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a b s t r a c t

This paper presents a study of several factors that affect the long-term performance of Wave energy
Converters (WECs) based on the methodology presented in de Andres et al. (2013). This methodology
consists of a sea state selection technique (MaxDiss), then this selected sea states are introduced into a
numerical model in order to calculate the power performance. Finally this data are interpolated with a
non linear technique (Radial Basis functions) in order to obtain the long term performance of a WEC on a
long met-ocean data series with low computational requirements. In this paper, three types of converter,
a one body heaving converter (follower), a two-body resonant converter as well as a deep water flap are
investigated. Also four different locations with different met-ocean conditions in terms of the scatter
plots and the sea conditions (swell-wind sea) distribution were selected (North of Spain, West of
Denmark, Chile and West of Ireland). The methodology worked perfectly for all the selected alternatives,
although it was demonstrated to work better for non-resonant converters that are not band limited in
their frequency response. Also, the classical method of power production assessment based on the power
matrix was reviewed, analysing the analytical spectrum assumption. The influence of more than one
peak spectrum on the power production was found to be large on a sea state by sea state basis (±200%)
but also on the Annual Energy Production (±40%).

© 2015 Elsevier Ltd. All rights reserved.
1. Introduction

Wave energy converters are still at a prototype testing stage and
only few converters have been on open sea conditions for a long
period of time. Numerical modelling techniques are popular in
order to estimate the performance of a converter on a particular
location. Normally the average annual power is computed with the
multiplication of the scatter plot (% of occurrences of a set of sea
states) by the power matrix (power of the converter on a set of sea
states). However, as stated by Ref. [1] this method just provides a
figure with the average power production and it is partially inac-
curate. Furthermore, when evaluating a particular wave energy
converter development from the economic point of view, the
interannual variability it is essential to estimate the profitability of
a project according to [2]. Then, a methodology to estimate the long
termperformance of awave energy converter in a locationwith low
.

computational requirements it is very valuable tool for WEC
development and optimization.

The methodology presented in Ref. [1] assumes that a long met-
ocean data series is available with the most important spectral
parameters. This methodology consists of a sea states selection
techniques in order to separate a subset of sea states from the
database that best represents all the database sea states. In this
methodology, the MaxDiss algorithm from Ref. [3] is proposed
because it represents very well the boundaries of the database in a
multidimensional domain. It is based on a selection that computes
the distance between points in a multidimensional space and se-
lects the most distant points in order to cover the overall variability
of the set.

The power production of these selected sea states is computed
with a numerical model and then the whole series of power pro-
duction is computed with a non-linear interpolation technique, a
Radial Basis Functions (RBF) proposed by Ref. [4] used previously in
the downscaling of wave climate to coastal areas, see Ref. [5].

In Ref. [1] the methodology was validated with a two-body
heaving converter and a location in the North of Spain. However
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it is considered that the investigation of the sensitivity of the
methodology to different parameters could be useful for future
developments.

Currently there are several types of wave energy converters
with different working principles and the power characteristics of
several of these are extremely different. Ref. [6] studied eight
different types of converters on different locations and as can be
concluded from this paper the different mechanic principles of
WECs provoke different powermatrices. One of the factors that will
be studied on this paper is how the different power matrices affect
to the methodology and the long term performance of a WEC.

A further consideration, beyond sea state selection and device
characterization, is the frequency spectrum of the sea states. When
computing the power matrix of a device often an analytic spectra is
supposed (i.e. JONSWAP or Bretschneider). However this assump-
tion influences the performance of a WEC and sometimes the real
spectra on open sea conditions does not fit with the analytical
spectral representation. Some authors, e.g. Refs. [7] and [8] studied
how an improved characterization of sea states influence the per-
formance of a WEC. They stated that analytical spectrums are
erroneous by 63% due to the existence of sea states with more than
one peak. It was concluded that the sea state characterization with
analytical could provoke a large error in the power production
predictions. With respect the SEAREV device on the SEMREV site
they concluded that he analytical spectrum assumption led to an
under-estimation of the harvested power by the device.

Also [9] studied the sensitivity of the wave groupiness and
spectral narrowness for some wave energy converters. They
concluded that the sensitivity of a WEC to spectral bandwidth is
more pronounce when the mean period is near the resonance
period of the device and also when the response of the WEC is
broad . Ref. [10] studied the distribution of the different sea states
that occur at the Portuguese coast in terms of number of modes and
directionality. Then it is clear that the sea state characterization
influences the calculated power performance with numerical
models of a converter significantly. Thus, it is clear that the sea state
characterization is a key parameter that influences long term po-
wer performance of WEC and an accurate approach is needed in
order to estima Annual Energy production of WEC.

Also, the met-ocean conditions are very variable and then the
scatter plots are changeful. In Ref. [1] a location in the north of
Spain was set to develop the methodology. However, as stated in
Ref. [1] the broadness and the peakness of the scatter plot in-
fluences very much the long term performance of a wave energy
converter and it is a parameter that should be studied for future
uses of the methodology.

This paper focuses on the influence of the type of WEC, the
scatter plot type and the different spectrum data types available in
order to define the influence of each aspect on the ultimate power
production. Also, the influence of the assumptions regarding the
spectral shape on the power matrix will be investigated. Firstly the
numerical model used will be explained, secondly the different sets
of factors analysed (WEC, location and spectrum data type) will be
explain, thirdly the methodology consisting on the set of simula-
tions run will be stated and finally the results will be presented.
2. Numerical model description

The three wave energy converters used in this study were
investigated using a common numerical model. The same equation
set and computer programwas used for each device with different
inputs to represent the particulars of each device and its associated
power take off equipment. This section will present the common
aspects of the equation set and the computer program while the
next section will present the device specific inputs and other con-
siderations related to the numerical model and calculations.

Themodel is a classical frequency domainmodel as described by
Ref. [11]. The equation solved to arrive at the motion of the floating
body at each wave frequency is

bu ¼ bX�Zmech (1)

where bu is the vector of complex amplitude of velocity per unit
wave height, bX is the excitation transfer function, a vector of
complex amplitude of excitation force per unit wave amplitude,
and Zmech is the mechanical impedance matrix of the system. Zmech

is calculated from

Zmech ¼ ðmþ aÞiuþ ðbþ beÞ þ ðcþ ceÞðiuÞ�1 (2)

where m is the inertia matrix of the rigid body, or bodies,
composing the system, a is the hydrodynamic addedmass matrix of
the system, b is the hydrodynamic radiation damping matrix of the
system, c is the hydrostatic stiffness matrix of the system, u is the
wave frequency and i ¼

ffiffiffiffiffiffiffi
�1

p
. The quantities bX , a & b are calculated

using WAMIT which is one of the commercially available Laplacian
flow solvers. be and ce are linear damping and stiffness matrices
respectively that together are used to represent the so called
“external forces” (due to the device floating in the water). External
here is intended to indicate forces external to the hydrodynamic
system, these forces include linearized power take off forces and
may also include linearized mooring forces, joint reaction forces
and fluid pressure forces associated with flow effects neglected by
the Laplacian flow solver, namely forces due to viscous effects:

be ¼ bpto þ bmoor þ bjoint þ bvisc (3)

ce ¼ cpto þ cmoor þ cjoint þ cvisc (4)

The result of Equation (1) is a velocity per unit wave amplitude,
the actual velocity amplitude that results from any given incoming
wave spectrum is ðbabuÞ where ba is the wave amplitude which, for
unidirectional waves, is calculated from Ref. [12]

ba ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2SðuÞDu

p
$eiq (5)

where S(u) is the spectral density of the incoming waves at fre-
quency u, Du is the frequency step and q is a random phase angle
uniformly distributed in the range �p � q < p.

The power take off force per unit wave height bFpto is

bFpto ¼ �bubpto � bxcpto (6)

And the power take off force due to any given input wave
amplitude is ðbabFptoÞ.

The average power absorbed by the wave energy conversion
device is then calculated from

P ¼ 1
2

X
u

jbaj2jbuj���bFpto���cos�:bu �:bFpto� (7)

The position of the system, in addition to the velocity, is also
needed. The position per unit wave height, bx; can be calculated
from Ref. [13,14].

bx ¼ bu=ðiuÞ (8)

The response amplitude operator, a commonly used measure of
strength magnitude in hydrodynamics, is jbxj, the magnitude of bx.
The position amplitude, similarly to the velocity amplitude, is ðbxbaÞ.
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When the value of ðbxbaÞ is known for a sufficient range of fre-
quencies the variance of the WEC position in a given sea state can
be calculated from

s2 ¼ varðbxbaÞz1
2

X
u

jbxbaj2 (9)

There is no expression for the maximum position that a WEC
will take in any given sea state but given the variance of position,
the positionwith any chosen exceedancemay be calculated from an
inverse cumulative normal distribution function. We define xn% as
the positionwhere n% of values in the position time series are in the
range �xn% < x < xn%. The implementation of the inverse normal
cumulative distribution functions used was the Matlab imple-
mentation from Ref. [23]. This knowledge of variance and exceed-
ance values is used to apply relevant constraints to the position in
power producing modes of motion, in other words PTO end-stops.

In all the calculations in this paper the reference frequency
vector used had 128 equally spaced frequencies with a maximum
frequency of p rad/s and a frequency step of p/128 rad/s.

The above equations were implemented in a Matlab program, in
execution for each device in each sea state the computer program
used a simplex optimization algorithm to manipulate the power
take off damping (and optionally stiffness) to minimize �P subject
to the constraint that the x98% exceedance value is less than a
specified maximum. The results is that in most smaller sea states
the optimum damping is chosen but in larger sea states higher
damping values than those that correspond tomaximum power are
sometimes chosen by the optimization in order to limit the extreme
positions.
3. Description of the studied parameters

3.1. WEC device types

Three different wave energy converters (WEC's) were studied in
this paper. These devices were firstly a heaving buoy with bottom
reference, secondly a two body heaving buoy with power produc-
tion in relative heave, and lastly a deep water hinged flap with
power take off in pitch. These devices are generic and are not
related to any particular commercial design, but the relevance of
these generic devices is bourne out by the many devices that have
been proposed and/or promoted that are conceptually close to
these generic devices. Real world devices operating on similar
principles to WEC 1 include [14] and [13] as well as many others,
devices operating on similar principles to WEC 2 include [15] and
[16] and devices operating on similar principles to WEC 3 include
[17] and [18]. Representations of the geometries used are given in
Fig. 1 and the geometrical parameters are summarized in Table 1. It
should be noted that inWEC 2, Body 1 is the outer toroidal float and
Body 2 is the central cylindrical spar with circular heave plate at its
lower end. Both of these bodies are surface piercing, and have equal
freeboard.

The linear hydrodynamic properties of the three devices were
calculated using WAMIT, the solution to the Radiation problem is
presented in Fig. 2 and the solution to the diffraction problem is
presented in Fig. 3. In all three graphs the ordinate is normalized
by dividing each curve by its maximum value, these maxima are
presented in Table 2. WEC 1 and WEC 3 are single degree of
freedom systems so the equations and hydrodynamic coefficients
are scalars. WEC 3 is a two degree of freedom system so the ra-
diation damping and added mass are 2 � 2 matrices with fre-
quency dependant elements. The frequency dependence of the
main diagonal of these matrices is plotted in Fig. 2 (WEC2-B1 &
WEC2-B2).
The power take off machinery was represented by the matrices
bpto and cpto as introduced in the previous section. For all three
devices cpto was set to zero, i.e. the power take off force was
assumed to be purely linear damping with no stiffness component.
The value of bpto is calculated from

bpto ¼ bP (10)

where b is a scalar damping coefficient and p is a pattern matrix. In
our case b is a trial value supplied on each iteration by the opti-
mization while the pattern matrix is a device specific constant. For
WEC1 and WEC3 the power producing modes of motion coincide
with the axis of the co-ordinate system so that by suppressing the
non-power producing modes of motion the equations are reduced
to a scalar equation and P ¼ 1. For WEC 2 the power production is
in relative heave, the equations are reduced to 2 � 2 dimension
(heave of body 1 and heave of body 2) and the PTO patternmatrix is
set to

P ¼
�

1 �1
�1 1

�
(11)

The motion of each device was constrained using the method-
ology introduced in the previous section. The constraints for the
each WEC are summarized in Table 3.

The power matrices that result from this calculation are given in
Fig. 4. These power matrices have been populated with JONSWAP
spectra with gamma 3.3 of the sets Hs and Tp that appear on the
figure axis.

WEC1 shows a low response in sea-states with peak periods
below its natural period in heave and a wave follower behaviour in
sea states with peak periods above its natural period (wave fol-
lower means that amplitude and phase of body motion approach
wave amplitude and phase). This behaviour is consistent with the
shape of the excitation force curve and the arrangement of absolute
PTO reference. WEC1 behaves as a low pass filter, it responds
equally well to all frequencies below its natural frequency and does
not respond well to higher frequencies. In addition, in panchro-
matic seas WEC1 does not demonstrate significantly higher power
near its natural frequency than it does at lower frequencies.
Therefore, even thoughWEC1 is strictly capable of heave resonance
we classify it as non-resonant since the resonance does not
significantly aid power absorption.

WEC2 shows a peak power absorption in sea states with peak
periods of approximately 9 s with lower absorption at higher and
lower periods. The peak at 9 s corresponds to the natural period of
the device in the ‘locked bodies’ condition. The power increases
with period up to this point and after this point the decrease in
power is related to decreasing phase angle of the relative heave
motion of the two bodies in the device. At very large periods the
two bodies will move together as wave followers (motion ampli-
tude and phase of each body approaching wave amplitude and
phase). SinceWEC2 only extracts power well at frequencies near its
heave natural frequency therefore we classify it as a resonant
device.

WEC3 the power peaks in sea-states with peak periods of about
6 s. UnlikeWEC2 this peak is not related to the natural period of the
device but to the wave forces which have a maximum in this period
range. The natural period of the flap in pitch about an axis on the
sea floor is in fact much longer than 6 s. The wave forces indicated
for WEC3 by the excitation and radiation damping curves in Figs. 2
and 3 peak at approximately 5 s. Since the power absorption of
WEC3 at its natural frequency is much lower than its maximum
power absorption we classify this as a non-resonant device.

It needs to be clarified that in this piece of research, for the sake
of simplicity only unidirectional spectra have been considered. In



Fig. 1. Geometries of WEC1, WEC2 & WEC3: Single body heaving buoy, two body heaving buoy and a deep water pitching flap respectively.

Table 1
Summary of principal geometrical parameters of WEC1, WEC2 & WEC3.

WEC 1 WEC 2 WEC 3

Diameter 10.0 m Torus OD 25.0 m Width 20.0 m
Draught 3.0 m Torus ID 10.0 m Draught 8.0 m
Freeboard 3.0 m Torus Draught 8.0 m Thickness 0.7 m

Column OD 8.0 m Freeboard 1.0 m
Plate OD 20.0 m
Column Draught 30.0 m
Freeboard 8.0 m
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this study the influence of the broadness (multi-peak) of the
spectra is analysed in the methodology presented in de Andres
et al. (2013). The addition of the wave direction as a parameter on
this methodology will be carried out on future research, because it
is known that in WECs such as the flap, its influence on the per-
formance is extremely high.
3.2. Location

Four different locations are selected for this study. These loca-
tions have very different characteristics due to the different posi-
tion around the globe and the different atmospheric dynamics that
are governing them. Ian Fig. 5 the locations are shown on the globe
map. The locations are North of Spain (Bilbao, near BIMEP), North-
Fig. 2. Added mass and Radiation damping for all devices. WEC2-B1 &WEC2-B2 refer toWE
WEC 2 are not shown). Scales are normalized see Table 2 for more information.
West of Denmark (near Hanstolm), West of Ireland and South-
Central Chile.

In Fig. 6 the scatter plots of the locations are shown (percentage
of occurrence over time). Bilbao location is characterized by a
scatter plot concentrated around 9 s and with relatively low wave
heights. Denmark is characterized by low peak periods and a very
concentrated scatter plots around low wave heights. On the other
hand, Ireland has a very broad scatter plot characterized by very
energetic sea states, with high wave heights and peak periods
around 10 s. Chile has an extremely concentrated scatter plot with
quite high peak periods and wave heights around 2.5 m.

Also, an investigation about the sea state type on each location
has been performed based on the number of peaks of the spectrums
and on the type of component (swell and sea). This separation of
the components has been performed based on the steepness
method proposed by Ref. [19] computing a separating frequency
when distinguishing between wind sea and swell based on the
moments of the spectrum.

Fig. 7 represents the sea state distribution on the different lo-
cations. Firstly, in Bilbao there are almost 50% of one peak sea states
(42% swells and 6% seas), the 50% left are combined sea states with
a predominance of swell þ sea states. In Denmark, the percentage
of one peak sea states is lower (around 45%,15% of swells and 30% of
seas). However the percentage of more than one peak is quite high
(around 65% having 30% of sea þ swell sea states).
C2 Body 1 and Body 2 respectively. (Off diagonal cross-coupling terms in the multi-body



Fig. 3. Excitation force transfer function for all devices. WEC2-B1 & WEC2-B2 refer to WEC2 Body 1 and Body 2 respectively. Magnitude is normalized see Table 2 for more
information.
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On the contrary Ireland is the location with the highest per-
centage of swells (around 40%) and the number of sea states with
more than 1 peak is quite low (around 40% with 20% of
swell þ sea states). Also, Chile is similar to Ireland in the sea state
distribution with almost 60% of sea states with a single peak and
the remaining 40% with more than one peak.

3.3. Data type

For this study four different data types have been selected.
However not all the data types are available for all the locations.
Buoy data was available just for the Bilbao location. This buoy
corresponds to the buoy located off Bilbao port. It is located on the
coordinates 3,05� West and 43,64� N, on a depth of 600m and it has
spectral hourly data from 2009 until today.

The second data source is the IFREMER spectral data base,
available for all the locations. This database has a 0.5� resolution
grid, 3-h time step, homogeneous and continuous that covers the
years 1994e2012 [20,21]. This database splits the spectrum into
individual wave fields (1 sea and 5 swells) using the method of [22]
as described in Ref. [23]. The selected points in this database are
less than 100 km distant from shore and less than 200 m deep. The
use of this database provides smoothed spectrums of more than
one peak on the selected locations. For this IFREMER data base the
spectrums are available from 1993 to 2012. These sets then account
for 58.440 sea states. For the Bilbao location the coincident dates
between the buoy data and the IFREMER data base were taken.
These dates are from 2009 until 2012 with a 3 h span, what ac-
counts for 9469 sea states.

When simulating the performance of WECs some analytical
spectrum such as Brechdneider, JONSWAP or Pierson Moskowitz
are used because they are very similar to a perfect swell sea state.
Normally JONSWAP spectrum is one of the most used. This spec-
trum has a peak enhancement factor called g that is usually set to
3.3, however it could be changed from 1 (typical for wind seas) to 7
(typical of long Atlantic swell).

The third set of data in this study consists of the JONSWAP
spectrums with the same wave height (Hm0) and the same peak
Table 2
Maximum values used to normalise the curves in Figs. 2 and 3.

A (N) B (Nm) jXj (m)

WEC1 3.395 � 105 7.627 � 104 7.827 � 105

WEC2-B1 3.464 � 106 5.443 � 105 4.108 � 106

WEC2-B2 2.606 � 106 2.950 � 103 4.987 � 105

WEC3 2.790 � 107 2.011 � 107 7.113 � 106
period (Tp) as the IFREMER data. The fourth data set consists of
JONSWAP spectrums with the gamma parameter chosen to give a
best fit to the IFREMER sea states. It should be pointed out that the
same wave height and peak period are maintained in order to
compare the different spectral representations.

For the Bilbao location 4 data sets will be used, on the other
hand for the rest locations 3 data sets will be used. It should be
pointed out that the buoy location does not match perfectly the
IFREMER data points and then an interpolation between two
IFREMER data points was taken for comparison with the buoy data
in order to reduce the spectral errors due to shoaling and refraction.

One of the aims of this paper is to analyse the influence of the
one peaked spectrum assumptions on the final power of the device.
Fig. 8 shows two examples for the different selected data sets of
how one peak spectrums fit to real spectrum. In the left panel a
spectrum from the IFREMER data base (red (in the web version)) is
compared with a JONSWAP spectrumwith gamma 3.3 for the same
Hm0 and the same Tp. It should be noticed how the JONSWAP
spectrum only fits with the swell component and notwith thewind
sea peak. On the right panel the four different data types for the
Bilbao location are represented. Here the blue line represent the
buoy data, while the green line represents the IFREMER data. As it
can be seen the correspondence is very good and the IFREMER data
pick the two spectrum peaks.With the red dotted line and the black
dotted line the JONSWAP with gamma 3.3 and the best gamma fit
respectively are represented. As can be seen in this spectrum the
JONSWAP fit does not represent correctly themulti-peaked ormulti
component nature of the measured spectrum. The influence of this
fact on the power production assessment will be investigated.

4. Methodology

4.1. Selection and interpolation methodology

As explained in the introduction, this paper continues the work
explained previously in Ref. [1]. The methodology used to obtain
the long-term performance of a wave energy converter consists
firstly of a sea state selection technique, secondly of calculation of
power production in those selected sea states and thirdly of
Table 3
Position constraints applied to damping optimization.

x98% Units Mode

WEC1 2.0 m Heave
WEC2 4.0 m Relative Heave (B1eB2)
WEC3 0.3 rad Pitch



Fig. 4. Power matrices of the considered WECs.
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application of a non-linear interpolation using radial basis func-
tions to give power estimates for any required sea state not limited
to the selected sea states. The sea state selection technique is used
to extract a representative subset of sea states from the database.

In this methodology, the MaxDiss algorithm from Ref. [3] is
proposed for the sea state selection step because it represents very
Fig. 5. Map with the selected loc
well the boundaries of the database in a multidimensional domain.
It is based on a selection that computes the distance betweenpoints
in a multidimensional space and selects the most distant points it
order to cover the whole variability of the set.

In Ref. [1] the selection technique was applied over the pa-
rameters Hs and Tp because in that paper the spectrums were
ations (latitude, longitude).



Fig. 6. Scatter plots in percentage of the selected locations (data from IFREMER database).
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assumed to be JONSWAP and 2 parameters was enough to char-
acterize the sea states variability.

For this paper a selection approach based on three parameters is
chosen due to the fact that the spectrums are not single peaked and
a parameter relating to the shape of the spectrum is needed. From
Ref. [9] it was concluded that the parameter ε0 is well suited for
representation of the peakness and broadness of the spectrum. In
Ref. [8] it was also found that the parameter ε0 is strongly correlated
with the device production and capture width.

ε0 ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
m0$m�2

m2
�1

� 1

s

This parameter measures the peakness and broadness of the
spectrums. A set of real spectrums from the Bilbao buoy set was
analysed, each sea state was identified as single, double or triple
peaked and the value of ε0 was calculated for each sea state, the
mean and standard deviation of ε0 was calculated for each category
of peakness. In Fig. 9 the wide columns give the mean values and
the error bars give ±1 standard deviation. It is evident that the
single peaked sea states have a lower mean value of ε0 and a much
lower standard deviation.

For this study a sea state selection based on Hm0, Tp and ε0 was
computed. The whole data set used consisted of 58,460 sea states
for the Ireland, Chile and Denmark locations and 9469 sea states for
the Bilbao location. In Fig. 10 a selection of 100 sea states are rep-
resented over the whole set of sea states. The colorbar (in the web
version) represents the value of the ε0 parameter. As it can be seen
this methodology selects the most different and distinct sea states
with respect to the three chosen parameters Hm0, Tp and ε0. In all
the plots it could be seen how the sea states with higher ε0 accu-
mulates generally on the area with low wave height. This is due to
the fact that combined sea states of swell and wind sea correspond
to sea states with generally low energy while the states with the
largest amount of energy correspond to perfect swells.

After the selection process, the power production of this
selected sea states is computed with a numerical model in this case
a frequency domain calculation as described in Section 2 and then
the whole series of power production is computed with a non-
linear interpolation technique, Radial Basis Functions (RBF) pro-
posed by Ref. [4] used previously in the downscaling of wave
climate to coastal areas. After this non-linear interpolation tech-
nique the power production series along the time where the met-
ocean conditions are known is computed. The result with the
different data sets will be explained in the next section.

4.2. Simulation sets

Oneof the aims of this paper is tomake a comparison between an
exhaustive evaluation of all available sea states and an evaluation
based on selected sub sets of these sea states. This comparison
considers both computation time and accuracy of the result.

For Ireland, Chile and Denmark power production of each device
in the 58,460 sea states from the IFREMER database and JONSWAP
spectra fitted to these were all evaluated. For Bilbao the same was
done but with 9469 sea states and with the addition of the dataset
from buoy measurements. This exhaustive calculation of all sea
states is regarded as the best possible estimate of power production



Fig. 7. Sea state distribution (% in time) over the studied locations.

A.D. de Andr�es et al. / Renewable Energy 83 (2015) 171e187178
of the selected devices from the given data and the quality of es-
timates based on selected subsets of se states may be gauged by
comparison (Table 4).

Several subsets of the sea states of different sizes were evalu-
ated, these were 100, 500, 1000 and 2000 sea states. Table 5 gives a
summary of the combinations of devices, locations, sea state
characterisations and sea state subset selection size that were
evaluated. Ultimately, for the Ireland, Chile, Denmark locations the
annual energy yield for each device was assessed using 15 different
wave resource descriptions (3 sea state characterisations � 5 sea
state selection sizes) and for Bilbao the annual energy yield for each
Fig. 8. Different data types se
device was assessed using 20 different wave resource descriptions
(4 sea state characterisations � 5 sea state selection sizes).

5. Results

In Section 5.1, in order to compare results calculated from the
whole data set with results calculated from selected sub sets the
results of the select-evaluate-interpolate methodology will be
presented for the three devices in the Bilbao location with all sea
state characterizations (buoy, IFREMER, JONSWAP g ¼ 3.3 &
JONSWAP g ¼ best fit).
lected, at Bilbao location.



Fig. 9. Peakness of the spectrums based on ε0.

Table 4
Summary of role of resonance in power absorption and of qualitative description of
frequency response for three WEC.

WEC Power absorption mainly
through hydrodynamic
resonance

Qualitative description of frequency
response

1 No Low pass filter (Device is a wave follower)
2 Yes Band limited (Due to heave resonance)
3 No Band limited (Due to band limited nature

of input diffraction/excitation forces,
see Fig. 3)
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In Section 5.2 the effect of sea state characterization (spectral
shape) on the power production of each device in each location is
investigated by comparison of annual energy production calculated
from each sea state characterization.

5.1. Long term power results

In this first subsection the results of the long-term power pro-
duction assessment with the different data sets proposed in the
previous sections are presented. As explained on the previous
subsection, for all the sets thewhole number of sea states is run and
also the cases with the selected sea states in order to compare the
performance of the select-evaluate-interpolate methodology with
the exhaustive evaluation.

In Fig. 11 the “best estimate” of power on the y axis (obtained
from running the whole set of sea states) is plotted against an es-
timate of power reconstructed by interpolation between the 100
selected sea states for the Bilbao location for the buoy data. Here
the power of the set of 9469 sea states for both real and recon-
structed power are represented. In this case it can be seen that the
Fig. 10. MaxDiss for 100 selected se
correspondence between real and interpolated data is very good.
The correlation coefficient is 0.98 and the scatter index is 0.02. The
scatter index represents the spreading of the data with respect the
real data. In this case is very low, that means that correspondence is
excellent. Then we can conclude that applying the MaxDiss selec-
tion technique we can represent the variability of the whole set of
sea states and with the interpolation technique it is possible to
approximate the power production on a long-term series with very
low computational effort.

This procedure is followed for the whole set of cases and then
the reconstructed power is compared with the power computed by
running the whole sea states series. In Fig. 12 the correlation co-
efficient of the series with respect the real power obtained by the
running of the whole set of sea states (9860 sea states) is repre-
sented with respect the number of selected sea states for recon-
struction. Blue (in the web version) and red lines correspond to the
buoy data and the IFREMER data. Also this fact proves that the
selection with respect Hs, Tp and ε0 is good in order to reconstruct
the power of real sea states. Also the r2 coefficient is higher than
0.97 for 500 cases so it can be concluded that this number of cases is
acceptable in order to get an acceptable reconstructed series.

It might be expected that the correlation coefficient should in-
crease with the selection size, the fact that this is not the case for
the JONSWAP spectra requires explanation.

However the pink and green lines represent the JONSWAP
spectra with gamma 3.3 and best gamma respectively. As can be
seen both lines are at lower values as the number of cases increase.
a states for the four locations.



Table 5
Data sets for the simulations.

Location Data type Data size

WEC Bilbao Buoy data 100
Ifremer data 500
JONSWAP 3.3 1000
JONSWAP best g 2000

Whole set 9469
Denmark 100

Ifremer data 500
JONSWAP 3.3 1000
JONSWAP best g 2000

Whole set 58460
Ireland 100

Ifremer data 500
JONSWAP 3.3 1000
JONSWAP best g 2000

Whole set 58460
Chile 100

Ifremer data 500
JONSWAP 3.3 1000
JONSWAP best g 2000

Whole set 58460
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This fact means that the selection is not very good for one-peak
spectrums because the inclusion of the epsilon parameter within
this cases masks the other important parameters (and the good
selection). The epsilon parameter is good when treating with real
sea states of more than one peak because this parameter takes the
broadness of the spectrum. However when treating with analytical
spectrums of just one peak the parameter epsilon 0 is not good for
sea state selection. This is demonstrated with the dotted black line
in Fig. 12 left bottom panel. This line corresponds to the JONSWAP
3.3 spectrums but with the selection taking just into account Hs and
Tp (as considered previously in Ref. [1] for one peak spectrums). As
can be seen with this selection the goodness of the comparison
increases as the number of cases gets higher. Then, it is demon-
strated that the MaxDiss selection procedure with 3 parameters is
fine in order to represent real spectrums of more than one peak.
However when selecting the representative sea states of a one
peaked sea spectrums the selection process should be made with
just 2 parameters.

WEC 2 and 3 both have band limited response, meaning that the
power is high is a certain frequency band and rapidly decays to zero
at both higher and lower frequencies outside this band, (WEC2 is
band limited due to the band limited nature of its heave resonance
and WEC3 due to the band limited nature of its diffraction force)
Fig. 11. Comparison between the Real power and the reconstructed power.
consequently the power matrix shows a rapid reduction in power
at sea states away from the one with the peak power. WEC 3 has a
little bit higher r2 for the lower number of cases. This is due to the
sea state selection because a lot of points are found on the 6 s area
due to the existence of more bimodal sea states on the lower pe-
riods area.

When comparing the different WECs the WEC 1 is the WEC that
gets higher r2 for all the number of cases. This is due to the smooth
slope of the power matrix. WEC 1 is a follower and the power
matrix is quite smooth in the peak period axis because it does not
rely on resonance for power absorption. Then, it is logic that WEC 1
achieve the highest r2.

However, it can be concluded from these previous figures that
the methodology works well for the different types of converters
and the different scatter plots and data type. It is concluded that a
lower number of sea states is needed in order to achieve good r2 for
follower WECs. It is also seen how the sea state selection process
works well for the real sea states with 3 spectrum parameters and
how the representation of the spectrumvariability is easily handled
with this methodology. In general, with 500 cases the goodness of
the fit is very good and then the computational time in order to
obtain the whole power production on a long-term basis is much
reduced. For instance computing the power of the 500 selected sea
states and doing also the non-linear interpolation lasted for 2 h
while the whole set of 9469 sea states lasted for 1 day.

5.2. Influence of spectral shape on power production

In this section the three WEC's and the four data sets (buoy,
IFREMER, JONSWAP with gamma 3.3 and JONSWAP with best
gamma fit) will be compared in terms of the power production. In
Section 5.2.1 the influence of the spectral shape on the power
production is illustrated. The power production of the three
selected WEC's in the real non-standard spectra in the IFREMER
data is compared to the power of the same WEC's in equivalent
JONSWAP spectra.

One of the objectives of this paper was to demonstrate how the
assumptions inherent in the classical method of power production
assessment influence the power production. By classical method of
power production assessment wemean the summation of products
of scatter diagram occurrences and power matrix powers. In Sec-
tion 5.2.2. a comparison is made, for the three selected WEC's,
between the classical method and an exhaustive evaluation of all
sea states in the IFREMAR data set and also with the two parameter
and three parameter JONSWAP spectra fitted to the IFREMAR data.

5.2.1. Comparison on a sea-state by sea-state basis
For this case a set of sea states with a combination between

swell and wind sea has been selected. In Fig. 13 the selected spec-
trums for comparison are shown. This set of spectrums correspond
to the Denmark location and they are dated between the 12-3-1996
and the 15-3-1996. The data compared here are the IFREMER data
base and the two JONSWAP approaches. The IFREMER data is rep-
resented in blue and the JONSWAP with the best gamma is repre-
sented in pink. As can be seen this period of time is a combination
of swell þ sea that starts with a more predominant swell,
continuing with a more important wind sea and it finishes with a
perfect swell.

The power production on this range of time was computed with
the different sets afore mentioned and it is shown in Fig. 14. In blue
the IFREMER data, in red the JONSWAP with gamma 3.3 and in
black the power with the best gamma. As can be seen in the figure
the difference between the different series is higher on the first
period of time. This first period of time is characterized by a pre-
dominant swell firstly and afterwards by a predominant sea. The



Fig. 12. r2 coefficient for the different cases for Bilbao (Spain).
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differences obtained by the IFREMER DATA (bimodal) and the
JONSWAPs are quite high in this first period. For instance for WEC 1
the power obtained by the bimodal sea states is 14 kW and on the
other side the power obtained by the JONSWAP spectra is 26 kW,
that corresponds to a 85% of difference. This fact highlights the
importance of taking into account bimodal sea states because from
the isolated point of view the difference between considering real
and analytical spectrums is very high.

Analysing the different WECs the highest differences appear for
WEC 2. In the first period the difference of the bimodal spectra and
the JONSWAP ones are 100%. The JONSWAP spectrums over-
estimate the power production for the first and second WECs.
When the sea states changes to a one peaked sea states on the 15-3-
1996 at 6 h the correlation between the different series is much
better and the correspondence is much higher.

In Fig. 15 the capture width ratio of the three WECs is repre-
sented for the period of study versus the ε0 parameter for the 3
different met-ocean data considered. The capture width ratio rep-
resents an efficiency of the power conversion with respect the
incident wave resource. It is calculated according to the next
formulae:

CWRð%Þ ¼ Power absorbed by the deviceðkWÞ
Wave Resource

	
kW
m



*Device working dimensionðmÞ

(12)

In Fig. 15 the IFREMER spectrums are represented with blue (in
the web version) dots and the JONSWAP with gamma 3.3 and best
fit with red and green dots respectively. As can be seen the bimodal
spectrums have values of the ε0 between 0.2 and 0.7, however the
JONSWAP spectrums have very low and narrowly spread values
because the broadness of single peaked spectrum is limited. A clear
result is that there is a negative correlation between the ε0 of the
IFREMER data and the capture width ratio of the WEC's, that is the
devices perform less well in broader sea spectrums.

These extreme points, high ε0 low capture width, are not well
represented by the JONSWAP spectrums and then they may be
underestimated or overestimated in this cases.

It is also important to highlight how the blue data points from
IFREMER data base have a descending tendency as the ε0 increases
for all the WECs. It means that as the spectrum gets broader and
peakier the efficiency of the conversion is lower. This result makes
sense because generally the converters are designed to be tuned
with a specific period and when the spectrum is broader the con-
verter is not able to capture all the energy of the spectrum. Also, if
the three plots are compared it can be seen that blue dots have an
approximate slope of�11 (% per unit of broadness), theWEC 2 -104
and the WEC 3 -66.6. It is concluded that the influence of the
broadness of the spectrum has a higher influence on the band
limited converters (WEC 2 and 3) than in the wave follower con-
verter (WEC 1). This is expected as the wave follower converter has
a similar performance for a large range of periods and on the other
hand the band limited converters have a much narrower perfor-
mance for a small range of frequency/periods. (WEC 2 is frequency
band limited due to its resonant response, WEC 3 is frequency band
limited not due to resonance but only due to band limited nature of
its hydrodynamic forces).

In Fig. 16 the comparisons between the IFREMER data base (on
the x axis) and the JONSWAP with g ¼ 3.3 are plotted. Each point
represents a sea state from the IFREMER data set, points to the left
and above the red line (in the web version) that bisects the graph



Fig. 13. Set of spectrums selected for comparison IFREMER: blue. JONSWAP (gamma ¼ 3.3): pink. JONSWAP (gamma best fit): black. (For interpretation of the references to colour in
this figure legend, the reader is referred to the web version of this article.)
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are sea states where the JONSWAP spectra results in an over-
estimate of the power when compared to the real spectra and
points that are below and to the right of the red line are sea states
where the JONSWAP underestimates the power. The colorbar rep-
resents the broadness of the sea state that corresponds to the po-
wer represented with the dots.

As can be seen Denmark is the locationwhere the correlations is
lowest for all the devices (the r-squared parameter is 0.99, 0.87 and
0.71 for WEC 1, WEC 2 and WEC 3) respectively. This result was
expected as Denmark was demonstrated to have just 40% of one-
peaked sea states. Also it can be seen how the points that are
further from the bisectrix are the ones with higher ε0. This is also
Fig. 14. Power production for
expected as the broader the spectrum the larger the error when
assuming analytical spectrums. It can be also highlighted that
theWEC with lower correlations is WEC 3 (as well as WEC 2)
because both have a peaky response and then it is more affected by
the spectrum broadness. Also, WEC 3 correlation is a little bit lower
than WEC 2 because WEC 3 is tuned for a period near 6 s and the
broadest spectrums are usually found on this area (see Fig. 10).

WEC 1 is the one with highest correlation for all locations. As
explained before this is expected as WEC 1 is a wave-follower and
its performance is not as strongly dependant on the spectral shape
as is the case for the other WEC's.
the selected spectrums.



Fig. 15. Capture width ratio versus the broadness parameter for the range of sea states.
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From these plots it could be concluded that the influence of
bimodal and three modal spectrums on the power production is
very high. When assuming an analytical spectrum for a bimodal
spectrum the error is large on instantaneous terms and the power
production could be over or under estimated by as much as 200%.

Also the capture width ratio is not well estimated assuming one
peaked spectrums. A clear tendency is found, that the higher the
spectrum broadness the lower the efficiency of the conversion,
however this tendency is not captured with one peak spectrums
and then it is over or under estimated.

5.2.2. Comparisons on annual energy production
The influence of the shape of the spectrums on the power

production on an instantaneous basis has been investigated on the
Fig. 16. Comparison scatters for
previous section. However, one of the objectives of this paper is
estimating the influence of these assumptions on the classical
method of power assessment for the annual energy production. The
classical method of power assessment consist on the multiplication
of the power matrix (kW) by the scatter plot (in percentage)
assuming analytical spectrums for the representative sea states on
the power matrix.

However, as demonstrated on the previous section only be-
tween 30% and 60% of the real states fit with these analytical shapes
and then the real power production is not estimated accurately
with the classical power production assessment.

Within this research four different approaches are compared.
On the one hand, the classical method of multiplying the power
matrix by the scatter plot. On the other hand, the computations of
Denmark, Ireland and Chile.
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the whole series of sea states (9469 sea states for Bilbao and 58460
for the other sites) with the IFREMER data base (taking into account
smoothed bi and tri modal spectrums as well) and the JONSWAPs
with g ¼ 3.3 and the best g fit. It should be noticed that the
Reference case for the Bilbao locations refers to the AEP calculated
with the buoy data (real data) while in the other locations the
Reference case refers to the AEP calculated with the IFREMER data
due to the absence of buoy data on these locations.

The annual energy production for each alternative is presented
in Fig. 17. As expected the highest power production on the three
WECs corresponds to Ireland. The lowest power production cor-
responds to Denmark for WEC1 and WEC2. However for WEC3 the
lowest power production corresponds to Chile because it is tuned
with a climate that is close to Denmark site.

With respect the differences between the different sets of data
they are represented on Table 5. It should be noticed that the per-
centages are calculated against the most exact case for each loca-
tion. In Bilbao the percentages are calculated against the buoy data
and in the rest locations the percentages are calculated against the
IFREMER data. As can be seen the highest differences exist in the
Denmark site. This is due to the fact that Denmark is the location
with the highest percentage of more than one peak sea states
(nearly 60%). Also the differences are higher for the WEC 3 in the
Denmark site. This WEC has a peak response near 6 s that is the
most probable on this site and also the most probable for the sea
states of more than one peak and so these differences are expected.
For WEC 3 on Denmark location the JONSWAP spectrum over-
estimates the mean annual power production by 30%.

For the Denmark locationWEC1 andWEC2 power production are
underestimated with the JONSWAP spectrums. This is due to the fact
that on this location the selected sea states are found on the low pe-
riods section and this WECs are either tuned for a higher period
(WEC2) or do not have a resonance period (WEC1). For the other
Fig. 17. Annual Energy product
locations Ireland is the sitewhere the differences are lower. This is due
to the fact that the percentage of more than one peak sea states is
lower.

Table 6 highlights the differences between the power matrix
“classical approach” and the other methods. As it can be seen in all
the cases, the highest difference corresponds to Bilbao, where it is
compared with real data. The difference goes from�23% for WEC 1
to �32% in WEC 2 and also �44% for the WEC 3. The highest dif-
ference correspond to the WEC 3 due to the fact of the peak on its
power matrix is on the 6 s area, and the more than one peak
spectrums are also located around this area.

For the other locations the differences between power matrix
and other methods are found to be in a range of �13% to �7% The
differences are also high on the case of Ireland. This is due to the
fact that the Ireland scatter plot is very broad, and then in order to
get a better definition a smaller cell range would be needed. It
should be noticed that these differences of the annual energy
production are very high, and then this uncertainty should be taken
into account when analysing the techno-economic viability of a
device. The power matrix has been demonstrated to be a quick and
simple method to obtain the AEP, however, as demonstrated here it
is partially inaccurate and then, more accurate methods such as the
methodology presented in de Andres et al. (2013) are needed.

With respect the IFREMER case, as it is taken as the most exact
for Denmark, Chile and Ireland the comparison is only valid for the
Bilbao case. As can be seen, the error percentages goes from 9% to
13 % this is quite low compared to the power matrix errors for the
same location (�23% to �44%). It can be concluded that the
IFREMER data base can be taken as basis in order to obtain the AEP,
as it contents realistic sea states.

For the JONSWAP with g ¼ 3.3 and JONSWAP with the best g fit
both generally have a better approximation to the exact AEP than
the powermatrix method. It can be highlighted that the smaller the
ion for the selected cases.



Table 6
Comparison in % among the different power assessment approaches.

Power matrix Buoy data Ifremer data JONSWAP g ¼ 3.3 JONSWAP best g fit

WEC 1 Bilbao �23% Exact case �12% �5% �8%
Denmark �13% e Reference case �6% �14%
Ireland �17% e Reference case 1% �2%
Chile �7% e Reference case 12% 9%

WEC 2 Bilbao �32% Exact case �9% �11% �8%
Denmark �13% e Reference case �8% �16.5%
Ireland �13% e Reference case �2% 5%
Chile �10% e Reference case �6% 18.2%

WEC 3 Bilbao �44% Exact case �13% �26% �20%
Denmark �14% e Reference case 31% 30%
Ireland �16% e Reference case �2% 13%
Chile �16% e Reference case �2% 12%

Note: For Bilbao the comparison is with Buoy data while for other locations the comparison is with IFREMER data.
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power matrix cell size the more proximate to the JONSWAP with
g ¼ 3.3 results. Then, the difference on the error with these two
methods rely on the cell size of the power matrix. The highest
overestimation with these 2 approaches correspond to Denmark
with the WEC 3 case. As explained before this WEC has a peak on
the 6 s area and then as this is themost probable period in Denmark
the overestimation is very important. For the other cases the un-
derestimation is lower for the WEC 1 case as it works as a follower
and its power matrix is smoother.
Fig. 18. Resource estimation for the different locations.
5.2.3. Resource and capture width comparisons
When comparing different types of devices one important

parameter is the capture width ratio, that measures the efficiency
of the conversion with respect the incident resource (see Equation
(1)). In order to assess this parameter an assessment of the available
resource in the selected locations is useful.

Based on the different sources of data used in the previous
sections the average resource is estimated. This resource is calcu-
lated frequency component by component of the wave spectrum
and for each spectrum. The average resource is shown in Fig. 18. For
Denmark, Ireland and Chile the wave resource is heavily over-
estimated by the JONSWAP spectrums. On average, the wave en-
ergy resource is overestimated on a 30% using a JONSWAP with
g ¼ 3.3. Also as can be seen, the other JONSWAP approximation
(with an adequate g fit) has a lower underestimation of the
resource (around 20%). For the Bilbao location (that is the only one
with buoy data) the resource is underestimated compared to the
buoy by the IFREMER and the JONSWAP data. However, if the
attention is fixed on the IFREMER and the JONSWAP data they again
overestimate the resource. If the two JONSWAP approaches are
compared it can be seen how the approach with g ¼ 3.3 is the one
that overestimates with a higher percentage. The JONSWAP with
the g fit overestimates the resource with a lower percentage. This
means that if the g is fit to the different shapes of the spectrum
(differentiating between wind sea and swell) the overestimation is
lower.

In Fig. 19 the Capture Width Ratio is represented for all the data
sources. It should be pointed out that on the capture width esti-
mation both the power production uncertainties and the resource
are mixed and then the comparison between the different sources
is expected to be worse.

On average terms the WEC 1 has a CWR around 7%. It is quite
low due to the fact that is a follower and as it is not designed to
resonate their performance is low. For the second converter their
average CWR goes to 60%, that is quite high due to its resonance.
However it is suspected that this CWR is overestimated due to the
fact that the model used for this computation is linear. In reality,
this type converter would have a lower performance. For the WEC
3, its average CWR goes to 25%, that is standard on these type of
devices.

With respect the comparisons between the different CWR for
the different type of data it can be seen how the JONSWAP spec-
trums underestimate heavily the average CWR. This fact is coherent
as in general the power production is underestimated by the
JONSWAP and the resource is heavily overestimated. Then, the CWR
is heavily underestimated by the JONSWAP series. The highest
differences correspond to Denmark, that as specified before is the
location with the highest occurrence of bi and tri-peaked sea
spectrums.

6. Conclusions

This paper presents an extension of the work initiated by Ref. [1]
regarding a time-efficient methodology to estimate the long-term
power performance of a device. This methodology uses a sea
state selection technique in order to select the most distinct and
representative sea states from a long-term spectrum data series.
These selected sea states are the input for a numerical model
(frequency domain in this paper) and the power production for the
cases is assessed. Afterwards a non-linear interpolation technique
(RBF functions) is used in order to reconstruct the whole power
production series along the met-ocean data series.

The influence of several factors on the aforementioned meth-
odology has been investigated. In this work three types of WECs, a
one body heaving converter (a wave follower, “non-resonant”, low
pass response), a two body heaving converter (“resonant”, band



Fig. 19. Capture width ratio for the different variants.
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limited response) and a deep water flap has been investigated
(“non-resonant”, band limited response). Regarding the locations 4
different locations with different scatter plot and sea-states dis-
tribution characteristics were assessed (Bilbao- North of Spain,
West of Denmark, West of Ireland and Chile). A set of simulations
was run in order to investigate the influence of these factors on the
methodology.

The methodology was found to work well with the different
types of WECs, locations and types of data. It was concluded to
work more accurately with converter that is not band limited in
frequency response, as its response is more smooth and thenwith a
lower number of cases a very good precision is achieved. With
respect the data types a selection based on Hm0,Tp and ε0 was found
to be very efficient for the real spectrums with more than 1 peak.
However for the JONSWAP cases a selection based on two param-
eters Hm0 and Tpwas found to be enough because the ε0 masked the
variability of the data (as all of them were 1 peaked spectrums).

The influence of the real spectrums in contrast to the analytical
spectrums (JONSWAP), was investigated. On sea-state by sea-state
terms the differences were very high (±200%).

The inaccuracy of the classical method of computing the AEP
was investigated in this paper. These approach was compared with
the others set of data. The power matrix method was found to
under/overestimate the AEP on all the locations from�45% to�7%.

Also the computation of the whole sea states data series with
JONSWAP spectrums made to an underestimation of �20% to �5%
in the AEP. The critical location for this comparisonwas found to be
Denmark, as the percentage of one peaked sea states is just 40%.
The classical power matrix method was found to be very inaccurate
in this type of locations.

Also the resource was investigated on this research. The
assumption of JONSWAP spectrums for an specific Hm0,Tp set lead
to an overestimation of the resource of a 30% in all the locations.
Also the CWR estimation based on JONSWAP spectra was found to
be very inaccurate due to the errors in both the resource and the
power production. To sum up, the classical method of power pro-
duction assessment was found to be very inaccurate in areas with
high percentage of combined wind sea-swell sea states. Generally,
the influence of real spectrums with respect analytical ones was
found to be very important and then for a power production
assessment series with real spectrum shapes is recommended.
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