictions of coastal wave farm impacts from a coupled wave-averaged and flow model
(Delft3D-SNL-SWAN) to a wave-resolving wave-flow model (SWASH).
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linear slope (Fig. 1). The overall size of the domain was varied
depending on the size of the farm, however, it remained consistent
for all the simulations with an offset distance of 1 km from thewave
farm to the lateral boundaries and 0.5 km to the offshore boundary
(see Fig. 1 plan view). The SWASH simulations were the same as
those used by Ref. [2] where cyclic boundary conditions were
applied along the lateral boundaries and a constant bed friction
coefficient of cf ¼ 0.002 was used throughout the domain. The
reader is referred to Ref. [2] for more details on the model and
settings (including grid resolution).

For the Delft3D-SNL-SWAN simulations, two grids are required,
one for the wave and one for the flow model. A grid sensitivity
analysis study was conducted to determine the optimal grid reso-
lution (GR) for the simulations. The GR was set at 12.5 m throughout
the domain based on comparing the solutions from four structured
grid resolutions (50 m, 25 m, 12.5 m and 6.25 m). As described in
Appendix A, the power absorption (for the same WEC) can vary in
SNL-SWAN based on the relationship between the WEC size and
grid size. For the SNL-SWAN domain, wave forcing was applied
uniformly along the offshore and lateral boundaries using a JONS-
WAP spectrum. The offshore boundary of the flow domain was set
as a zero water level boundary (given that wave setup/setdown
were negligible offshore), while Neumann boundary conditions
with zero forcing were used on the lateral boundaries. In addition
to the offset distance from wave farm to the offshore and lateral
boundaries, the SNL-SWAN domain was further extended about
0.5 km in order to minimize the effect of imposing the offshore
wave conditions on the lateral boundaries. Diffraction in SNL-
SWAN was turned off in this work. However, simulations with
and without diffraction were carried out for a range of wave farms
located 1 km offshore and the results with diffraction on had
negligible influence on the far-field changes. Furthermore, specific
settings used in the SNL-SWAN and Delft3D models are summa-
rized in Table 1.

To obtain steady-state solutions in Delft3D-SNL-SWAN, each
simulation was allowed to run for up to 36 h which includes the
maximum spin-up time of 720min. In SWASH, each simulationwas
run for 90min, including a spin-up time of 30min to achieve quasi-
steady conditions [2]. Although both models were run for different
durations, the simulation lengths were sufficiently long such that
the flow field remained steady (Delft3D) or fluctuated around a
relatively constant mean (SWASH).

3.3. Wave energy converter

In this work, we consider a fully submerged nearshore WEC
moored by three taught tethers based on WEC design by Carnegie
Clean Energy (Fig. 2). The WEC geometric parameters (e.g., diam-
eter) were kept constant throughout the study. The device was
moored to the sea bottom in 20 m water depth and the draft
(vertical distance from the water surface to the top of WEC) was
3 m. The diameter (D) of the buoyant actuator (BA) is 25 m with a
height of 5 m resulting in a volume of 2.45 ✕ 103 m3. The density of
BA is fixed as 240 kg m�3, with a resulting mass of 5.89 ✕ 105 kg.
The BA is moored with three tethers and each tether's vertical
inclination (aV) is fixed as 60� and the horizontal angle (aH) be-
tween the tethers is 120�.

3.4. Wave farm parameters and wave conditions

As it is impossible to consider all possible combinations of wave
farm parameters and wave conditions due to computational con-
straints, we considered a range of parameters for which we expect
impacts to vary considerably (from small to large impacts). The
parameters considered here included the number of devices, WEC



Table 1
Parameters of Delft3D-SNL-SWAN.Wave breaking in SWAN is parameterized with a coefficient for determining the rate of dissipation (a) and the
breaker parameter (g) ¼ defined as Hmax=d

(Hmax is the maximum possible wave height in given water depth, d).

Process Parameter Value

Wave
Spectral resolution Directional space Circle - 36 bins 0e360�

Frequency space 24 bins 0.05e1 Hz
Depth induced breaking (B&J model, [37]) a 1

g 0.73
Nonlinear triad interactions Deactivated
Diffraction Deactivated
Bottom friction JONSWAP 0.038 m2 s�3

White capping Komen e

Flow
Bottom roughness Chezy Default (65)
Stress formulation due to waves Fredsoe e

Horizontal eddy viscosity e 1 m2 s�1

Model for 2D turbulence Deactivated

Fig. 2. Sketch of the fully submerged three tethered point absorber with power take-
off (PTO) designed along with the tether supports based on a wave energy converter
(WEC) device by Carnegie Clean Energy.

Table 2
Wave farm parameters. WEC ¼ wave energy converter.

Number of WECs Number of rows Spacing (m) Offshore distance (km)

5, 10, 14 2,3,4 3 � D, 10 � D 1, 2, 3
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spacing, farm layout, and offshore distance (Fig. 3 and Table 2). The
inter-deviceWEC spacing, which varied from 3 to 10 times theWEC
diameter, was varied uniformly in both x and y directions (Fig. 3). In
total, 48 different wave farm scenarios were simulated based on the
combination of the parameters in Table 2. For simulations with 5
WECs, only the layouts L1 (two rows ofWECs) and L2 (three rows of
WECs) placement were considered (see Fig. 3 for layout). For all
Fig. 3. Schematic diagram of different wave farm lay
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simulations, directionally spread sea states were generated with a
mean incident wave direction that was normal to the WEC farm
and the coastline. For each of the wave farm scenarios, a corre-
sponding simulation was carried out in the absence of a wave farm
in order to quantify the changes induced by the presence of wave
farm.

It was not feasible to consider a large range of wave conditions
when also considering a large range of wave farm parameters
(Table 2) in SWASH due to the computational resources that are
required to run a large number of simulations at coastal field scales.
For instance, a simulation with a 2 km by 2.5 km SWASH domain
with the wave condition considered would take about 24 h on a
supercomputer (our simulations utilized Magnus at the Pawsey
Supercomputing Centre in Western Australia) with 154 cores,
whereas for Delft3D-SNL-SWAN, the same domain on a quadcore
desktop machine would take about 4.5 h. Therefore, all the wave
farm scenarios were subjected to one wave condition with a sig-
nificant wave height (Hs) ¼ 2 m, peak wave period (Tp) ¼ 10 s and
directional spreading (sq) ¼ 10.2�; hereafter referred to as the
reference wave condition. These wave conditions represent swell-
like conditions, for which coastal impacts are expected to be
larger than for directionally broader “sea” like conditions. To
outs considered. WEC ¼ wave energy converter.



Fig. 4. Comparison of incident (b) and transmitted (c) wave energy flux (Ef) for a 3 row, 10 WEC farm as with 3✕D spacing illustrated in (a).
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understand the sensitivity to different wave conditions, for a
selected referencewave farm (5WECs arranged in 2 rowswith 3✕D
spacing), additional simulations were carried out with varying Hs

(1 m and 4 m), Tp (8 s and 15 s) and sq (10.2� and 31.5�).

3.5. Power absorption characteristics

3.5.1. SNL-SWAN
To obtain the power matrix for the device to incorporate the

influence of WECs in SNL-SWAN, we used the linear potential flow
theory framework in combination with a linear frequency domain
solution to the rigid body equations. Similar to SWASH [17], the
power take-off (PTO) was modelled as a linear spring damper. The
excitation force and hydrodynamic coefficients (added mass and
radiation damping) were obtained from a semi-analytical solution
to the linearized potential flow problem [38,39]. We used a linear
frequency domain solution to the rigid body solutions [40] to
compute the wave-induced response and power absorption of the
WEC based on these excitation forces and hydrodynamic co-
efficients. The power matrix was computed for sea-states with a
JONSWAP spectral shape for a range of significant wave heights (Hs)
and peak wave periods (Tp). The PTO coefficients (a spring and
damping coefficient) were optimized for each sea state to achieve
maximum power absorption.

3.5.2. SWASH
As SWASH accounts for the wave-structure interactions, it only

requires the specification of the PTO coefficients of the linear spring
damper. To allow for a fair comparison, SWASH was initialized with
the same optimized PTO coefficients as in SNL-SWAN. For linear
waves [17], showed that the predicted linear-wave induced
response of the WEC agreed well with the response according to
the linear potential flow theory framework. This implies that with
the same PTO coefficients the energy absorption by SWASH and
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SNL-SWAN is similar. However, in the case of realistic sea-states,
nonlinear effects may arise which are captured by SWASH but not
in the SNL-SWAN approach. This may result in discrepancies be-
tween the predictions of the perturbed wave and flow fields of both
models. For the simulations in this work, we confirmed that the
transmitted energy flux (Eft) in the lee of the wave farms was
comparable between both modelling approaches (see Fig. 4 for an
example for a representative wave farm), to ensure a fair compar-
ison between both modelling approaches.

3.6. Model analysis

From both models, we computed spatial patterns of significant
wave height,Hs, depth-averagedmean Eulerian currents (the cross-
shore component U, and the alongshore component V) and mean
water levels (or wave setup), h, throughout the computational
domain. The output from Delft3D-SNL-SWAN was evaluated based
on the final time step when stationary conditions were reached;
whereas, in SWASHwe considered an average of the final 60 min of
the simulation after quasi-stationary conditions were achieved.

4. Results

The simulation results from the two classes of models were
analyzed to 1) quantify and understand causes of any differences in
their predictions, 2) quantify the influence of different wave farm
parameters on the predicted coastal impacts (based on changes to
the nearshore hydrodynamics) using both classes of models and 3)
compare the sensitivity of the model predictions to different wave
conditions.

4.1. Changes in nearshore hydrodynamics e an illustrative example

To illustrate how the predictions compare between the two



Fig. 5. Significant wave height (colors) and depth-averaged mean Eulerian currents (arrows) predicted by SWASH (a) and Delft3D-SNL-SWAN (b) models, for the closely spaced
(3✕D) reference wave farm (5 WECs arranged in two rows) located 1 km offshore that was subjected to the reference wave condition (Hs ¼ 2 m, Tp ¼ 10 s, sq ¼ 10.2�). The black
dotted vertical line in panel a) and b) indicates the start of the slope region (from 20 m to 0 m water depth) and the solid black line indicates the 10 m depth contour.

D.R. David, D.P. Rijnsdorp, J.E. Hansen et al. Renewable Energy 183 (2022) 764e780
models, the reference wave farm (5 WECs arranged in 2 rows 1 km
offshore) was subjected to the reference wave case (Hs ¼ 2 m,
Tp ¼ 10 s sq ¼ 10.2�, Fig. 5).

Both models predicted qualitatively comparable wave attenua-
tion patterns in the lee of the wave farm (Fig. 5). At 100 m down-
stream of the wave farm, the wave-averaged and wave-resolving
models predicted a reduction of 48% and 46% in Hs (averaged in the
Fig. 6. Cross-shore distribution of Hs (a), h (b) and V (c) at y ¼ 0 m (see Fig. 5) and V at y ¼ 19
of the wave farm, with the first row of WECs located at x ¼ 500 m and the second at x ¼
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alongshore across the width of the wave farm), respectively. At the
wave breakpoint, the decrease in wave height (compared to the no
WEC simulation) was reduced to about 15% in both models as the
wave field “recovered” at an increasing distance downstream of the
farm (e.g., Fig. 6a).

Both models further predicted an onshore-directed mean cur-
rent in the near-field region of thewave farm, driven by cross-shore
4 m (d) for the wave farm discussed above. The shaded grey area indicates the location
600 m (center of the WECs).



Fig. 7. The alongshore variation of the bulk parameters, Hbr, h and cross-shore averaged alongshore velocity, Vm comparison between SWASH and Delft3D-SNL-SWAN for the
reference wave farm subjected to reference wave condition (Fig. 5) along with no wave farm scenario. The shaded grey area indicates the wave farm shadow region.
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gradients in wave heights (i.e., radiation stress gradients) (Fig. 5).
The predicted onshore flow is approximately 10% stronger in
Delft3D-SNL-SWAN than SWASH. Furthermore, the onshore
directed flow in the lee of the wave farm diverged much closer to
the wave farm in SWASH (about 250 m downstream) compared to
450 m for Delft3D-SNL-SWAN. In the surf zone, both models pre-
dicted converging alongshore current patterns in the shadow re-
gion (y ¼ �200 m to þ200 m for the illustrative example, Fig. 5) of
the farm. This convergence was due to an alongshore gradient in
the wave-induced setup as attenuated waves resulted in a reduced
setup in the lee of the farm. The alongshore flows converged in the
centerline of the farm where they became offshore directed, with
the offshore directed currents extending ~500 m offshore in
Delft3D-SNL-SWAN and ~300 m in SWASH.

In order to further isolate quantitative differences between the
models, the cross-shore distributions of Hs, h and V are compared at
y ¼ 0 m (mid-section of the WEC farm) (Fig. 6aec). In addition, V is
compared at y ¼ 214 m (Fig. 6d) where the alongshore velocity
component is at its maximum in Delft3D-SNL-SWAN.

Fig. 6a highlights large differences in the waves in the near-field
of the farm, due to how each model simulates/parameterizes the
WEC-wave interactions, and hence, the WEC power absorption. In
this near-field region (i.e., x ¼ 600 me800 m), the Hs values differ
among the models by ~50%. Note that SWASH results also show
disturbances in front of the wave farm, which are due to waves
scattered and radiated by the WECs. However, in the far-field, and
as the waves start to shoal on the slope, the Hs differences tend to
become smaller (Fig. 6a). This finding agrees with €Ozkan-Haller
et al. [15] who compared wave-averaged and wave-resolved ap-
proaches and found that both approaches were comparable in the
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far-field where the effect of the scattered and radiated waves be-
comes progressively smaller. The influence of scattered and radi-
ated waves is largest in the near field, resulting in larger differences
between the wave-averaged and resolving approaches close to and
inside the wave farm region (e.g., Fig. 6a).

The maximum shoaled Hs is different in bothmodels even in the
absence of WECs with Delft3D-SNL-SWAN predicting higher Hs

than SWASH. Changes in wave setup (h) (Fig. 6b) are similar for
both models (except inside the wave farm region). As the SWASH
model is driven by unsteady forcing (i.e., individual waves with
random phase), the time-average velocity field is not symmetric
(Fig. 6c) even in the absence of awave farm. However, the diverging
and converging flow are noticeable in Fig. 6d; both models pre-
dicted the diverging and converging flow albeit at slightly different
locations.

In Fig. 7, differences between both models are further evaluated
by comparing the alongshore variation of three bulk surf zone
parameters: the breaking wave height (Hbr, defined as the
maximum wave height, which varies in the alongshore), the mean
water level (h) at 1 m (still water) depth and a representative mean
alongshore velocity (Vm). The Vm is cross-shore averaged along-
shore velocity across the surf zone (taken as the region between the
maximum breaking wave height and 0 m still water depth).

In the absence of wave farm, the alongshore variation of Hbr

(Fig. 7a) and setup (Fig. 7b) are comparable for both models. Unlike
the Delft3D-SNL-SWAN results, the SWASH results vary in the
alongshore due to the (intrinsic) unsteady nature of the wave-
resolving simulations which include transient flow features such
as transient rip-currents and surf-zone eddies e.g., Refs. [41,42].
These variations are expected to reduce as the simulation time



Fig. 8. Comparison between the two models for a small inter-device spacing (3✕D) closely located wave farm (1 km) to the large inter-device spacing (10✕D) farthest located wave
farm (3 km) subjected to the reference wave condition. In panels a), b) and e), f), the normalized wave height (colors) and the perturbed depth-averaged velocities U

!� U
!

i (arrows)
from SWASH and Delft3D-SNL-SWAN predictions are shown. Red dashed line in panels a), b) and e), f) indicates the bottom slope region from 20 m to 0 mwater depth and solid red
line indicates the 10 m water depth. Panels c), g) and d), h) show the breaking wave height (Hbr) and surf zone averaged alongshore velocity (Vm).
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increases (longer time-averaging); however, the alongshore varia-
tions here are considered weak enough (e.g., <5% differences in
breaking wave heights and setup) to allow for an interpretation of
the coastal impacts by wave farms based on the SWASH results. For
Vm (Fig. 7c) the predictions by both models were in close agree-
ment, particularly as the cross-shore averaging of velocity reduced
the fluctuations in SWASH. In the presence of the wave farm, the
largest difference was observed in the wave farm shadow region
(shaded area). Further, both models predicted similar trends in Vm.
Though the differences are the largest for Hbr and h, particularly in
the lee of the wave farm (at y ¼ �100 to 100 m), these differences
do not result in correspondingly large differences in Vm. For all the
symmetric wave farm layouts, Delft3D-SNL-SWAN predicted surf
zone variables to be symmetric. In contrast, SWASH predictions
were never perfectly symmetric, due to the unsteady nature of the
model. The comparison between the two models with the refer-
ence wave farm and wave case showed that both models predict
similar impacts withmarginal variation in the predicted alongshore
velocities (which are arguably the most important when deter-
mining alongshore sediment convergences and divergences).
4.2. Influence of different wave farm designs

We subjected all wave farm scenarios to the reference wave case
and first highlight the differences due to the inter-device spacing
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(S) of the WECs and the offshore distance (OD) of the wave farm.
Fig. 8 shows a comparison between the reference wave farm (5
WECs arranged in 2 rows) with small spacing located closest to the
shoreline (S ¼ 3✕D, OD ¼ 1 km) with a wave farm with large
spacing located farthest to the shoreline (S ¼ 10✕D, OD ¼ 3 km). To
highlight the differences we normalized the significant wave height

by the incident wave height
�
Hs=Hi

�
, and computed the perturbed

depth-averaged velocities U
!� U

!
i (where U

!
and U

!
i are the depth-

averaged velocity vectors in the presence and absence of wave farm

respectively). Note that normalizing the velocities

0
B@U
!�

U
!

i

1
CA

resulted in substantial amplification of values for small velocities

that masked any trends, therefore U
!� U

!
i is used.

Bothmodels generally predicted qualitatively similar patterns to
the nearshore hydrodynamics for the two wave farms. For a wave
farm at a greater offshore distance and with greater inter-device
spacing, both models showed that downstream changes to the
wave and flow field were smaller and more widely spread (Fig. 8b,
f). Delft3D-SNL-SWAN predicted stronger onshore flows in the
direct lee of the wave farm compared to SWASH (for both wave
farms shown in Fig. 8). The onshore flow from Delft3D-SNL-SWAN
extended downstream up to about 1500 m (Fig. 8f), whereas in
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SWASH the downstream flow diverged at about 250 m down-
stream. Despite these differences, both models predicted similar
nearshore alongshore flows in the shadow region of the farms, with
reduced magnitudes for S ¼ 10✕D, OD ¼ 3 km compared to
S ¼ 3✕D, OD ¼ 1 km.

For the dense farm closest to the shore, the Hbr was reduced by
about 15% (alongshore averaged for the width of wave farm) with
respect to the nowave farm scenario for bothmodels (Fig. 8c, g). For
the widely spaced farmmost offshore, the Hbr was reduced to about
3e5% for both models (Fig. 8b, f). Despite a number of quantitative
differences observed between the two models in the spatial pat-
terns (Fig. 8a, b, e, f), there were only marginal differences between
the models when comparing Hbr in the surf zone (Fig. 8c, g) for both
the wave farm cases considered. Differences between both models
were even smaller when considering the surf zone-averaged
alongshore velocity (Fig. 8d, h).

To quantify the changes across all wave farm designs, we
computed two impact metrics that were found to provide a rep-
resentation of the coastal impacts [2]. First, we assessed the abso-
lute changes in the breaking wave height, computed as jDHbr j ¼
Hbr � Hbr;i, where Hbr,i indicates the breaking wave height without
the wave farm scenario. Second, we assessed absolute changes in
the Vm, calculated as jDVmj ¼ Vm � Vm;i, where Vm,i indicates the
surf zone averaged alongshore velocity component in the absence
of a wave farm. Given that these two parameters vary in the
alongshore y-direction (see Fig. 8c, d and g, h), to provide single
measures for each wave farm scenario, we computed the absolute
value of the maximum and mean (referred as |…|max and |…|mean)
of the calculated parameters along the y-axis direct downstream of
the wave farm (with a width equal to the wave farm). For the
present section, only the jDHbr jmax and jDVmjmax are discussed in
detail; however, the variation of jDHbrjmean and jDVmjmean were
found to follow similar trends (not shown).

Following [2], to distinguish the relationship between various
wave farm parameters (Table 2) and the predicted coastal impacts,
we identified four wave farm factors (non-dimensional groups)
that account for the factors that were found in that study to
strongly determine the downstream coastal impacts. These are: 1)

the density of wave farm Aw
Af
, (Aw ¼ N 1

4pD
2, is the area occupied by

WECs, N is the total number of WECs in the wave farm and Af ¼ XfYf
is the total area of the farm, where, Xf and Yf are the length of the

farm in the x-axis and y-axis), 2) the normalized surface area Af

L2w
, Lw

is assumed as deep-water wavelength calculated as Lw ¼ g
2pT

2
p (g is

the acceleration due to gravity), 3) the normalized offshore distance
Lw
OD , and 4) the aspect ratio of the wave farm, Xf

Yf
. These non-

dimensional groups are cast into equation with empirical co-
efficients referred to as impact equation [2] as shown below,

impact¼ ab

 
Aw

Af

!b 
Af

L2w

!c�
Lw
OD

�d
 
Xf

Yf

!e

; (2)

in which, b is a combination of Hs and Tp to ensure that the
equation is dimensionally consistent with the two impact param-
eters jDHbr jmax and jDVmjmax and a-e are unknown empirical
coefficients.

The unknown empirical coefficients (b-e) were subsequently
obtained by fitting equation (2) against the data of each impact
metric for a range of values for the coefficients b-e (�10 to þ10),
with ‘a’ following from the best linear fit slope. For each combi-
nation of coefficients, we computed the coefficient of determina-
tion (R2). The optimum fit was subsequently found by taking the
coefficients that resulted in the R2 value closest to one.

In Fig. 9, the empirical coefficients (b-e in Eq. (2)) of each
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functional form illustrate the degree of influence of the farm factors
on the nearshore processes (higher coefficients indicating greater
influence and vice-versa). For both jDHbr jmax and jDVmjmax, the

best-fit exponents for Xf

Yf
were predicted as 0.1 from both models,

indicating that the orientation/aspect ratio of the wave farm has a
minimal influence on the nearshore or coastal impact parameters.
Additional sensitivity tests (not shown) with a greater (extreme)
range of aspect ratios continued to show little sensitivity of the
downstream impacts to the aspect ratio. In both SWASH and

Delft3D-SNL-SWAN, farm density (Aw
Af
) is the most important factor

with the surface area (Af

L2w
) and offshore distance ( LwOD) being slightly

less important. As expected, both models show maximum impacts
from large farms that are densely packed and located closest to the
shoreline.

4.3. Summary comparison of Delft3D-SNL-SWAN and SWASH

The comparison across all the wave farm cases with reference
wave condition indicates that in most instances the predicted im-
pacts from SWASH are larger than those predicted by Delft3D-SNL-
SWAN (Fig. 10). For illustrative purposes, the DHbr was normalized
with the alongshore mean breaking wave height in the absence of
the wave farm (Hbr;i) and referred to as

��DHbr;n
��. Similarly, Dh was

normalized with the alongshore averaged of mean water level (hi)
at 1 m depth contour and referred to as jDhnj.

Differences between the two models are typically the largest
(smallest) for thewave farms closest (farthest) to the shoreline (e.g.,
Fig. 10a). In order to quantify differences between the model pre-
dictions we computed four statistical measures for the coastal
impact metrics: the bias, root mean square error (RMSE), correla-
tion coefficient (R) and linear regression slope (m). Overall, pre-
dictions by both models were mostly in agreement as
demonstrated by the high correlation coefficient (ranging from
0.88 to 0.97) in Fig. 10. The regression slopes ranged between 0.57
and 0.91 with the lowest values being for setup (values less than 1
indicate SWASH predicts larger differences, Fig. 10).

4.4. Changes in nearshore hydrodynamics e influence of different
wave conditions

To understand how the model predictions of coastal impacts
change for different wave conditions, the reference wave farm
(located 1 km, 2 km and 3 km offshore) was subjected to different
wave conditions (Hs ¼ 1, 2 and 4 m, Tp ¼ 8, 10 and 15 s, sq ¼ 10.2�

and 31.5�). For the comparisons, only one wave parameter was
varied at a time, with the others held constant.

In Fig. 11aei, both models predict broadly similar changes to the
surf zone bulk parameters (i.e.,

��DHbr;n
��
max, jDhnjmax and

��DVmjmax)
in response to the different wave conditions. For illustrative pur-
poses, we first compare the variation of surf zone bulk parameters
from both models for different wave conditions and then highlight
the differences.

From both models, for increasing wave height (Hs), the variation
of
��DHbr;n

��
max remained relatively constant. jDhnjmax was reduced

for increasing Hs from 1 m to 2 m, whereas jDhnjmax remained
relatively constant with a further increase in Hs. Similarly, both
models generally predicted larger

��DVmjmax for increasing Hs

(Fig. 11c), which is indicative of larger coastal impacts. For
increasing peak wave periods, both models predicted reduced im-
pacts for all the surf zone bulk parameters. This is most likely
associated with the WECs reduced response to increasing peak
wave periods. Furthermore, for increasing directional spreading,
both models again predicted a reduction of impacts for all the surf



Fig. 9. The degree of influence of wave farm factors on the nearshore processes. Panels a) and b), the jDHbr jmax (calculated from simulated data) as a function of parameterized
functional form (eq. (2)) for SWASH and Delft3D-SNL-SWAN. Similarly, panels c) and d) correspond to the jDVmjmax plotted as a function of parameterized functional form for
SWASH and Delft3D-SNL-SWAN, respectively. The colors indicate the offshore distance (OD) of the wave farm and the R2 value of the best fit linear relation is shown in its cor-
responding panels.
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zone bulk parameters, which was associated with the recovery of
downstreamwave field due to short crested sea states. Overall, both
models captured a similar variation to the surf zone bulk parame-
ters for different wave conditions.

Further comparing the difference between the models for each
ODs (bar colors), we noted that the differences are generally vary-
ing for each surf zone component with different wave conditions
(e.g., Fig. 11a, d, g). The largest differences between the models are
observed in the predictions of

��DVmjmax, in particular for the cases
where OD ¼ 1 km (red shades) (e.g., Fig. 11g). The overall difference
between the models for all the parameters ranged between 1% to a
maximum of about 35%, with an average difference around 3.6%.
Typically SWASH predicted greater impacts than Delft3D-SNL-
SWAN except for

��DVmjmax when OD is 3 km Delf3D-SNL-SWAN
predictions are higher than SWASH (Fig. 11g, h, i).
5. Discussion

Despite their different approaches of incorporating WECs and
differences in their numerical descriptions of wave transformation,
both wave-averaged and wave-resolving models were capable of
predicting similar impacts in the nearshore (e.g., Fig. 10) for the
range of idealized simulations considered in this work. Despite
minor differences in the alongshore gradients of the wave height
and setup predicted by these models in the lee of the wave farm
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(Fig. 7a and b), the alongshore currents predicted by the two
models were surprisingly similar (Fig. 7c). Both models predict
converging alongshore flows in the lee of the wave farm which is
generally thought to be consistent with beach accretion (Fig. 5).
However, currents in the near-field of the wave farm are different
between the two models. Delft3D-SNL-SWAN consistently pre-
dicted stronger onshore currents within and onshore of the wave
farm with these currents extending much further onshore
compared to SWASH (Fig. 8).

In some of the existing literature [4,32] results from the wave-
averaged approach (uncoupled) have shown considerable spatial
variability in the lee of the wave farms (i.e., the so-called “garden-
sprinkler effect”). This is likely due to the exclusion of diffraction in
the SWAN/SNL-SWAN simulation and/or the result of using a coarse
directional resolution. We did not observe this in our simulations
even with narrow (10.2�) directional spreading. The effect of the
directional resolution in SNL-SWAN was investigated by varying
the directional resolution from 10 to 5 and 2.5�. It was observed
that increasing the directional resolution (i.e., 5 and 2.5�) resulted
in a slightly smoother downstreamwave field compared to coarser
directional resolution (not shown).

Many existing studies have usedwave-averagedmodels without
coupling to circulation models [3,5,8]. To investigate the role that
currents may play in smoothing out the wave fields due to wave-
current interactions, we carried out a simulation with the



Fig. 10. Comparison of Delft3D-SNL-SWAN and SWASH for all the wave farm scenarios subjected to reference wave case with the legend indicating the location of the wave farm,
i.e., offshore distance (OD) OD 1 km (red), OD 2 km (blue) and OD 3 km (dark yellow). The mean components are shown in panels a), b), c) and the maximum components are shown
in panels d), e) and f) respectively. The solid black line implies the perfect match between the models.
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reference wave case and wave farm of 10 WECs arranged in three
rows with small spacing (3✕D) in which SNL-SWAN was not
coupled to Delft3D (all other wave model settings remained the
same). Without coupling to the flow model, bands (spatial gradi-
ents) in the wave field are much more pronounced (Fig. 12b). Thus,
coupling to a flow model and the associated wave-current inter-
action makes a considerable difference in the predicted down-
stream impacts of waves in the lee of farms.

Due to computational limitations, the wave farm impacts for
large offshore distances (more than 3 km) were not considered.
However, given their different numerical implementation and lack
of diffraction in SNL-SWAN (Appendix B), it is expected that the
downstream impacts from Delft3D-SNL-SWAN will extend over a
longer distance in the lee of the farm before there is no discernible
impact on the wave field relative to the wave field incident to the
wave farm. To examine if this was indeed the case, we conducted
one simulationwith bothmodels where a large and densely packed
farm composed of 10 WECs with close spacing arranged in three
rows was placed 5 km offshore and exposed to the reference wave
case (additional simulations were not possible due to the compu-
tational time).

Even when the wave farm was located further offshore (5 km),
there was still a pronounced wave shadow extending to the
coastline predicted in both models (Fig. 13a, e). Similar to Fig. 8, the
onshorewave-driven currents in the direct lee of the farm extended
about 3 km in Delft3D-SNL-SWAN; whereas, the onshore flow
diverged about 250 m downstream of the wave farm in SWASH.
However, in the nearshore (x ¼ 4e5 km), both models predicted
relatively similar impacts and the converging flow pattern is
apparent in results of both models. The Hbr was reduced by about
8% in both models (with respect to the no farm scenario, Fig. 13b, f)
in the wave farm shadow region (alongshore averaged).
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Furthermore, for h and Vm, themagnitudes of the predicted impacts
were similar in both models (Fig. 13 c, d and g, h).

Despite, significant differences in the near-field (wave farm)
region between the models, the parameterized wave-averaged
model was able to capture many of the dominant features of the
nearshore hydrodynamics that were predicted by the wave-
resolving (non-hydrostatic model) that intrinsically accounts for
additional relevant physics. Although both models predicted
similar impacts for the range of parameter space considered, the
findings are associated with the specific point absorber type WECs
(fully submerged WEC moored with three taught tethers). How-
ever, we would expect similar results (in the nearshore) for similar
point absorber type WEC devices given their similar operating
principles (and probably for other classes of nearshore WECs).
Although it would be expected to have significant differences in the
near-field (wave farm) region between the models.
6. Conclusions

In this work, we compared the predicted coastal impacts for
various wave farms from a wave-averaged and flow model
(Delft3D-SNL-SWAN) and a wave-resolving wave flow model
(SWASH). Model predictions of coastal impacts were compared for
a range of wave farm designs (with varying farm layout, inter-
device spacing, the offshore distance of the farm and the number
of devices) and different wave conditions (representing both swell
and sea-like conditions). The overall comparison between the two
approaches based on a series of idealized simulations reveals that
both models predicted qualitatively similar impacts with reduced
wave heights near shore and generation of converging nearshore
currents. Large differences between the models were identified in
the wave farm region that were due to differences in the



Fig. 11. Maximum change of normalized breaking wave height,
��DHbr;n

��
max , from panels a) to c), normalized mean water level, jDhnjmax from panels d) to f) and relative change of

surf zone mean alongshore velocity,
��DVmjmax from panels g) to i) compared for the two classes of models, black ¼ SWASH (SW) and red ¼ Delft3D-SNL-SWAN (D3DS) for different

offshore distances (OD ¼ 1 km, 2 km and 3 km, shapes) subjected to different wave conditions. Bar plots (right ‘y’ axis) represents the difference in prediction between the models
(SW e D3DS) for different ODs (colors). The first column shows differences in wave height, the second peak wave period and third directional spreading.

Fig. 12. Comparison of changes in the nearshore due to wave farm (described in Fig. 12) with and without flow module in panels a) and b). The colors indicate the normalized wave
height

�
Hs=Hi

�
. Panel c) shows the alongshore variation of breaking wave height (Hbr) and legend indicates the respective cases.
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representation of WECs in each model. In particular, Delft3D pre-
dicted stronger onshore directed currents in the direct lee of the
farm that extended for a greater distance.

Differences between the two models were smaller at increasing
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distance from the farm. Inside the surf zone, predictions by both
approaches were similar, although SWASH generally predicted
larger impacts, especially for wave farms in relatively close prox-
imity to the coast (i.e., with the wave farm located less than 2 km



Fig. 13. Comparison between two models for the wave farm composed of 10 WECs arranged in three rows, closely spaced (3✕D) located 5 km offshore subjected to reference wave
condition. In panels a), e) the normalized wave height, Hs=Hi

; (colors) and the perturbed depth-averaged velocities U
!� U

!
i (arrows) from SWASH and Delft3D-SNL-SWAN pre-

dictions are shown. Black dashed line in panels a), e) indicates the bottom slope region from 20 m to 0 m water depth and the solid black line indicates the 10 m still water depth.
Panels b), c), d) and f), g), h) show the breaking wave height (Hbr), setup (h) and cross-shore averaged alongshore velocity (Vm) in the surf zone from both models.
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from the shoreline). Despite differences in details of the nearshore
wave and flow fields, both models predicted broadly similar pat-
terns in the nearshore hydrodynamics for the range of wave farm
designs considered. We considered the wave farm induced near-
shore changes as a proxy to characterize the intensity of impacts
(i.e., smaller nearshore changes to less impact and vice versa). Both
models agreed that coastal impacts (changes to the nearshore hy-
drodynamics) were largest for relatively large and dense wave
farms located closest to the shore (1 km); whereas impacts were
smallest for the small and widely spaced farm at a greater offshore
distance (3 km). We also found that coupling to a current model (in
this case Delft3D) and using a higher directional resolution reduced
the spatial gradients in thewave field in the lee of thewave farm for
the wave-averaged model (SNL-SWAN).

Based on the outcome of this work, we hypothesize that these
results are also likely transferable to other point absorber type of
WECs due to their similar operating principle; all point absorbers
(and WECs in general) will likely alter the surrounding hydrody-
namics and cause downstream wave attenuation and thereby
induce currents due to alongshore gradients in wave forcing. This
work also suggests that when incorporating other point absorbers
(and probably other types of WECs with different working princi-
ple) the far-field impacts may not vary much between the models.
Furthermore, this work also highlights the broader implications to
the coastal community in the use of wave-averaged versus wave-
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resolving models to situations where large sources of localized
wave dissipation occur e.g., waves in the lee of islands, coastal
structures etc.
CRediT authorship contribution statement

Daniel R. David: Conceptualization, Methodology, Formal
analysis, Visualization, Writing e original draft, Writing e review&
editing. Dirk P. Rijnsdorp: Conceptualization, Methodology,
Writing e original draft, Writing e review & editing, Supervision.
Jeff E. Hansen: Conceptualization, Methodology, Writinge original
draft, Writing e review& editing, Funding acquisition, Supervision.
Ryan J. Lowe: Conceptualization, Writing e original draft, Writing
e review & editing, Funding acquisition, Supervision. Mark L.
Buckley: Conceptualization, Writing e original draft, Writing e

review & editing, Supervision.
Declaration of competing interest

The authors declare that they have no known competing
financial interests or personal relationships that could have
appeared to influence the work reported in this paper.



D.R. David, D.P. Rijnsdorp, J.E. Hansen et al. Renewable Energy 183 (2022) 764e780
Acknowledgements

This project forms part of a Ph.D. study by D.R.D at the Univer-
sity ofWestern Australiawhich is supported by the Commonwealth
Government through an Australian Government Research Training
Program Scholarship. Funding was provided by Australian Renew-
able Energy Agency, Research and Development Programme (grant
number 2015RND086 in partnership with Carnegie Clean Energy)
and the Wave Energy Research Centre (through funding provided
by the Western Australian Government, via the Department of
Primary Industries and Regional Development (DPIRD), and Uni-
versity of Western Australia). Supercomputer access was provided
by the Pawsey Supercomputing Centre with funding from the
Australian Government and the Government of Western Australia.
We thank Adria Elskus for proofreading the article. We would also
like to thank Arnold Van Rooijen, Renan Fonseca da Silva, Adi
Kurniawan, Jana Orszaghova, Hugh Wolgamot and Gerbrant van
Vledder for fruitful discussions that helped to improve the manu-
script. Finally, we greatly appreciate the time and effort of anony-
mous reviewers whose feedback improved this paper.
Appendix A. Effect of SNL-SWAN grid resolution on WEC
power absorption and nearshore impacts

Initial simulations with the Sandia National Laboratory-
Simulating WAves Nearshore wave-averaged model (SNL-SWAN)
indicated that the predicted power absorption from wave energy
converters (WECs) is sensitive to the grid resolution. In SNL-SWAN,
WECs are represented as an obstacle and thus the relationship/
arrangement between the WEC and the grid can impact the power
absorption. For example, if aWEC is not captured fully with a coarse
resolution grid (i.e., the WEC diameter is less than the grid size)
lower power absorption will result (e.g., Fig. A1, green line). Simi-
larly, if a WEC does not intersect a grid edge no absorption of wave
energy occurs (Fig. A1, blue line). Furthermore, for WECs of
different sizes but less than an integer multiple of the grid size (e.g.,
black and red lines, Fig. A1), the same power will be absorbed and
the downstream impact will be the same.

Fig. A1. Representation of a wave energy converter (WEC, colored lines) as an obstacle
in a Sandia National Laboratory-Simulating WAves Nearshore (SNL-SWAN) wave
model grid where the relationship/arrangement between the WEC and the grid can
impact the power absorption.
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Therefore, to capture the entire width of the obstacle (WEC),
previous studies have used high resolution nested grids to capture
the entire width of each WEC. However, with a structured grid,
changing the layout of the wave farm and spacing could result in
one or many WECs not fully being captured and therefore could
result in lower power absorption. To demonstrate the influence of
grid resolution (GR), the cross-shore distribution of Hs in the pres-
ence and absence of a single WEC for a range of grid resolutions
(50 m, 25 m, 12.5 m and 6.25 m) when subjected to Hs ¼ 2 m,
Tp ¼ 10 s and sq of 10.2� is shown in Fig. A2. The GR was varied
relative to the WEC diameter (D ¼ 25 m) and except for 50 m grid
size other GR captured the complete WEC width.

Fig. A2. Cross-shore distribution of significant wave height (Hs), (a) in the presence of
wave energy converter (WEC) and (b) in the absence of WEC for different grid reso-
lutions in Delft3D-SNL-SWAN. In panel a) ‘50 m (nc)’ implies the WEC does not
intersect the grid lines (e.g., Fig. A1, blue line).

The presence of a WEC altered the downstreamwave height for
all the GR tested; however, for the coarser GR (50 m), when theWEC
crosses the grid lines (similar to Fig. Al, green line), the power ab-
sorption is about 11% less compared to the finest GR used (6.25 m).
For the same 50m GR,when theWEC is not allowed to cross the grid
line (similar to Fig. Al, blue line), there is no power absorption
(Fig. A2, green dashed line) and the wave heights are similar to the
case with no WEC. For the comparison shown in Fig. A2, the dif-
ference in wave height between the finest (6.25 m) GR to 12.5 m
resolution is less than 1% suggesting grids finer than 12.5 m do not
provide additional benefit.

Furthermore, we compared the normalized breaking wave
height and cross-shore averaged surf zone mean alongshore ve-
locity (Vm) across the range of grid size (Fig. A3). The alongshore
mean percentage difference between the 6.25m and 12.5m grid for
the normalized breaking height is about 0.28%. Furthermore, the Vm

variations shown in panels c) and d) also suggest that the deviation
between the finest GR (6.25 m) and 12.5 m GR is trivial. This con-
firms that the adopted GR (12.5 m) is adequate to capture the
downstream predictions. Also, the grids were set up such that for
all wave farm layouts, all the WECs intersected with grid lines.



Fig. A3. The alongshore breaking wave height (Hbr) variation due to the influence of an isolated wave energy converter (WEC) in panel a). The minimum (diamond), mean (circle)
and maximum (diamond) of normalized breaking wave height for different grid resolutions (GR) as a function of D/GR (where D is the diameter of the buoyant actuator ¼ 25 m) in
panel b) from Delf3D-SNL-SWAN. Similarly, the alongshore variation of surf zone averaged mean alongshore current velocity (Vm) in panel c) and the absolute minimum, mean and
maximum of Vm are shown in panel d), respectively. The ‘50 m (nc)’ implies the WEC does not intersect the grid lines (e.g., Fig. A1, blue line).
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Appendix B. Diffraction and no diffraction comparison

In order to assess the influence of diffraction in SNL-SWAN, we
conducted simulations with and without diffraction for the wave
farms located 1 km offshore (Table 2). For simulations with
diffraction, the smoothing coefficient and smoothing steps were
fixed as 0.2 and 5, respectively. Furthermore, for the reference wave
farm, the smoothing coefficient was varied from 0.2 to 0.8 in 0.2
intervals and smoothing steps of 5, 20 and 100 were used. Based on
the comparison we observed that the inclusion of diffraction
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smooths the downfield wave gradients (Fig. B1). Despite consid-
erable changes observed in the near-field region, the far-field in-
fluences (x¼ 1,600 to 2,000m)were similar (Fig. B1). Increasing the
smoothing steps and coefficient increases the computational time,
and the far-field effects were approximately similar (not shown).



Fig. B1. Comparison of wave farm induced changes (10 wave energy converters arranged in 3 rows with 10✕D spacing located 1 km offshore) with (panel a) and without (panel b)
diffraction. The colors indicate the normalized wave height

�
Hs=Hi

�
and arrows indicate the depth-averaged velocity difference in the presence and absence of a wave farm. Red

dashed line in panels a), b) indicates the bottom slope region from 20 m to 0 m water depth and the solid red line indicates the 10 m water depth.
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