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Abstract

Ocean Energy Europe has estimated that 100 GW of ocean energy capacity
(wave and tidal) could be deployed in Europe by 2050. Along with the European
targets it is expected that large farms of Wave Energy Converters (WECs) will
be installed in the sea and, as part of the consenting process for their instal-
lation, it will be necessary to quantify their impact on the local environment.
The objective of this study is to improve the assessment of WEC farms impact
on the surrounding wave field (wake effect) through the use of a numerical cou-
pling methodology. The methodology consists of a Boundary Element Method
(BEM) solver to obtain the wave perturbation generated by the WEC farm for
the near-field accounting for the wave-body interactions within the farm whilst a
Wave Propagation Model (WPM) based on the mild-slope equations determines
the wave transformation in the far-field. The near-field solution obtained from
the BEM solver is described as an internal boundary condition in the WPM
and then it is propagated throughout the WPM numerical domain. The in-
ternal boundary is described by imposing the solution of the surface elevation
and velocity potential at the free-surface at each instant of time along a line
surrounding the WEC farm.

As a case study the methodology was applied to flap type WECs that are
deployed in shallow water conditions. The validation of the technique was done
first for a single flap and then for a farm of 5 flaps. Once validated, a realistic
scenario was assessed by quantifying the impact of irregular sea states composed
of long crested waves on a large WEC farm composed of 18 flaps and located
on a real bathymetry. The irregular waves were obtained by superposing the
regular wave field solutions for all wave frequencies represented in the considered
sea state based on the linear water wave theory. Within the limits of this theory
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these simulations demonstrate the versatility of the methodology to accurately
represent the impact of a WEC farm on the surrounding wave climate. The
influence of the peak period and the spacing between flaps on the WEC farm
wake effect was assessed as well.

Keywords: Wave Energy Converter, Wake Effect, Wave Propagation, Wave
Farm, Coupling Methodology
2010 MSC: 00-01, 99-00

1. Introduction

The presence of Wave Energy Converter (WEC) farms in the ocean will lo-
cally affect the wave climate. WECs are designed to absorb part of the incoming
wave energy and therefore to reduce the amount of energy density in the lee side
of the farm (wake effect). The quantification of the wake effect generated by a5

WEC farm is an important consideration in the consenting process for the de-
ployment of these technologies. Furthermore, their potential capability to have
a sheltering effect on other marine activities taking place in the lee of the farm
may open various opportunities. For these reasons this study aims to improve
the state of the art of the methodologies to quantify the wake effect generated10

by a WEC farm.
Some studies have used Wave Propagation Models (WPMs) to assess the

far-field effect on the lee side of a WEC farm [1, 2, 3, 4, 5, 6, 7, 8, 9, 10] by
representing intrinsically the devices as absorption cells or source terms. Others
have assessed the near-field wave interactions between devices by using Bound-15

ary Element Method (BEM) solvers [11, 12]. References [13, 14] summarise
and describe in detail all types techniques that have attempted to address this
problem. WPMs are accurate solvers of the wave propagation throughout large
domains considering realistic conditions such as irregular bathymetries and dis-
sipative processes. However, these models do not accurately represent the local20

wave-body interactions and rely on external lookup tables describing the absorp-
tion capacity of the WECs in order to represent them inherently. BEM solvers
are the opposite as they provide accurate solutions of the local wave-body in-
teraction phenomena by solving the well-known boundary value problem but
are limited in terms of the constant depth assumptions and the restricted-size25

numerical domains.
A coupling methodology is applied in this study to bridge the gap between

the near-field results obtained from a BEM solver and the wave propagation in
the far-field solved in a WPM based on the mild-slope equations. In previous
studies such as those by [15, 16, 17, 18, 19, 20] similar coupling methodologies30

have been developed for point absorber WECs or surging barges for regular wave
cases. In this study an improved methodology that uses a coupling technique
which has applications to irregular sea states composed of long crested waves
is presented. An internal boundary condition is described within the WPM for
each regular wave frequency based on the perturbed wave field solution obtained35

from the BEM solver. The propagation of the perturbed wave is then solved
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throughout the rest of the domain within the WPM. The superposition of the
two separated calculations, the perturbed wave field solved by applying the
coupling technique and the incident wave field computed intrinsically, allows
the computation of the total wave field for each frequency. The application40

of the methodology to a farm of various WECs and the superposition of the
regular wave field solutions enables the assessment of WEC farm wake effects
for realistic scenarios.

This paper presents an extension of the recent work published by the same
authors in [21] where a preliminary version of the methodology was described.45

This study starts with the description of the numerical tools employed and
their main governing equations. The proposed methodology is then outlined
by describing the technical set up of the internal boundary that allows for the
coupling between the two solvers. The coupling technique is validated first for
a single-WEC case consisting of a flap type device, and then for a WEC farm50

composed of 5 devices. In order to validate the methodology the results are
compared against BEM solver results by assuming constant water depths and
error plots are then computed for both cases. A convergence analysis is carried
out to assess the influence of the main numerical parameters on the results and
define their optimum values. Then the wake effects for a large WEC farm com-55

posed of a large number of devices and located on a real bathymetry is computed
for irregular long crested waves in order to demonstrate the versatility of the
methodology when considering real environmental conditions. The influence on
the wake effect of the peak period for the considered sea state and the influence
of the spacing between flaps are assessed as well.60

2. Literature Review

The first work to apply a similar coupling technique to WECs was Reference
[15]. The BEM commercial solver WAMIT R©[22] was used to solve the near-field
surrounding the device and MILDwave was used as WPM for the calculation of
the far-field results. The internal boundary condition describing the near-field65

solution in MILDwave was described as a circular wave generation line based
on the source term addition method from Equation (17) together with an inner
sponge layer. The methodology was applied to point absorbers and each device
was represented in MILDwave as an single internal boundary. Regular wave
results were obtained for a farm of several devices and thus the interactions were70

calculated within the WPM by means of superposing each wave component.
As a continuation to this work, Reference [16] focused on the improvement

of the angle discretisation of the circular wave generation line and the validation
against pure BEM solver solutions. Good agreements were found but due to
the reflection caused by the inner sponge layer (sponge layer used within the75

circular wave generation line) it was difficult to obtain completely consistent
reference values for the angle discretisation of the circular wave generation line.
The author of the current work applied later the same coupling technique to a
flap type WEC in [23] and compared the wave field results against the sponge
layer technique where the WEC is modelled intrinsically within the WPM as an80
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obstacle. The same small inconsistencies related with the inner sponge layer re-
flection were found needing to tune the angle discretisation each time a different
radius was used for the internal boundary.

The previous aforementioned studies led to more recent works were coupling
methodologies have been progressively improved and applied to more complex85

scenarios making use of different types of solvers. References [9, 21, 24, 25] pre-
sented different cases of coupling techniques between the BEM solver NEMOH
[26] and MILDwave [27, 19], a WPM based on the mild-slope equations. These
studies were applied to point absorber and flap type WEC farms under regular
waves and mild-slope bathymetries. The coupling technique applications were90

based on a description of the near-field perturbation generated by the WEC
as an internal boundary where the solution from NEMOH is imposed at the
boundary in MILDwave, and therefore there is no need of an inner sponge layer.
Then References [28, 29] presented a coupling technique between NEMOH and
OceanWave3D [30] to point absorber type WEC farms composed of up to 595

devices and where irregular waves scenarios and changing depth bathymetries
were considered for medium-scale domains. Result comparisons with the cou-
pling technique between NEMOH and MILDwave and experimental data were
undertaken showing very good agreements. Finally, references [31, 32] presented
a coupling technique application between an SPH (Smooth Particle Hydrody-100

namics) solver and OceanWave3D for points absorber type WECs under regular
waves.

References [17] and [18] adopted a similar coupling methodology between
the BEM solver Aquaplus [33] (NEMOH nowadays) and the ARTEMIS mod-
ule of Open TELEMAC-MASCARET [34], an open-source WPM. The Kochin105

function approximation was used to describe the fictitious island describing the
wave perturbation generated by the WECs in the WPM. The methodology was
applied to a farm of point absorber WECs under regular waves. The WECs were
represented in ARTEMIS as individually separated internal boundary conditions
and the interactions were computed within the WPM.110

More recently Reference [20] developed a methodology where the so-called
direct matrix method was adapted to the elliptic mild-slope equation. Based on
a finite-element method the mild-slope equations were used to solve the effect of
the bottom on the waves while the effect of the bodies was represented my means
of the diffraction transfer matrices. The method was applied to solve regular115

waves solutions surrounding truncated vertical cylinders and surging barges that
were compared against analytical solutions. The results are promising but the
application cases are limited to regular waves.

In this study a one-directional coupling approach per regular wave solution
is suggested between the BEM solver NEMOH [26] and the WPM MILDwave120

[27, 19] where an innovative set-up for the internal boundary is proposed. The
methodology is applied to large WEC farms and then complex scenarios repli-
cating real environmental conditions such as irregular sea states, large WEC
farms, large domains, and real bathymetry scenarios, are computed in order to
showcase the potential applications of the methodology. The internal bound-125

ary is defined by a wave generation line which implies that all cells along the
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line have a solution imposed based on the BEM solver results at the same lo-
cation. The whole farm is computed within the BEM solver accounting for
all interactions between devices and then the perturbed wave solution for the
farm is propagated within the WPM. The versatility of the method is proven130

by adapting the internal boundary in the WPM to the shape of the WEC farm.

3. Numerical Tools Employed

Two main phenomena dominate in terms of the wake effect of a WEC farm:
the wave-body interaction phenomena (near-field wave pattern) and the wave
propagation throughout the rest of the numerical domain (far-field wave pat-135

tern). BEMs are selected as an appropriate tool to assess the local wave-body
interaction in the near-field due to their high ratio of accuracy to computational
time. These solvers are based on linear potential flow theory, thus while remain-
ing below the assumption of this theory they provide an accurate representation
of the wave field surrounding a wave energy converter by solving the scattering140

problem. There exist solvers that represent the wave perturbation with high
accuracy even above the limits of the linear wave theory such as Computational
Fluid Dynamics (CFD) solvers but their extremely high computational time
demand makes them unsuitable for the application cases presented in this work.

The far-field wave pattern was obtained using a phase-resolving WPM based145

on the mild-slope equations. These models solve wave-by-wave the propagation
of linear water waves in the time domain accounting for the main transformation
processes. Some models include dissipative processes such as bottom friction and
wave breaking. Coupling the solution from the BEM for the near-field remains
theoretically a feasible task due to the similarity in the governing equations150

between the two solvers. The two hydrodynamic solvers are described in the
following section together with the governing equations of the problems assessed.

3.1. Linear wave theory

The two models employed in this study are based on the linear wave theory
and the applicability of this theory relies on the assumption that we remain155

within its limits of application. The linear wave theory assumptions are that:

• The fluid is inviscid

• The flow is irrotational, meaning ∇× V = 0.

• The fluid is incompressible, leading to the continuity equation expressed
as ∇ · V = 0.160

where the irrotationality condition allows describing the flow velocity V as the
gradient of the velocity potential φ described by Equation (1):

V (x, y, z) = ∇φ (1)
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Equation 1 together with the incompressibility condition leads to the Laplace
Equation:

∇2φ = 0 (2)

Seeking for a solution of the surface elevation η(x, y, t) and velocity potential165

φ(x, y, z, t), a group of linearised boundary conditions at the free-surface and
sea bottom are described assuming the wave amplitude is small with respect to
the wavelength and water depth. The bottom condition (z = −h(x, y)) is given
by Equation (3), and Equations (4) and (5) describe the kinematic and dynamic
condition at the undisturbed free-surface (z = 0):170

∂φ

∂z
= 0 (3)

∂η

∂t
=
∂φ

∂z
(4)

∂φ

∂t
+ gη = 0 (5)

where g represents the gravitational acceleration and the relation between η and
φ is given by Equation (6)

η̃(x, y) =
iω

g
Φ̃(x, y) (6)

with Φ being the velocity potential φ at the free-surface condition (z = 0), over-
bar (˜) representing the complex form of the variable, and ω the angular wave
frequency.175

3.2. Open-source BEM solver NEMOH

NEMOH is an open-source BEM solver developed by Ecole Centrale de
Nantes and is used in this work to obtain the near-field surrounding the WECs.
NEMOH obtains the perturbed velocity potential as a 3D solution in the fre-
quency domain from the linear wave-body interaction boundary value problem180

(or wave scattering problem) assuming constant water depth conditions. The
wave scattering problem solves Laplace’s equation (Equation (2)) assuming a
set of boundary conditions composed of the bottom and free-surface bound-
ary conditions described earlier in Equations (3), (4), and (5), and the body
and scattering boundary conditions described next by Equations (7) and (8)185

respectively:

∂φ

∂n
= U · n (7)

lim
r→+∞

φp = 0 (8)
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where φp represents the perturbed velocity potential generated by the presence
of the body, U the velocity of the body when it is assumed to be rigid, n
the normal vector to the body surface, and where r2 = (x2 + y2). The body
boundary condition needs to be satisfied at the wetted surface of the body190

for its undisturbed position, describing the non-porosity of the body surface.
The scattering boundary condition describes the complete dispersion of the
perturbed velocity potential at the infinity of the domain.

The wave scattering problem is divided into one diffraction problem and one
radiation problem per degree of freedom of the body motion. Both problems are195

solved individually for each wave frequency using the Green’s function. From
the resolution of these problems the diffracted velocity potential φd and radiated
velocity potential φr are obtained, and the sum of the two solutions gives the
perturbed velocity potential φp.

The diffraction problem is computed considering the body is fixed under200

the presence of an incoming incident wave velocity potential φi described by
Equation (9) at the infinity of the domain and the boundary condition from
Equation (10) at the body surface:

φ̃i(x, y, z) = − ig
ω
Af0(z)e(i(k(x cos β+y sin β)−ωt−ϕ)) (9)

∂φd
∂n

= −∂φi
∂n

(10)

where A is the corresponding incident wave amplitude, f0(z) is the depth de-
pendence, k the wave number related to the wavelength by k = 2π/λ, and β205

the angle of propagation direction with respect to the X axis.
Then the radiation problem is solved by considering a forced motion of the

body in calm conditions (absence of waves) assuming the boundary condition
from Equation (11) for the body surface and assuming the amplitude of the
body motion is small with respect to its characteristic length:210

∂φr,j
∂n

= Uj · nj (11)

where j represents each degree of freedom of the body motion.
In order to clarify the way a BEM solver computes the perturbed wave Figure

1 shows a sketch representation of the scattering problem with the diffraction
problem on top and the radiation problem bellow.

Using the principle of superposition the velocity potential for the total wave215

field φt in Equation (12) is calculated as a sum of the incident velocity potential
described in Equation (9), and the diffracted and radiated velocity potential:

φ̃t(x, y, z) = φ̃i + φ̃d +
6∑
j=1

˜φr,j (12)

Then from the velocity potential at the free-surface condition (z = 0) it
is straightforward to obtain the surface elevation for the total wave field from
Equation (6).220
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Figure 1: Sketch representation of the diffraction problem (top) and radiation problem (bot-
tom).

3.3. Wave propagation model MILDwave

MILDwave is used in this study to solve the wave transformation processes
throughout large domains and obtain the far-field wave pattern to assess the
WEC farm wake effect. MILDwave is a time-dependent mild-slope equation
model developed by Ghent University and is a phase-resolving type WPM. The225

model solves the propagation of surface waves throughout the domain and the
interaction with obstacles (previously defined) by solving the depth-integrated
mild-slope equations of Radder and Dingemans [35] (Equations (13) and (14)).
These equations describe the transformation of linear regular and irregular waves
with a narrow frequency band over a mild slope bathymetry (bed steepness up230

to 1/3 [36]):

∂η

∂t
= BcΦ−∇(Ac∇Φ) (13)

∂Φ

∂t
= −gη (14)

η and Φ represent respectively the surface elevation and velocity potential at the
free-surface level, t represents the time, and g is the gravitational acceleration.
The values of Bc and Ac are calculated using Equations (15) and (16):
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Bc =
ω2 − k2CCg

g
(15)

Ac =
CCg
g

(16)

with the phase velocity C and the group velocity Cg. The complete derivation235

of these equations can be found in [15].
A finite difference scheme is used to discretise and solve Equations (13) and

(14) which consists of a two-step space-centred and time-staggered computa-
tional grid. The domain is divided in grid cells with dimensions ∆x and ∆y and
central differences are used for spatial as well as time derivatives. Both η and Φ240

are calculated in the centre of each grid cell at different time levels, (n+ 1
2 )∆t

and (n+ 1)∆t respectively, where ∆t is the time step and n represents the step
cycle.

Incident waves are generated in MILDwave at the offshore boundary by using
the source term addition method, i.e. by adding an additional surface elevation245

η∗ to the calculated value on a wave generation line for each time step given by
Equation (17) as described in [37]:

η∗ = 2ηi
Ce∆t

∆x
sinβ (17)

with ηi the water surface elevation of incident waves derived from Equation (6)
and (9), ∆x the grid cell size in X direction, and Ce the energy velocity. The
wave generation line is assumed to be parallel to the Y axis.250

4. Flap Type Wave Energy Converter

4.1. Flap description

The flap type WEC is the technology to which the case scenarios are applied
since it is a type of WEC perturbing significantly the incoming wave field and
thus an appropriate application case to validate the methodology. The flap type255

WEC is defined as a surface-piercing flap hinged at the bottom of the seabed as
shown in Figure 2. The motion is restricted to pitch therefore only one degree of
freedom is considered. The shaft about which the flap rotates is at the base of
the device. Table 1 shows the main characteristics of the flap where the relative
density ρr defines the density of the WEC compared to the water density. The260

thickness t is not represented in the sketch since it has a small value compare
to the rest of dimensions.

4.2. Flap dynamic modelling

The amplitudes of rotation for each flap are calculated based on Equation
(18) for each angular wave frequency ω. The hydrodynamic coefficients Γ, Ar265

and Br, are obtained from NEMOH where Γ represents the excitation force
coefficient, and Ar and Br are the radiation added inertia and radiation damping
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Figure 2: Sketch representation of the flap type WEC

Table 1: Main characteristics of the flap type WEC.

Parameter Coefficient Value Units
Length L 20 m
Height P 12 m
Thickness t 1 m
Relative density ρr 0.3 -

coefficients. The hydrostatic coefficient H and the moment of inertia I are
calculated based on the geometry description from Table (1). The Power Take
Off (PTO) damping coefficient BPTO is calculated based on Equation (19).270

Θ(ω) =
AΓ(ω)

−ω2(I +Ar(ω))− iω(Br(ω) +BPTO) +H
(18)

The resultant values of the rotation amplitude are used to quantify the
radiated wave solution obtained from NEMOH, which is first obtained in a
non-dimensional form relative to a unit of rotation amplitude (see Section 5.2).
In the case of a farm where various WECs are considered within the BEM
solver, the terms composing Equation (18) are expanded to j dimensions where275

j represents the number of degrees of freedom of body motion (one per device
in this case). The expanded form of the equation of motion takes account of
all interactions between WECs and therefore determines the rotation amplitude
for each device whilst the presence of the surrounding moving devices.

A passive PTO composed of a damper is used in this study. This configura-280

tion was chosen to represent a hydraulic PTO which is usually employed for the
flap type WECs. Equation (19) defines the optimum value of the PTO damping
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coefficient for a specific wave frequency which is theoretically demonstrated in
[38]. In the case of an irregular sea state composed of many wave frequencies a
fixed value of the PTO damping coefficient was assigned considering the overall285

statistics of the sea state instead of an optimal value for each frequency that
would be constantly changing in time. Thus, the peak angular wave frequency
ωp of the considered sea state is applied as a fixed optimum value.

BPTO =

√(
H

ωp
− ω(I +Ar(ωp))

)2

+Br(ωp)
2

(19)

5. Methodology

5.1. General approach290

The methodology is applied to regular waves that are then post-processed
to obtain the corresponding irregular sea state based on a considered incident
wave spectrum. Each regular wave solution is composed of an incident wave
and a perturbed wave solution that are superposed to obtain the total wave. As
a first step the incident wave is solved intrinsically in MILDwave by means of a295

wave generation line located at the up-wave side of the domain that allows the
wave to propagate towards the X positive axis. The incident wave is generated
by using the usual source term addition method from Equation (17). As a
separated calculation, the perturbed wave is obtained by means of a coupling
technique that merges the near-field results surrounding the WEC farm from300

NEMOH into MILDwave as an internal boundary condition that allows for the
propagation of the wave towards the rest of the domain.

The perturbed wave is quantified based on the amplitude obtained for the
incident wave calculation at the centre of the WEC farm (X = 0 m and Y = 0
m) and both are synchronised in phase, considering the reference of the incident305

wave phase been 0 at the same location. Figure 3 shows a sketch of the method-
ology representing both calculations, the perturbed wave and the incident wave.

5.2. Coupling technique description

The internal boundary condition is described in this work as a wave gen-
eration line where the solution obtained from the BEM solver is imposed at310

each grid cell along the line surrounding all devices from the WEC farm. As
described in Section 3.3, MILDwave solves the instantaneous surface elevation
and the velocity potential at the free-surface for each instant of time. Thus,
these two variables are imposed along the wave generation line (black doted
line in Figure 4) at each time step in order to propagate the wave towards the315

far-field. The near-field solution is given by the BEM solver and the far-field
solution is given by the WPM, as illustrated by Figure 4.

The perturbed wave field solution is obtained from NEMOH in the frequency-
domain in terms of wave amplitude AN and phase ϕN . These are then trans-
formed by Equations (20) and (21) into the time-domain variables ηMW and320

ΦMW to be imposed in MILDwave at each instant of time at the internal
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Figure 3: Methodology description sketch.

Figure 4: Coupling technique description between the BEM solver and the WPM.

boundary location, i.e. along all grid cells defining the wave generation line.
Subscripts N refer to variables obtained from NEMOH and subscripts MW refer
to variables imposed in MILDwave. Due to the computational time-staggering
in MILDwave between η and Φ, the solution for both variables is imposed with325

half a time step difference:

ηMW ((n+
1

2
)∆t) = AN (ω) cos(ϕN (ω)− ω((n+

1

2
)∆t)) (20)

12
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ΦMW ((n+ 1)∆t) =
g

ω
AN (ω) sin(ϕN (ω)− ω((n+ 1)∆t)) (21)

The size and shape of the internal boundary can be adapted to the geometry
of the WEC farm under consideration, even though a minimum margin distance
d of 15 m is recommended between the boundary and the centre of the closest
device (see Section 8.4). The mandatory requirement is that the line describing330

the internal boundary needs to surround completely the WEC farm in order to
represent the complete wave energy flux of the perturbed wave.

6. Application to a Single WEC Case

6.1. Comparison between MILDwave and NEMOH

The methodology was first applied to a single WEC case and constant wa-335

ter depth conditions for validation purposes. Since BEM solvers only consider
constant water depth conditions the comparison needs to be done under these
conditions. The aim of this comparison is to validate that the same perturbed
wave from the BEM solver can be reproduced within the WPM with high accu-
racy applying the coupling technique by means of an internal boundary. Figure340

5 shows the comparison between the wave field results obtained intrinsically in
NEMOH (left) and by applying the coupling methodology in MILDwave (right)
for the same domain. The results represent the perturbed wave field solution
corresponding to an incident wave period T of 8 s and amplitude A of 1 m
across a domain of 400 x 400 m. The wave results are plotted in terms of wave345

amplitude and wave phase (frequency domain variables) for both solvers results
in order to facilitate the comparison between the frequency domain results from
NEMOH and the time domain results from MILDwave.

First the perturbed wave field surrounding the single flap is obtained in
NEMOH. A circle surrounding the flap delimits the area corresponding to the350

near-field and far-field (inner and outer domain respectively) and describes the
wave generation line in MILDwave as shown in Figure 4. In this case a circle of
radius equal to 25 m is used to define the line where the solution from NEMOH
is imposed in MILDwave, at the same location with respect to the WEC. The
surface elevation and velocity potential are imposed along the generation line355

at each instant of time and propagated throughout the rest of the domain.
The empty disc in the middle of the domain represents the location where the
solution is given by NEMOH and thus its outer limit represents the internal
boundary.

6.2. Error between MILDwave and NEMOH360

Figure 6 shows the percentage error between the perturbed wave field ob-
tained from MILDwave and that obtained from NEMOH, relative to the average
wave amplitude along the boundary that delimits the near-field and far-field.
The error is calculated based on Equation (22) where AM is the wave amplitude
result from MILDwave, AN the wave amplitude result from NEMOH, and ĀN365

13



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT

Figure 5: Perturbed wave amplitude and phase obtained in NEMOH (left) and MILDwave
(right) for a single flap.

the mean value of the wave amplitudes obtained from NEMOH all along the
boundary line. The results from NEMOH are considered here as a target solu-
tion and the comparison is possible due to the constant water depth assumptions
of this case scenario.

ε(%) =
AN −AM

ĀN
(22)

A small error is present across the Y = 0 section with overall error values370

remaining below 4%. Outside this section the error is less than 1%. The error is
relatively larger across the Y = 0 section zone since the wave amplitude values
are larger at this location. The error remains very small and well within accept-
able values considering that the maximum percentage error of 4% corresponds
to an absolute difference of 0.0036 m, as the average perturbed wave amplitude375

ĀN is equal to 0.09 m.

7. Application to a WEC Farm Case

In this section the methodology is applied to a farm of 5 flaps. The farm
is composed of two rows, an up-wave row with 3 flaps and a down-wave row
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Figure 6: Percentage error between MILDwave and NEMOH results for a single flap

with 2 flaps as illustrated in Figure 7. The lateral spacing between devices S is380

40 m and the spacing between rows R is 40 m. The down-wave row of flaps is
staggered and placed in front of the gaps from the up-wave row.

Figure 7: Sketch of the 5 flaps WEC farm layout and the rectangular boundary.
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7.1. Comparison between MILDwave and NEMOH

The same incident wave conditions (T = 8 s and A = 1 m) and constant
water depths as previously outlined are considered. In this case the shape of the385

near-field is a rectangle that fits the form of the WEC farm by leaving a margin
distance d of 15 m between the boundary and the centre of the closest device.
The dimensions of the rectangle are 60×160 m (X and Y axis respectively). The
perturbed wave solution considering all interactions was computed in NEMOH
and was then inserted into MILDwave by means of wave generation line of390

rectangular shape surrounding the near-field. In this case the perturbed wave
field from NEMOH was obtained from the superposition of the diffracted wave
and the 5 radiated waves corresponding to the motion of each WEC.

Figure 8 shows the perturbed wave amplitude and phase obtained in NEMOH
(left) and MILDwave (right) for the 5 flaps case. The same domain size is used395

again in order to validate the results with the target perturbed wave obtained
from NEMOH assuming constant water depths. A rectangle delimits the near-
field and far-field area and describes the location of the boundary between the
two solvers. Again, the rectangle is empty for the MILDwave calculation since
the near-field solution is given by the results obtained with NEMOH.400

Figure 8: Perturbed wave amplitude and phase obtained NEMOH (left) and MILDwave (right)
for 5 flaps.
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7.2. Error between MILDwave and NEMOH

The percentage error between the perturbed wave obtained from MILDwave
and from NEMOH is shown in Figure 9 along the whole domain. The maximum
error appears along section Y = 0 with values remaining below 2%. Again the
error is larger along this section due to the fact that in this zone the perturbed405

wave amplitude values are the largest in the domain. The error is small consid-
ering a percentage error of 2% corresponds to an absolute difference of 0.0055
m, as in this case the mean wave amplitude ĀN along the boundary corresponds
to 0.27 m. Therefore, a very good agreement is found for both applications of
the coupling technique, i.e. the single flap case and the 5 flaps case.410

Figure 9: Percentage error between MILDwave and NEMOH results for 5 flaps.

This application case shows the flexibility of the methodology to adapt the
near-field area to the shape of the WEC farm. Whether described by a circular
or a rectangular shape the internal boundary allows the computation of the
perturbed wave in MILDwave with very good agreement.

8. Convergence Analyses415

Prior to the calculations from Sections 6 and 7 convergence analyses were
carried out in order to investigate the optimal values of the main numerical
parameters involved in the coupling methodology, i.e. grid cell size, time step,
wave length limits, and near-field area size. Based on the results from the
analyses optimal values were assigned to these parameters in order to find the420

best match in the comparison between MILDwave and NEMOH. These analyses
were carried out based on the single flap case study from Section 6.

In the following section the details of the analyses are presented in terms of
percentage error with respect to the target values from NEMOH. The error is
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calculated by replacing the dividing term ĀN from Equation (22) by the incident425

wave amplitude Ai (equal to 1) in order to simplify the comparison between the
different analyses. The error values shown in the plots from Sections 8.1, 8.2,
8.3, and 8.4, represent the maximum error obtained along the domain of 400 x
400 m. The computational cost was not included in the convergence analysis
since all calculations remain under a very low simulation cost, of the order of430

seconds for the cases considered in this section. Therefore at this stage of the
methodology development the priority was given to the error decrease.

8.1. Time step

The reference time step value given by the MILDwave developers in order to
ensure a stable computation is ∆t ≤ ∆x/C [27] which represents the Courant-435

Friedrichs-Lewy criterion. Based on this reference, several cases were run for
values of ∆t = 0.02∆x/C to ∆t = ∆x/C considering the same regular wave
of A = 1 m and T = 8 s from previous sections. However above values of
∆t = 0.65∆x/C the calculations became unstable and could not be achieved.
The results obtained from the analysis are shown in Figure 10 where the lowest440

error obtained was 0.36% remaining relatively constant for all values between
∆t = 0.1∆x/C and ∆t = 0.65∆x/C.

Figure 10: Maximum error vs. time step.

8.2. Grid cell size

In the case of the grid cell size the reference values for MILDwave are
λ/20 ≤ ∆x ≤ λ/10 [27] for non-breaking waves where λ represents the wave445

length. These values are based on deep water conditions therefore a shift in
the recommended range towards lower values can be found when considering
shallow water conditions as in the case of this work. In this analysis cases were
run for values of ∆x = λ/140 to ∆x = λ/8 where the same regular wave of
A = 1 m and T = 8 s was considered. The convergence was obtained for values450

lower than ∆x = λ/30, reaching the minimum error of 0.36% and remaining
constant until ∆x = λ/140.

8.3. Wave length

Following the same reference of λ/20 ≤ ∆x ≤ λ/10 for the ratio between the
wave length and grid cell size, an analysis of the influence of the wave length on455
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Figure 11: Maximum error vs. grid cell size.

the error was carried out considering a fixed grid cell size. The results obtained
are shown in Figure 12. In this case the error fluctuates considerably due to
the influence of the absorption layers at the up-wave and down-wave boundaries
of MILDwave that are adjusted in width for each wave period. A convergence
was still achieved around values with an average error of 0.8% located between460

λ = 20∆x and λ = 90∆x. The lowest error of 0.36% was found for values close
to λ = 35∆x and this is considered to be the optimal case.

Figure 12: Maximum error vs. wave length.

This analysis proved the importance of considering the wave lengths limits
(and therefore wave frequency limits) that can be used with the same grid cell
size when running sea states characterised by many different wave frequencies.465

In the case of irregular sea states composed of a superposition of regular waves,
a fixed grid cell size can be applied to a all frequencies if the correct grid cell
size is chosen so that all results remain under an error of 1%. This is achievable
if the ∆x and ∆t are chosen to be optimum for the wave length corresponding
to the peak wave period Tp of the sea state.470

8.4. Near-field area size

Here a convergence analysis for the size of the near-field area enclosed by the
boundary was achieved in order to find the smallest area that provides a good
agreement. The margin distance d, defined as the shortest distance between a
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device and the boundary, was changed for each case from d = λ/35 to d = λ/2.475

The error clearly converges as d increases reaching an optimum value at d = λ/5
as shown in Figure 13. Thus, a minimum margin distance d = λ/5 needs to
be left when defining the size of the near-field area in order to maximise the
accuracy of this coupling technique. However, lower values of d are acceptable
as well since the error remain below 1% for all cases. It is important to notice480

that the area corresponding to the near-field in MILDwave assumes constant
water depth conditions and thus the interest on keeping its size as reduced as
possible.

Figure 13: Maximum error vs. near-field area size.

9. Wake Effect Assessment for a WEC Farm

The wake effect for a farm composed of 18 flaps was computed in this section485

using a large domain, irregular long crested waves, and a mild-slope bathymetry.
The aim is to demonstrate step by step the calculations carried out to assess the
wake effect for a realistic WEC farm case scenario. A domain of 1500 x 3000 m
(Y and X axis respectively) was chosen as it gives a greater scope to assess the
wake effect in the far-field.490

In this case the WEC farm is composed of 4 rows where the first and third
row are composed of 4 flaps and the second and fourth of 5 flaps as shown in
Figure 14. The lateral spacing between devices S and spacing between rows R
are 100 m and 44 m respectively. The spacings S and R were defined based on
the assessment carried out in a previous publication [7] where the WEC farm495

layout was chosen based on the available wave energy resources, i.e. wave energy
density. The centre of the WEC farm is located along section X = −500 m and
centred with respect to the Y axis at a water depth h of 10 m, which is the
constant water depth assumed for the near-field solution in NEMOH.

The farm is located on a changing bathymetry which is defined by a linear500

mild-slope with the depth decreasing towards the X positive axis direction, the
same direction than the wave propagation direction. The bathymetry profile
ranges in water depths between 12 and 6 m with a small section where constant
water depths are assumed for the WEC farm location as shown in Figure 15.
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Figure 14: Sketch of the 18 flaps WEC farm layout and the rectangle boundary.

Figure 15: Mild-slope bathymetry profile.

9.1. Regular waves505

Irregular long crested waves are calculated as a sum of the regular waves that
compose the sea state, based on the superposition principle from linear water
wave theory. The first step is to calculate the total wave amplitude for each
regular wave across the whole domain. Each total wave is composed of an inci-
dent wave propagated in an empty domain (absence of WEC farm) calculated510

intrinsically in MILDwave and a perturbed wave created by the presence of the
WEC farm obtained by means of the coupling technique. The perturbed wave
is computed based on the amplitude and phase of the incident wave solution at
the centre of the WEC farm.

Figure 16 shows the incident, perturbed, and total wave amplitude for an515

example of a regular wave of T = 8 s and A = 1 m on a mild-slope bathymetry.
For the case of the perturbed wave plot, the near-field and far-field results are
shown together, proving there is no discontinuity between the domain solved by
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NEMOH and the domain solved by MILDwave.

Figure 16: Incident (absence of WEC farm), perturbed (presence of WEC farm), and total
wave amplitude for a 18 flaps farm on a mild-slope bathymetry.

9.2. Irregular waves520

Given a specific incident irregular sea state, the local changes in the wave
spectral density can be obtained for each grid cell along the domain based on
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the regular wave solutions. The relation between the wave spectral density and
the total wave amplitude for each frequency interval is defined by Equation (23)
which allows the determination of the spectral density distribution of the sea525

state along the frequency range. A range of 50 regular frequencies have been
used in this work to discretise the irregular sea states.

S(ω)∆ω =
1

2
A2(ω) (23)

The wave spectral density S changes along the domain with the water depth
h and with the disturbance generated by the WEC farm. Thus, in order to
assess the WEC farm disturbance the spectral density distribution is obtained530

for the undisturbed sea state Su, in the absence of the WEC farm, and then for
the disturbed sea state Sd, in the presence of the WEC farm. In the case of the
undisturbed sea state the wave amplitude A corresponds to the incident wave
amplitudes for each wave frequency and in the case of the disturbed sea state
it corresponds to the total wave amplitude. Figure 17 shows an example of the535

change in the wave spectral density due to the presence of a WEC farm for a grid
cell centrally located 150 m down-wave of the farm (X = −350 m and Y = 0
m). From the significant wave height for Su and Sd the WEC farm disturbance
is quantified by the disturbance coefficient Kd described by Equation (24).

Figure 17: Wave spectral density disturbance at a grid cell point located in the lee side of the
farm for irregular waves.

Kd =
HSd

HSu
(24)

where HSd and HSu are the significant wave height for the disturbed and undis-540

turbed sea state respectively at each grid cell of the numerical domain.
The disturbance coefficient can be now obtained for the whole domain to

evaluate the disturbance generated by the WEC farm on the surrounding wave
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field (so-called wake effect). Figure 18 shows the disturbance coefficient Kd

for three incident sea states of peak periods (Tp) of 8 s, 10 s, and 12 s, and545

significant wave height (Hs) of 2 m. However, due to the linear wave theory
assumptions the Kd value is not dependent on the significant wave height and
the incident sea state is defined here only by the peak period. The PTO system
of each flap has been tuned for every sea state according to Equation (19) based
on the peak angular wave frequency ωp.550

The wake effect for the studied WEC farm shows a large wave height decrease
behind the WEC farm that persists into the far field at least until 2 km down-
wave from the farm. A large difference is found between the different sea states
due to the wave energy absorption capacity of the WECs. The WECs power
extraction reaches a saturation at certain sea states depending mainly on the555

dimensions of the device, instead of keep increasing with the higher energy sea
states. Thus, for the same WEC farm power absorption, the higher the peak
period is the less pronounced is the decrease in the disturbance coefficient.

The flap type device was modelled as it is one of the technologies that most
affects the incoming wave field. Due to its vertical orientation the device ex-560

tends through the full water column and acts as a submerged moving barrier.
Therefore the wave height reduction is expected to be more significant than for
other WEC technologies.

Considering an area in the lee-side of the WEC farm from a minimum dis-
tance of 500 m (X = 0 m) behind the farm and up to the far-field, the lowest565

Kd values are found for the sea state of Tp = 8 s with minimum values around
0.65 (equivalent to 35% of significant wave height reduction) and average val-
ues varying between 0.85 and 0.65 (15% and 35% reduction, respectively). The
reduction effect progressively decreases with increasing the peak period, with
values ranging between 30% and 10% of reduction for Tp = 10 s, and between570

25% and 10% of reduction for Tp = 12 s. If a larger distance was considered in
the lee-side of the farm the Kd values will progressively increase towards far-field
reaching eventually at a certain point values equal to 1, meaning that the wave
energy flux recovers because of diffraction.

10. Influence of the WEC Lateral Spacing575

The lateral spacing between the WECs of the farm (S) is a significant pa-
rameter in terms of the wake effect since it affects the interactions between
WECs and thus their wave energy absorption. The larger the lateral spacing
is the less each WEC is influenced by the surrounding WECs and therefore
the WECs dynamics will be closer to the case of an isolated WEC. Also the580

diffraction phenomenon is significantly affected by the spacing between WECs,
which is quantified by the ratio between the wave length corresponding to the
peak period and the shortest lateral spacing between WECs. Thus, changing
the lateral spacing can lead to significant differences in the WEC farm wake
effect.585

Figure 19 shows the disturbance coefficient Kd obtained for a WEC farm
composed of 9 flaps in a single row where S was set to 4L, 5L, and 6L (L equal
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Figure 18: Disturbance coefficient for a 18 flaps farm on a mild-slope bathymetry for sea states
of Tp equal to 8 s, 10 s, and 12 s (from top to bottom).

to the WEC length) respectively (top to bottom) and a sea state of Tp equal to
8 s. The same mild-slope bathymetry as shown in Figure 18 was used but the
average Kd values obtained in the farm lee-side are smaller since the number of590

devices and rows is reduced. It is clear that the lateral spacing affects the wave
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height reduction behind the farm. As expected, the larger the WEC lateral
spacing is, the lower is the wave height decrease in the lee-side of the WEC
farm. The area in the lee-side of the farm corresponding to Kd values ranging
between 0.875 and 0.925 (12.5% and 8.5% wave height reduction respectively)595

becomes progressively reduced in size by increasing the lateral spacing S and it
nearly disappears for the case of S = 6L.

Figure 19: Disturbance coefficient for spacings of 4L, 5L, and 6L respectively (top to bottom)
and sea state of Tp equal to 8 s.
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11. Real Case Scenario with Irregular Bathymetry

A realistic bathymetry scenario was considered in this section to demon-
strate the applicability of the methodology. The bathymetry corresponds to a600

near-shore area located off Annagh Head, west of Belmullet (Ireland) near the
Atlantic Marine Energy Test Site (AMETS). Figure 20 shows a detailed map of
the site (top) where the highlighted rectangular section of 500 x 1000 m defines
the area corresponding to considered bathymetry and the general map of Ire-
land (bottom) shows the location of the AMETS site. The bathymetry data was605

obtained from the Integrated Mapping For the Sustainable Development of Ire-
lands Marine Resource (INFOMAR) programme through their data acquisition
platform [39].

Figure 20: Detailed map of AMETS region with the bathymetry area highlighted (top).
General map of Ireland with AMETS location (bottom).

The same WEC farm configuration of 18 flaps was considered but this time
deployed at a water depth of 15 m. The flaps are submerged 3 m below the610

27



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT

water surface and this reduces their impact on the surrounding wave field. For
the site selection it was considered that a minimum distance of 1 km away from
the shore was necessary to avoid any problems with near-shore marine activities.
In addition, a large area with similar water depth values is necessary for the
installation of the WEC farm.615

Figure 21 shows the water depth values (top), the Kd values across the
whole domain (middle), and the Kd difference compared to a constant water
depth scenario where the same conditions for the WEC farm are considered
(bottom). An incident sea state of Tp = 8 s was considered at the offshore
boundary representing the sea state with the highest occurrence in a year for620

the AMETS site. For the comparison with the constant water depth case the
wave spectral distribution and the water depth were chosen to be the same at
the location of the WEC farm, eventually generating a similar wave disturbance
on the incoming sea state and where the Kd differences are only due to the
different bathymetries.625

The lowest Kd values found on the lee-side of the farm are about 0.85 at
specific locations. On average the wave height reduction remains around 10%,
which proves that for this case scenario the impact of the WEC farm on the
surrounding wave climate and near-shore remains low. If a farm composed of
surface-piercing flaps such as the one presented in Section 9 was considered, the630

impact would be significantly larger. The bottom plot of Figure 21 shows that
differences up to 10% are found for this case scenario, proving the importance of
representing real bathymetries when assessing wake effects. Again, if a farm of
surface-piercing flaps was considered the difference would be even larger. The
asymmetric pattern of the results is a proof as well of the high influence of the635

bathymetry in the WEC farm wake effect.

12. Conclusion

This work has detailed the working principle of a numerical coupling method-
ology between the wave near-field solution obtained from a Boundary Element
Method (BEM) solver and the wave far-field solution from a Wave Propagation640

Model (WPM). The BEM solver provides with the solution of the perturbed
wave field from the WEC farm that is described as an internal boundary within
the WPM and then propagated throughout the rest of the domain. The internal
boundary consists on a group of grid cells defining a wave generation line where
the results from the BEM solver at the same location are imposed at each time645

step. The solution obtained for the perturbed wave field is then superposed
to the incident wave field obtained in the absence of WEC farm in order to
obtain the total wave field for each regular wave frequency. Finally, irregular
sea states are composed based on the total wave field results from the regular
waves ranging within the wave spectral density distribution of the considered650

sea state.
The presented approach has demonstrated to give highly accurate results

when comparing the results to the target solutions from the BEM solver. The
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Figure 21: Water depth across bathymetry (top). Disturbance coefficient for 18 flaps on a
real bathymetry considering a sea state of Tp = 8 s (middle). Percentage difference with a
constant water depth scenario (bottom).

technique has proven to be versatile by adapting the internal boundary in MILD-
wave to the shape and size of the WEC farm. This allows the reduction of the655

area where the limitations of the BEM solvers are assumed (constant water
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depths). A convergence analysis for the main numerical parameters influencing
the results was undertaken in order to investigate the range of optimal values
to be used. This was followed by a sensitivity analysis where the influence of
the peak period and the lateral WEC lateral spacing on WEC farm wake ef-660

fects was assessed. Finally, the wake effect for a 18 flaps WEC farm exposed to
irregular long crested waves at a real site was assessed in order to demonstrate
the capacity of the methodology to consider real site conditions.

The methodology relies on the linear water wave theory assumptions that
remain valid in most of the operational sea state conditions. For the case of665

sea states where non-linearities become important, higher order wave-structure
interaction solvers and wave propagation models are needed. However the im-
plementation of these solvers will increase the demand in computational time
making the computation of large domains such as those considered in this study
not feasible by using standard computers. A way to increase the accuracy of the670

methodology for highly non-linear sea states is to add linear dissipation coeffi-
cients to the main governing equations as it was done in [16] to represent wave
breaking and in [10] to represent wave regeneration due to the action of wind.

The proposed numerical coupling methodology remains relatively fast in
terms of computational time. A limitation in the computational time can occur675

when obtaining the near-field within the BEM solver for extremely large WEC
farms since computing all wave interactions can be computationally demanding.
However, currently it is the most practical way for computing all wave inter-
actions within a farm of WECs. New methodologies are under development to
compute wave interactions between WECs based on cylindrical solutions of the680

perturbed velocity potential from BEM solvers [40, 12]. These methodologies
can decrease significantly the calculation time of the perturbed wave for a large
WEC farm and constant water depths conditions.

The methodology has shown that large WEC farms can have a significant
impact on the wave field. Thus it will be important to assess this impact as part685

of the consenting process for the environmental impact assessment procedure for
future commissioning of WEC farms. The development of coupling methodolo-
gies such as the one demonstrated in this work will allow the wake effects to
be estimated with a much higher precision than with previous methodologies
where WECs were represented as obstacle cells or source terms. The methodol-690

ogy enables the quantification of the sheltering effect of a WEC farm and thus
to evaluate its impact on the near-shore and the possible synergies with other
marine activities sharing the surrounding sea space.
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