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Influence of the wave spectrum representation
on production estimations from point

absorbers WEC farms
Matı́as Alday G., Vaibhav Raghavan, and George Lavidas

Abstract—To date the use of the JONSWAP parametric
spectrum is still widely accepted in many engineering ap-
plications, including the wave energy sector. Nevertheless,
in the last 15 years many studies have progressively shown
the necessity to implement more detailed and realistic
spectral information in order to reduce the errors (or dif-
ferences) introduced when the JONSWAP spectrum fails to
describe more complex sea states. In the present study, the
changes in produced power estimations, related to different
spectral representations, are analyzed. All power produc-
tion estimates are obtained through 11 years simulations of
point-absorber Wave Energy Converter (WEC) arrays, using
the HAMS-MREL Boundary Element Method (BEM) solver.
To assess the effects of the wave energy distribution on
power production, 3 different spectral forcing are consid-
ered. Two based on the JONSWAP spectrum, and one using
spectra time series from the ECHOWAVE hindcast specially
developed for wave energy applications. For comparison
purposes, the hindcast spectra is used as reference, since
it can accurately represent the sea states evolution in
time including the occurrence of multimodal conditions,
which are not considered by the JONSWAP formulation.
Additionally, 3 locations with different wave climates are
analyzed within European coastal waters. Recent results,
focused on the response of a single (point-absorber) WEC,
show that the differences in the mean yearly production
can be > 12% when compared to reference hindcast data.
Similar levels are found in this study for a 10-devices array.
The generalized analysis presented here, including the
hydrodynamic interactions between multiple WECs within
an array, is an important step forward in the understanding
and quantification of the uncertainties present in power
production assessments.

Index Terms—wave energy converters, JONSWAP, wave
spectrum, . . .

I. INTRODUCTION

ACCURACY of the sea states’ representation is
one of the most important elements in the

estimation of wave energy converters’ (WECs) ab-
sorbed/produced power. In fact, one could affirm that
the sea state is a key component in the “pipeline” re-
quired to perform production assessments. This starts
with the resource characterization [1]–[3], followed by
identification of WECs suitability (e.g; [4]–[6]), and
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leads to WEC-Site production analysis that is required
for potential large scale deployments (e.g.; [7]). All
of these steps rely on the quality of the wave fields
description, weather this comes from in situ measure-
ments or hindcast data generated through numerical
models [2], [8].

It is well known that, to date, the JONSWAP spec-
trum [9] has been used in many engineering and
wave energy applications. Particularly the modified
formulation proposed by Goda [10], allows to easily
parametrize the spectral energy distribution based on
the significant wave height (Hs), the peak period (Tp)
and a shape parameter γ. Nevertheless, the JONSWAP
parametric shape fails to represent more complex wave
field conditions. Mainly multi-modal sea states (more
than one energy peak), related to the occurrence of
different (independent) wave systems. Several studies
have shown that the occurrences of multi-modal sea
states can easily be > 30% of the time [11]–[13]. Thus,
the use of the JONSWAP spectrum, although practi-
cal, it can introduce non-negligible errors in analyses
where wave energy distributions are required. This
is specially true in the absence of adequate shape
parameters.

Expanding on the work from Alday et al. [11], in
this paper we analyze the effects of the wave spectrum
representation on power production estimations from
a point absorbers’ array. Power production simulations
are carried out with the HAMS-MREL [14] Boundary
Element Method (BEM) model. To assess the changes
of power production due to different representations of
the sea states, 3 different spectral inputs are use to force
HAMS-MREL: the simplified JONSWAP parametric
shape proposed by Goda [10], the original JONSWAP
formulation from Hasselmann [9], and spectral data
taken from the ECHOWAVE hindcast [8]. One of the
main advantages of using hindcast data, is that it can
accurately represent the evolution of a wide range of
sea states, including the occurrences of multi-modal
conditions. Using these spectral inputs, production
differences are estimated for a 11 years period. Addi-
tionally, to ensure robustness of the obtained results, 3
locations with different wave climates within European
coastal waters are analyzed: offshore the coasts of
Portugal, Ireland, and The Netherlands.

In the present paper, the proposed method is detailed
in Section II. The obtained results are presented in Sec-
tion III. Finally, a discussion of the results is included
in Section IV.
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TABLE I
ANALYZED LOCATIONS COORDINATES AND DEPTH

Location ID Depth Longitude Latitude
[m] [◦] [◦]

Viana do Castello POR 69.12 41.680 -8.970
Western Ireland IRE 71.90 52.826 -9.702
The Netherlands NED 23.72 53.614 4.961

TABLE II
PROPERTIES OF THE PA DEVICE

Property Value Unit

Diameter 9 m

Height 18 m

Installation depth (minimum) 40 m

Weight 70 T

Draft 6 m

Undamped Natural period (heave) 3 s

II. MATERIALS AND METHOD

A. Wave dataset

Time series of wave spectra are taken from the
ECHOWAVE high-resolution hindcast. This 30 years
dataset (1992 to 2021) was created using WAVEWATCH
III (WW3; [15], [16]), with adjustments aimed to im-
prove its accuracy in Atlantic European coastal wa-
ters (parameterization TUD-165). The wave spectrum
is discretized in 36 directions and 36 exponentially
spaced frequencies from 0.034 to 0.95 Hz, using a
1.1 increment factor from one frequency to the next.
The maximum spatial resolution within the European
coastal shelf is ∼ 2.3 km. For further details on the
hindcast’s parameterization adjustments, forcing fields
and validation, please refer to Alday & Lavidas [8].

Coordinates and depth of the locations from where
spectral data is extracted, are detailed in Table I.

B. Simulation of WEC array

The WEC array is composed of Point Absorbers
(PAs), which are one of the most common and simple
WEC devices. The geometry of this device is inspired
on the state-of-the-art Corpower C4 WEC. The geom-
etry and mass properties of the point absorber are
shown in Table II. These have been taken from our pre-
vious study [17]. The draft of 6 m was assumed by the
authors for this study and the natural frequency was
calculated based on the aforementioned properties.

A staggered two row configuration is utilized as
shown in Figure 1. A spacing Lp of 6D where D is
the diameter of the PA, is considered to have a packed
array. Simulations were performed in 36 directions
starting from 0 degrees to 350 degrees (with respect to
the +x axis), thus allowing the change in the direction-
ality of the wave resource over time to be incorporated
in the power production estimation.

The weakly non-linear frequency domain model is
developed for arrays considering viscous losses and
optimized frequency dependent PTO coefficient. The

Fig. 1. PA array staggered configuration

Fig. 2. Mesh of Point absorber modelled using HAMS-MREL (Co-
ordinate system - X-red, Y-green, Z-blue)

equation of motion for the ith f for the array (mono or
mixed) can be obtained as:

[−ω2
i (Md +Ma,i(ωi)) + iωi(Ba,i(ωi) +BPTO(ωi) +Bv)

+Ch]S(ωi) = Fe,i(ωi) (1)

where the first 2 terms are the diagonal mass matrix
Md and the fully populated added mass coefficient
matrix Ma,i. Then, Ba,i is the fully populated radi-
ation damping coefficient matrix, BPTO is the fully
populated optimized PTO damping coefficient matrix,
Bv is the diagonal linearized viscous damping coef-
ficient matrix. Finally, Ch is the hydro-static stiffness
coefficient matrix, Fe,i is the excitation force column
vector, and S is the response column vector. When
the amplitude of the incident wave is 1 m, then S
represents the RAO column vector.

The frequency dependent hydrodynamic coefficients
and exciting forces are obtained from the frequency do-
main Boundary Element Method (BEM) solver HAMS-
MREL [14]. The PA mesh employed for running the
simulations in HAMS-MREL is shown in Fig. 2.

To determine the optimized PTO damping coefficient
matrix considering viscous losses using spectral do-
main method, an iterative procedure is adopted. This
follows from the viscous coefficient being dependent
on the variance of the velocity of the devices across all
considered frequencies. The PTO damping coefficient
matrix can be obtained as:
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BPTO(ωi) =

(
(Ba,i(ωi) +Bv)

2 +
(
ωi(Md +Ma,i(ωi)− Ch

ωi

)2
) 1

2

(2)
based on [18], [19]. The tolerance utilized for Mean
Squared Error in the iteration process was 1e-6.

The power absorbed by the array for a given fre-
quency ωi can be obtained as:

Preg,array(ωi) =
1

2
ω2
i S̃

∗(ωi)BPTO(ωi)S(ωi) (3)

For a given spectrum S(ω), the power from the array
can then be obtained as:

Pirr,array =

∫ ∞

0

2Preg,array(ω)S(ω)dω (4)

C. Definition of spectral boundary conditions
As mentioned in Section I, 3 approaches are em-

ployed to define the time series of spectral input in
HAMS-MREL. The proposed method is designed to
progressively improve the spectral description across
the range of frequencies. First, using the simplified
expression proposed by Goda (5), the JONSWAP spec-
trum is modulated with the time series of Hs and Tp of
each analyzed location taken from the wave hindcast.
This spectral time series is created using a fixed γ
value. We call this approach to define the spectral input
JON-G.

When using JON-G, γ is taken from recommended
values (at each location) [11]: 1.82 at POR, 1.78 at IRE,
and 1.29 at NED.

E(f)Goda = βJHs
2Tp

−4f−5 exp
[
−1.25(Tpf)

−4
]

×γexp[−(Tpf−1)2/(2σ2)]
(5)

with

βJ =
0.0624

0.230 + 0.0336γ − 0.185(1.9 + γ)−1

× [1.094− 0.01915ln(γ)]

(6)

and

σ =

{
σa = 0.07 , f ≤ fp

σb = 0.09 , f > fp
(7)

The gamma value γ in eq. (5) and (6) ranges from 1 to
7 [10].

The second approach to define the input for the
WEC array simulations is referred to as JON-H. When
the spectral input for HAMS-MREL is defined using
JON-H, the original JONSWAP expression proposed by
Hasselmann [9] is employed. In this case the spectral
time series is created using the peak frequency fp from
the hindcast data and the same discrete frequencies
from the ECHOWAVE’s spectral files. This allows to
define the values taken by σ following eq. (7). Then,
γ and α, are defined at each time step with a best
fit algorithm based on parameter optimization imple-
mented in Python [20], [21]. The algorithm considers
the following steps:

• The hindcast spectral data is taken as reference.

• An objective function is defined using the squared
sum of the discrete values (per frequency) between
the spectrum from (8) and data from ECHOWAVE.

• Squared differences are minimized through itera-
tions using the minimize function from Python’s
SciPy package [22].

E(f)Hasselmann = αg2(2π)−4f−5exp

[
− 5

4

(
f
fp

)−4
]

×γ
exp

[
− 1

2

(
f−fp
σfp

)2
] (8)

In (8), σ is the same as given in (7). g = 9.81 ms2 is
the acceleration of gravity. α is the Phillips constant,
fp is the frequency of the spectral peak, γ and σ are
shape parameters.

The third way to impose boundary conditions in
the WEC array simulations, defined here as the “full
spectral representation” (FSR), considers directly using
the hindcast spectral data. With the FSR approach, a
wide rage of spectral shapes and occurrences of multi-
modal sea states are included in the estimations of
produced power. Based on the latter, results using the
FSR approach are used as reference in all comparison
analyses.

Directionality of the wave field plays an important
role in the simulation of WECs’ interactions within
an array, affecting production estimates. At this stage
the direction considered at each time step corresponds
to the mean wave direction (Dm) obtained from the
reference wave hindcast. For simplicity, the same Dm

is used with JON-G, JON-H and FSR.

D. Differences quantification
Changes in produced power estimations are quan-

tified using the Normalized Mean Differences (NMD)
and the Scatter Index (SI):

NMD(X) =

∑
(Xa −Xb)∑

Xb
(9)

SI(X) =

√√√√∑[
(Xa −Xa)− (Xb −Xb)

]2∑
X2

b

(10)

In (9) and (10) Xa could be the obtained time series
of produced power using JON-G or JON-H, whereas
Xb is always the one obtained using FSR.

III. RESULTS

Estimations of yearly total production and differ-
ences, related to the use of different spectral input
(JON-G, JON-H, and FSR) for the point absorbers’
WEC array described in Section II-B, are presented in
Fig. 3.

At the 3 analyzed locations, the array’s production
is overestimated with JON-G. NMD levels at POR and
NED are close to 12.5% and can be higher at POR. At
IRE, yearly production differences are closer to 11%.
On the other hand, when using the JON-H approach,
although smaller differences, a constant production
underestimation is observed (compared to FSR). In this



752–4 PROCEEDINGS OF THE 16TH EUROPEAN WAVE AND TIDAL ENERGY CONFERENCE, 7–11 SEPTEMBER 2025, FUNCHAL

2012 2014 2016 2018 2020

Years

3000

3500

4000

4500

5000

[M
W

h
]

Yearly production estimations POR

2012 2014 2016 2018 2020

Years

8.0

8.5

9.0

9.5

10.0

10.5

11.0

11.5

12.0

S
I 
[%

]

(JON-G - FSR) ( =1.82)

(JON-H - FRS)

FSR
JON-G ( =1.82)

JON-H

2012 2014 2016 2018 2020

Years

5.0

2.5

0.0

2.5

5.0

7.5

10.0

12.5

N
M

D
 [

%
]

(JON-G - FSR) ( =1.82)

(JON-H - FRS)

2012 2014 2016 2018 2020

Years

4500

5000

5500

6000

6500

7000

7500

8000

[M
W

h
]

Yearly production estimations
FSR
JON-G ( =1.78)

JON-H

2012 2014 2016 2018 2020

Years

5.0

2.5

0.0

2.5

5.0

7.5

10.0

12.5

N
M

D
 [

%
]

(JON-G - FSR) ( =1.78)

(JON-H - FRS)

2012 2014 2016 2018 2020

Years

6.0

6.5

7.0

7.5

8.0

8.5

9.0

9.5

10.0

S
I 
[%

]

(JON-G - FSR) ( =1.78)

(JON-H - FRS)

2012 2014 2016 2018 2020

Years

1200

1300

1400

1500

1600

1700

[M
W

h
]

Yearly production estimations
FSR
JON-G ( =1.29)

JON-H

(a)

(b)

(c)

2012 2014 2016 2018 2020

Years

5.0

2.5

0.0

2.5

5.0

7.5

10.0

12.5

N
M

D
 [

%
]

(JON-G - FSR) ( =1.29)

(JON-H - FRS)

2012 2014 2016 2018 2020

Years

8.0

8.5

9.0

9.5

10.0

10.5

11.0

11.5

12.0

S
I 
[%

]

(JON-G - FSR) ( =1.82)

(JON-H - FRS)

IRE

NED

Fig. 3. WEC array production differences (NMD) and SI at (a) POR, (b) IRE, and (c) NED. Results for 2018 at IRE not available at this stage.
All comparisons are made with respect to results using FSR. Fixed γ parameter used in JON-G corresponds to the recommended values
proposed by Alday et al. [11].

case NMD levels oscillate around −2.5% at IRE, but can
reach −5% at NED and POR. (Fig. 3, middle panel)

Scatter index results can be considered as an indi-
cation of the cumulative differences in time of JON-
G or JON-H with respect to FSR, but not necessarily
related to poorer performance. As can be seen in Fig.
3.a,c, SI levels of the results obtained with JON-H are
slightly higher than those obtained with JON-G, about
2% higher in average. This is not the case at IRE, where
the SI of JON-H with respect to FSR is typically of the
same order as JON-G (with exception of years 2015 and
2021).

IV. DISCUSSION

In the present study, we have analyzed changes in
power production estimates, from a 10-devices WEC
array of point absorbers, related to different spectral
inputs employed in the simulations of the array. Three
approaches were used to verify the importance of sea
states’ accuracy in production estimations using the
BEM model HAM-MREL: JON-G, JON-H and FSR. The
proposed method aims to progressively improve the
accuracy of the energy distribution in the wave spec-
trum. First using the JONSWAP expression proposed
by Goda with a fixed γ shape parameter (JON-G).
Then, employing the original JONSWAP formulation
proposed by Hasselmann including the use of time
varying α and γ shape parameters (JON-H). And fi-
nally, using spectral information from the ECHOWAVE
hindcast (FSR) which is used as reference for compar-
ison purposes. The analysis of changes in production

due to different spectral representation was performed
at 3 different locations: POR, IRE and NED.

In general, results showed that when using JON-
G overestimation of power production can be higher
than 11%, compared to estimates done wit FSR. In
fact the NMD levels found at POR and NED are in
average closer to 12.5%. On the other hand, when
using JON-H a slight underestimation is observerd,
with NMD levels close to −2.5% at NED and reaching
5% at POR and NED. These results are very similar to
those obtained by Alday et al. [11] for a single device,
where the differences in the mean yearly production
reach the same levels (for a 30 year analysis). It is
possible that the directionality simplifications applied
here play a role in these similarities, specially when
wave systems travel with large incidence differences,
or even with opposing directions. It is expected that
the use of the directional spectrum, which is a more
complete description of the sea state conditions, will
provide more accurate estimates in arrays’ production
estimates. This is part of ongoing research efforts for
an upcoming publication.

Particularly interesting are the results obtained for
the SI between production estimates using JON-G and
JON-H with respect to FSR, where SI for JON-H are in
average 2% higher than JON-G. One would expect to
have an overall lower SI with JON-H, with a closer
spectral distribution to FSR at each time step. It is
possible that multi-modality of the spectrum plays
a role in these SI levels. Further analysis should be
carried out to have a better interpretation of the SI
level in production estimations, including other skill
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parameters to compare results. First at spectral level
and then in terms of production.
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