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Abstract

Wave energy converters (WECs) energy production estimates are key metrics for performance
predictions. This study compares four methods for energy production assessment: power ma-
trix, interpolated power matrix, capture length matrix and a reference method based on the exact
omnidirectional spectra for every sea state. Two deployment sites are considered and their wave
resource is derived from hindcast databases. The WEC chosen for this study is a two-body self-
referenced heaving device characterised using a boundary element method (BEM) numerical
model run in time-domain and accounting for some non-linearities. The model also includes
power take-off capping, in terms of power capacity and a force cap, independently. A novel
metric is introduced to assess the shape similarity between two spectra and it is used to assess
the impact of approximating raw spectra with standard ones on energy production estimates.
The study shows that the power take-off capping approaches and values and the way the exact
resource spectra are approximated have a significant impact WEC energy estimation methods ac-
curacy. Indeed, relative differences in yearly production estimates with respect to the benchmark
method vary from 2.4% to 8.3% across capping values and estimation methods. It also shows
that there is little difference in yearly averaged energy production estimates between the different
“matrix based” methods. These differences are of the order of tens of percent for a given power
take-off capping configuration and a given site.

Keywords: wave energy, energy production estimates, power take-off capping, wave resource
characterisation
PACS: 0000, 1111
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1. Introduction

Ocean waves represent a large untapped source of renewable energy [1]. However, the tech-
nologies to harvest wave energy still require further maturation to become economically compet-
itive for mainstream energy markets. One of the key metrics to assess the economical viability of
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a wave energy converter (WEC) concept is its associated cost of energy. This is underpinned by
the assessment of the capital expenditures (CAPEX) costs and operational expenditures (OPEX)
costs of the concept and by its Annual Energy Production (AEP) estimate at the site considered,
which is the focus of the present study.

The two key elements influencing WEC production estimates are the description of the wave
energy resource and characterisation of the behaviour of the device (which includes the hydrody-
namic properties of the WEC, its power take-off (PTO) characteristics, and the control strategy
applied) in those wave conditions. At concept stage, the latter usually relies on numerical mod-
elling and/or experimental testing, while the former can be based on hindcast modelling or on in
situ measurements.

In the present study, we investigate the influence of the way the wave resource is described
on energy production estimates. We also look at how the capping of the PTO mechanism, in
terms of maximum power capacity and more realistically, in terms of maximum force, influences
those estimates for different wave resource description techniques. The WEC considered for this
study is a generic version of the WaveBob, an omni-directional device developed by the now de-
funct Irish company bearing the same name [2]. This device is a free-floating two-body heaving
converter. It is self-reacting and can be considered as omnidirectional because of its axisym-
metric design. The hydrodynamics of the wave-structure interactions are studied using linear
potential flow theory; however, the numerical model runs in the time domain and non-linearities
related to viscous effects and to the end stop forces of the PTO mechanism are taken into account.

Two sites are considered for the deployment of the device: a location off the French West
Coast, and the more energetic Irish Belmullet testing site, off the West coast of Ireland. The
wave resource description for both sites is based on spectral hindcast databases, which provide
directional and spectral description of sea states at the selected locations with an hourly resolu-
tion.

This work is a continuation of two studies presented in [3] and [4]. The first one was based on
a simple frequency domain modelling of a WEC with sea state characterisations inferred from in
situ buoy measurements. In the second one, the power performance of the same WEC as the one
considered for the current study, with an idealised power cap, was analysed. Three methods were
compared to estimate the power production, and it was found out that the ones based on scat-
ter diagrams and Joint North Sea Wave Project (JONSWAP) generated spectra overestimate the
annual power production compared to the use of actual spectra. Over the years, several studies
have looked at the different aspects of WEC annual energy production estimates. The following is
a sample of significant contributions which have contributed to the state-of-the-art on the subject.

Early work investigating the characterisation of sea states for wave energy applications specif-
ically can be found in [5, 6, 7]. These studies explore different methods to represent sea states
(including integral parameters and spectra) and comment on their respective drawbacks and mer-
its. [6] focuses only on wave resource representation, without investigating its impact on WECs
energy production estimates. [7] provides some indications of significant variability in the power
produced by a prototype, associated with sea state spectral shapes. The study however, does
not assess the long-term impact of the variability on annual energy production but recommends
taking into account spectral shape and not only integral parameters. The method for sea state
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representation developed in [8] relies on the division of complex sea states into simpler “sub-sea
states”, the characterisation of which is based on integral parameters. The case study used to
illustrate this method is based on the numerical modelling of the SEAREV WEC. The results
show that for some sea states, energy production estimates can differ significantly between the
methods used to describe them. However, as for [7], no long-term impact on the SEAREV power
production is provided. [9] is an in-depth study on how the wave resource definition can affect
annual energy production estimates. It considers three different WECs and four different deploy-
ment sites. The investigation is based on linear frequency domain numerical modelling. The
study shows that the variability in production estimates based on different representations of the
wave resource is significant. It also shows the impact of the site considered on this variability. In
particular, the site exhibiting a significant proportion of multi-modal sea states is associated with
high production estimate variability across the wave resource characterisation methods explored.
The study presented in [10] investigates the difference in power production estimates for an om-
nidirectional point absorber type WEC between a spectral description of the resource and one
based on the JONSWAP fit associated with the corresponding integral parameters. It concludes
that the latter approach only slightly overestimates power production on average. The numeri-
cal model used in this study is based on a simple frequency domain approach. [11] presents an
interesting investigation where the impact of both the type of numerical modelling used and the
way the wave resource is characterised are explored. The two types of numerical modelling con-
sidered are linear frequency domain and an innovative technique defined as non-linear frequency
domain, but which does not account for end stop phenomena. The resource is described either as
scatter diagrams or using spectra from in-situ buoy measurements. Two types of WEC and two
deployment sites are considered. The study concludes that in high energy sea states, neglecting
non-linearities leads to overestimation of energy estimates and that the scatter diagram/power
matrix approach yields its largest errors in the presence of multi-modal sea states. A similar
study is carried out in [12] where the AEP of a point absorber WEC in two deployment sites
off the coast of India is computed using power matrices. Finally, the impact of the PTO rating
on the overall AEP of a WEC is demonstrated in [13]. As expected, the AEP increases as the
PTO rating is increased, and the authors mentions that the PTO rating choice should take into
account the wave climate of the potential deployment site. However, only ideal spectral shapes
are considered in that study, and the link between spectral shape and PTO rating is not explored.
All these previous studies point toward an impact of the resource description on the estimation
of WEC power production estimates, and justify further investigation combining more realistic
WEC models and detailed long term wave resource data. The present work aims at contributing
to this, while bringing the following novelties:

• The WEC numerical model not only includes PTO power capacity capping but also intro-
duces the more complex but more realistic PTO force capping.

• The accuracy (and associated complexity) of the WEC time domain model (accounting for
some non-linearities) is combined with a very detailed description of the wave resource
(full wave frequency spectra with hourly time resolution) to compute AEPs over the dura-
tion of a full year.

• The impact of PTO capping (in terms of power capacity and force) on the performance of
different methods of AEP calculations is explored.
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• A new metric is introduced to quantified similarity between wave spectra. This metric has
been specifically developed for wave energy production applications.

The paper is laid out in the following manner. A concise overview of the modelling of the
WEC and the characterisation of the sites are presented in Sections 2 and 3, respectively. The pre-
processing of the wave data is described in Section 4 and it is followed by the implementation of
PTO simulation with force capping (Section 5). The approaches for the annual energy estimates
are detailed in Section 6, including the one recommended by the International Electrotechnical
Commission (IEC) [14] and the results of the study with their analysis are given in Section 7,
where a new metric is introduced to help investigating how spectral shape similarity impacts
AEP error. Section 8 contains a short discussion and the main conclusions.

2. Description of the WEC and its numerical model

The WEC selected for the analysis is a generic version of the device developed by WaveBob
Ltd in Ireland [15]. A 1/4th scale model of the WaveBob WEC was tested in Galway Bay, Ireland.

Torus

Main body

Axis of symmetry 
and motion

Figure 1: Schematic diagram of the WEC.
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The device is an axisymmetric floating two-body heaving absorber, it is self-referenced. The
main body is deep, slender and largely submerged, while the other body is a floating torus ver-
tically sliding along the main body’s axis (see figure 1). This relative motion between the two
bodies drives a hydraulic PTO system. The general characteristics of the system are summarised
in Table 1.

Table 1: Parameters of the WEC

Parameter Value
Main body

Diameter at waterline 8 m
Draft 50 m
Displacement 4680 m3

Torus
Outer diameter 20 m
Inner diameter 10 m
Draft 2 m
Stroke length ±4 m
Displacement 278 m3

The numerical model of the device used in this study is based on what has been developed as
part of the NumWEC project [16]. The hydrodynamics relies on the boundary element method
(BEM) code Achild3D, developed by the Ecole Centrale Nantes, which runs in time domain.
This code assumes infinite water depth, and it is based on linear potential flow theory. The
PTO system is modelled as a linear damping mechanism with a stroke limited to ±4 m. In the
original version of the code [16], the power capacity of the generator is simulated by a simple
cap applied to power production and which therefore does not feed back into the equation of
motion of the system. Further code development to simulate a more realistic PTO capping is
presented in section 5.1. The mooring system is represented using a linear horizontal spring to
simulate a simple slack mooring. Some non-linearities associated with viscosity are also taken
into consideration. They were modelled using viscous damping coefficients along the different
faces of the device. More details on this and on the verification of the entire numerical model
can be found in [16].

3. Site Locations and Wave Resource Data

The available wave energy is site-dependent; therefore, two sites with different wave resource
are considered to evaluate the influence of the wave resource description on the power perfor-
mance of the WEC. The two locations along the Atlantic Coast of Europe are shown in figure
2. The wave climate is considered for the year 2014. Winter 2013-2014 being one of the most
energetic winters since 1948 for most of the European Atlantic coasts [17]. Selecting year 2014
as a case study ensures to provide the selected WEC with a wide range of forcing conditions.

Site characterisation is performed through data analysis from two different, but similar hind-
cast datasets. The French deployment site description is based on the HOMERE public hindcast

5

Accepted Manuscript



 15° W  10° W 5° W   0° 5
° E  10° E

 45° N 

 50° N 

 55° N 

 60° N 

Figure 2: Selected sites: blue point: French site, red point: Irish site

dataset [18] [19], while the Belmullet site representation relies on the ResourceCode wave hind-
cast, the new extension of HOMERE and the first open access high resolution database covering
Western Europe waters [20]. Both hindcast datasets are built around a high-resolution unstruc-
tured grid and provide meteo-oceanic conditions from 1993 to 2020. They are generated us-
ing the spectral model WaveWatch III developed by the US National Oceanic and Atmospheric
Administration (NOAA). HOMERE spans from the Biscay Bay to the channel sea, while Re-
souceCode is extending from the South of Spain to the Faroe Islands and from the Western
Irish continental shelf to the Baltic Sea. Forcing winds are extracted from the CFSR and ERA5
database respectively, while the currents and water levels are accounted for as a forcing condi-
tions on sea states. Those databases both provide integral parameters as well as refined frequency
and directional spectra on an hourly basis. For the HOMERE database, the spectra are specified
over 32 frequency bins ranging from 0.0373 Hz to 0.7159 Hz and 24 directional bins. For the
ResourceCode database, the number of frequency bins has been extended to 36 (from 0.0339 Hz
to 0.9527 Hz) and the number of directional bins is also 36. For both databases, the width of the
frequency bins is not uniform and is ruled by a geometric progression providing higher resolution
at lower frequency. The two databases have been validated, both in terms of integral parameters
and of spectral content [18] [21] [20].

The blue dot in figure 2 corresponds to a site located on the West Coast of France, 20 km
off the coast of Brittany, and where the average depth is 94 m (latitude: 48.2467°, longitude:
−5.1500°). The scatter diagram of the wave resource for this location is presented in figure 3.
The red dot marks the location of the Belmullet test site off the West Coast of Ireland, where the
average depth is 103 m (latitude: 54.2680°, longitude: −10.2781°). The wave resource at that
site is shown in figure 4. Both sites can be considered as deep water sites for the purpose of wave
energy extraction by the device considered, which match the hypothesis of the numerical model.
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Figure 3: Wave resource of the French site for the year 2014.
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Figure 4: Wave resource of the Irish site for the year 2014.

4. Wave Data Pre-Processing

The raw data from the hindcast database come as spectra and the time domain numerical
model requires wave elevation time series as input. There is therefore a need to pre-process the
raw hindcast spectral data. This involves the use of the inverse Fourier transform, which requires
that the width of the frequency bins of the spectra is uniform. This is however not the case, as
mentioned in section 3, and the raw spectra first need to be interpolated with a uniform frequency
resolution before the inverse Fourier transform can be applied. More details on this can be found
in [4].

A wave elevation time series is generated from a frequency spectrum and a set of random
phases. Therefore, an infinite number of time series can be generated from the same spectrum,
each of them leading to different power production estimates, because of the non-linearities ac-
counted for in the model. This is particularly the case for the highly-energetic sea states, for
which non-linearities are more pronounced. The variability in power production estimates for
a given spectrum, from one set of random phases to another, decreases as the time series dura-
tion (or repeat period) increases. However, carrying out the WEC time domain simulation over
a longer duration requires more computation time, and there is therefore a compromise to be
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found between variability and computational burden. This is achieved through a sensitivity anal-
ysis carried out for different time series repeat periods associated with a given spectrum. For each
repeat period, variability is investigated over 300 realisations (or set of phases). This approach is
based on the work of Saulnier et al [22] and it is reported in detail in [4]. The sensitivity analysis
was carried out for the most energetic sea state of the Irish site and lead to choosing a repeat
period of 1326 s. This simulation duration over the 300 realisations is associated with a mean
power production standard deviation of 2.24 % and a maximum error of 5.89 % at the Irish site,
while at the French site the standard deviation is of 1.13 % and the maximum error of 3.90 %,
which are both deemed acceptable. This repeat period was selected for all the simulations in this
study.

5. Power Take-Off System

5.1. PTO Force Capping

The fundamental PTO strategy implemented in the model is damping i.e. the PTO force
applied between the two bodies is proportional to the relative velocities between those bodies.
However, from an engineering point of view, for a hydraulic PTO, there is an upper limit to the
force that the system can apply. In order to simulate this phenomenon, a modification to the orig-
inal FORTRAN code of the NumWEC project was developed to limit the PTO force. It should
be noted, that unlike the simple power capacity capping mentioned in section 2, this adjustment
feeds directly into the equation of motion of the system, in other words, the response of the de-
vice will be affected.

The force capping consists on imposing a limit when the maximum force that the PTO system
can sustain is achieved. When the force required by the linear damping strategy exceeds that
maximum allowable PTO force, the force of the PTO system is set to the value of the selected
maximum force. The relative motion between the torus and the main body is also limited by
a maximum stroke length. When the relative motion between the bodies reaches the lower or
higher end stop, an additional restoring force is applied. This force is known as the end stop
force (Fes), and it is modelled as a very high stiffness (i.e. a force proportional to displacement)
but which is only implemented when the stroke exceeds the limit. The capping of the PTO force
increases the relative motion compared to a pure uncapped damping and therefore the end stop
mechanism is solicited more often. This behaviour can be observed in figure 5.

The application of the end stop force can lead to high-frequency oscillations in the relative
motion between the two bodies in the vicinity of the stroke limit, as shown with the red curve of
figure 6. Those oscillations are an artefact of the way the end stops are modelled and because of
their high-frequency nature, they lead to large velocity and power spikes which are non-physical.
It was therefore important to suppress those oscillations, and this was achieved by introducing
a damping on top of the high stiffness simulating the end stop. As for the high stiffness, this
damping is only applied when the relative motions between the two bodies exceeds the maxi-
mum stroke.

The derivation of a suitable damping coefficient is not trivial. Too large a damping causes an
over-damping of the whole system, rendering it impossible to restore itself to a normal operating
mode afterwards. Too low a damping does not suppress the high frequency oscillations. The
damping coefficient was finally tuned empirically i.e. through trial and error, focusing on the
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most energetic sea states, prone to lead to more “end stop hitting events”. The damping coeffi-
cient was decreased progressively from an over-damping value until the PTO motion response
was affected as little as possible beyond the vicinity of the end of stroke region, while ensur-
ing that the high frequency oscillations at the stroke limits were suppressed. The results of this
modification are presented in figure 6. It can be observed that the damping coefficient efficiently
removes the oscillations. However, it can also be noticed that the response of the device is some-
times slightly affected at the next wave after the oscillations are damped. It should be noted this
empirically derived damping coefficient is kept constant throughout all the simulations carried
out for this study.

5.2. PTO Damping Optimisation

To increase the amount of energy captured from the waves, the PTO damping coefficient can
be optimised. It should be noted at this stage, to avoid any confusion, that the damping coeffi-
cients we are dealing with in this section are unrelated to the damping implemented to simulate
the device end stops mentioned in the previous section. The value of the PTO damping coef-
ficient is optimised on a sea state per sea state basis. The optimisation process is based on a
JONSWAP spectra (γ = 1) associated with the integral parameters Hm0 and Te corresponding to
the centre of each of the bins shown in figures 3 and 4, and it solely focuses on maximising the
mean power captured. In other words, for each sea state, the PTO damping selected corresponds
to the optimum damping associated with the centre of the bin that the sea state falls in. Finer
optimisations of the PTO damping are theoretically possible, especially given that a spectral de-
scription of the resource is available. However, it was deemed important to use the same PTO
optimisation approach for all the wave resource characterisations considered in section 7 so that
the PTO optimisation process does not influence the comparison of energy production estimates
between the different sea state characterisations. Moreover, having one optimum PTO setting per
Hm0 - Te bin is considered more realistic for a real-life device: for a real prototype, this would
be realised by obtaining the forecasted Hm0 and Te on an half an hour per half an hour basis, and
adjust the PTO damping accordingly from a previously estimated map of damping values.

The optimisation itself for a given sea state is based on a brute force approach described in
details in [4]. The optimisation process was carried out for the six different test cases detailed in
section 6.5 and for all the sea states associated with both sites considered over the year 2014.

6. Mean Annual Energy Production Estimates

In this section, four approaches to compute mean annual energy production estimates are
presented:

• Power matrix

• Interpolated power matrix

• Capture length matrix

• Power captures of all the sea states derived directly from the Raw Spectra of the Hindcast
Database (RSHD).
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The first three methods are based on the WEC’s power matrix and will be compared to the
fourth one, which will be regarded as the reference approach. It is considered as such because
the full spectral information is used to compute the energy production estimates, whereas for
the first three methods some of that information is lost as the spectral description is reduced to
integral parameters. Further details about each approach are given in the following sections.

6.1. Power Matrix
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Power 
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Figure 7: Diagram of the power matrix generation (top), and diagram of the computation of the AEP using the power
matrix (bottom).

The power matrix (PM) is the most common representation of how the power capture varies
with sea states. In this study, the first step to generate the power matrix of the WEC and the
optimum PTO damping look-up table is the derivation of the Hm0 − Te scatter diagram through
binning (see figure 7) from the RSHD. The bins are 0.5 m in Hm0 by 1 s in Te. The second step
is the generation of the wave elevation time series of 1326 s (following the sensitivity analysis
presented in section 4) for the time domain simulation. For this step, a JONSWAP spectrum
(γ = 1) is produced using the Hm0 − Te values corresponding to the centre of each bin of the
scatter diagram. Afterwards, the optimum PTO damping coefficient is computed for the centre
of each bin of the scatter diagram using the approach described in section 5.2. The output is
a table used to look up the PTO optimum damping value of each bin, which is used for the
derivation of the power matrix. The resulting power matrix is then directly combined with the
site scatter diagram to obtain an estimation of AEP, as shown in figure 7 (bottom).

6.2. Interpolated Power Matrix

The interpolated power matrix (IPM) is a refined version of the method presented in section
6.1. The process to estimate the AEP is the same as that of the power matrix approach, with the
additional step of the interpolation of the power matrix at the exact value of Hm0 and Te corre-
sponding to each sea state, as illustrated in figure 8.

A linear method was chosen for the interpolation of the power matrix for every combination
of Hm0 −Te. However, when there were no neighbouring bins to provide the necessary points for
the interpolation, the queried point took the same value as that of the centre of the bin it falls in.
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Figure 8: Diagram of the computation of the AEP using an interpolated power matrix.

6.3. Capture Length Matrix

The capture length matrix (CLM) is constructed following the recommendations of the IEC/TS
62600-100 [14]. It can be considered as a power matrix normalised by the incident wave power
flux on a cell by cell basis. The dimension of the elements of the capture length matrix is there-
fore that of a length. The use of a capture length matrix, rather than that of the power matrix, is
recommended by the IEC/TS 62600-100 technical specifications because it is less sensitivity to
the sea state parameters [14].
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Figure 9: Diagram of the capture length matrix generation (top), and diagram of computation of the AEP (bottom).

The principle for the derivation of the capture length matrix is presented in figure 9 (top).
For the estimation of the annual energy production, this matrix was also linearly interpolated,
with the same method as the interpolated power matrix. Finally, since the capture length matrix
has length dimension, it should be multiplied by the incoming power flux, as shown in figure 9
(bottom). The wave power flux is computed from the exact Hm0 and Te values using Equation 1,
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where ρ is the density of the water and g is the gravitational acceleration.

J =
ρg2

64π
H2

m0Te (1)

6.4. Raw spectra

The last approach considered is the use of the unprocessed data directly from the hindcast
database to compute the power production. For each sea state, the Hm0 and Te values are calcu-
lated to select the right PTO from the PTO damping look-up table obtained while generating the
power matrix itself (see figure 10). This method is the most accurate one, as it does not degrade
the spectral information to a pair of integral parameters. It is also the most computationally ex-
pensive one. It will serve as a reference for the estimation of the annual energy production of the
device. The AEP is obtained as the sum of the energy over all the sea states.
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Figure 10: Diagram of computation of the AEP using raw spectra.

6.5. Test Cases

The four methods will be evaluated for the two sites over the full year 2014 and for two
different test cases independent of each other: the first one includes three power capacity val-
ues (1 MW, 1.5 MW and 3 MW) and no capping of the PTO force; while the second one will
comprise three values for the maximum force of the PTO (1 MN, 2 MN and 3 MN) without con-
sidering power capacity limits. Although this is not entirely realistic, the deliberate decoupling
between these two limits is aimed at better understanding the impact of each type of capping
independently.

7. Results and Analysis

Results are presented and analysed in three steps. First, we look how the different energy
production estimate methods perform and at how the two PTO capping approaches affect those
performances at the global scale of a full year. We then focus on the power matrix approach to
analyse in more detail, on the sea state by sea state basis, the distribution of the error in energy
production with respect to the reference method, to gain a deeper understanding of those errors.
Finally, we investigate the impact that the differences in spectral shapes between the spectra used
in the power matrix approach and the exact ones from the hindcast database, have on the error in
energy production estimates.
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7.1. Full year analysis

The overall results for the full year 2014 are presented in figure 11. The energy production
of the wave energy converter is presented in the form of the AEP for each case. The three ap-
proaches based on power matrices yield very similar results in all cases (the power matrices are
presented in appendix, section 9). Compared to the reference data, all three methods overesti-
mate the energy production in the year in question, regardless of the location; however, the level
of overestimation is slightly different in each case. In figure 11, we can also see that for a given
PTO capping setting, the AEP is always higher for the Irish site than for the French one. This
is consistent with the fact that the former is more energetic than the latter, as illustrated in the
scatter diagrams of figures 3 and 4. Finally, figure 11 shows that, as expected, for both PTO
capping approaches (power capacity and force), the lower the cap, the lower the AEP.
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Figure 11: Energy production estimates in 2014 for the two selected sites.

The relative errors in AEP for the three methods with respect to the reference data are tabu-
lated in Table 2. For every configuration and for both sites, the relative errors in AEP are very
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Table 2: PTO capping errors of each approach and PTO saturation rate from the raw spectra. ε̂ corresponds to relative
error in AEP and σ̂ to normalised standard deviation of the error in AEP.

Power cap: 1MW Power cap: 1.5MW Power cap: 2MW
France Ireland France Ireland France Ireland

Approach ε̂ (%) σ̂ (%) ε̂ (%) σ̂ (%) ε̂ (%) σ̂ (%) ε̂ (%) σ̂ (%) ε̂ (%) σ̂ (%) ε̂ (%) σ̂ (%)
Power matrix 6.22 13.33 2.73 9.29 6.42 14.27 3.72 10.57 7.17 15.35 4.42 11.59
Interpolated power matrix 6.28 10.59 2.57 6.81 6.53 11.46 3.56 7.92 7.30 12.51 4.27 8.79
Capture length matrix 6.28 11.01 2.69 7.05 6.47 11.84 3.61 8.19 7.22 12.88 4.28 9.09
PTO saturation rate (%) 5.56 9.44 3.07 5.16 1.84 3.02

PTO force cap: 1MN PTO force cap: 2MN PTO force cap: 3MN
France Ireland France Ireland France Ireland

Approach ε̂ (%) σ̂ (%) ε̂ (%) σ̂ (%) ε̂ (%) σ̂ (%) ε̂ (%) σ̂ (%) ε̂ (%) σ̂ (%) ε̂ (%) σ̂ (%)
Power matrix 4.86 10.49 3.01 7.93 6.60 14.20 4.15 10.67 8.14 17.00 5.24 13.05
Interpolated power matrix 4.95 6.83 2.40 7.53 6.75 10.98 4.05 7.42 8.30 13.85 5.12 9.78
Capture length matrix 5.00 7.16 3.11 4.79 6.66 11.34 4.06 7.75 8.19 14.23 5.09 10.12
PTO saturation rate (%) 21.03 26.12 5.83 9.30 1.72 3.12

similar across the different estimation methods based on matrices, with only at most few tens
of percent of difference, which is not significant. Across the different configurations and sites,
the relative error (with respect to the benchmark) ranges from 2.4% up to 8.3%. To give some
perspective to those numbers, the typical level of availability used for computation of WEC lev-
elised cost of energy (LCOE) is 95% [23], so the level of errors is comparable to the loss due to
WEC availability in standard LCOE models. Those levels of error are therefore not negligible,
especially the upper half.

Table 2 also shows the standard deviation of the error, which is also normalised by the AEP
(as computed by the reference method) and it can be noticed that, in all cases, the normalised
standard deviation of the error is higher than the normalised error itself, indicating a significant
scatter of the error around its mean value. The tables also contain the mean PTO saturation rate
over the full year. For each sea state simulated with the reference method, the saturation rate is
defined as the percentage of duration of the simulation time series during which the power gener-
ated is equal to the power capacity limit (in the case of power capacity capping) or during which
the PTO force is equal to the limit set (in the case of PTO force capping). It can be observed that
the lower the power capacity or PTO force cap, the higher the saturation rate.

To visually investigate the impact of PTO power capacity and PTO force capping on AEP es-
timation errors, figure 12 plots the AEP relative error and normalised standard deviation against
the mean PTO saturation rate over the full year. The data plotted in figure 12 are taken from table
2 with the exception of PTO power capacity and force cap values which do not feature in figure
12 to avoid overcrowding. The left column corresponds to PTO power capacity capping, whereas
the right column corresponds to PTO force capping. Looking at the top row, which corresponds
to the relative error in AEP, we can see that for a given site (indicated by colours) and a given sat-
uration rate, there is little difference in the error value regardless of the method used to compute
the energy production estimate (indicated by the different symbols). Looking at the normalised
standard deviation of the error (bottom row), the values are higher for the basic power matrix ap-
proach compared to the two other approaches involving interpolation, which yield very similar
results. This holds true for all cases, except for the one configuration of PTO force capping with
the highest saturation rate. We also notice that relative AEP errors and normalised error standard
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deviation values are consistently higher for the French site than for the Irish one. The differences
between the two cases are potentially explained by further investigation presented in sections 7.2
and 7.3: the caps level are the same for both site, therefore the higher incident power at the Irish
site induces higher level of PTO saturation which tends to minimise errors between the meth-
ods, and the sea states at the French site are shown to differ more significantly from theoretical
JONSWAP than sea states at the Irish site, which will also induce higher differences between
the methods. Finally, a key observation which can be made from this figure is that regardless of
the site and of the method to compute energy production estimates and even regardless the type
of PTO capping considered, both the relative error in AEP and the normalised error standard
deviation decrease with increasing PTO saturation rate. This highlights the key impact of PTO
saturation rate and therefore of PTO capping setting on those energy production estimate errors.

7.2. Detailed error analysis

Figure 11 shows that there is no significant differences in terms of AEP between the power
matrix, interpolated power matrix and capture length matrix approaches. We have therefore de-
cided to focus the detailed error analysis on the power matrix method, as it is the most commonly
used approach to estimate WEC energy production. Figures 13 and 14 show the error distribu-
tion of the power matrix method with respect to the reference method for all the PTO capping
configurations considered and for the French and Irish site respectively. For each of the subplots,
the data are plotted against the omnidirectional incoming wave power flux (J) represented with
a logarithmic scale on the x-axis. The plots have two y-axes. The right one (in orange) is as-
sociated with the histogram showing how the WEC annual energy production is distributed as a
function of the incoming wave power flux. This y-axis is in % and is normalised by the AEP. The
left y-axis (in blue) corresponds to the error in terms of energy production of the power matrix
method with respect to the reference approach. The error (in %) is normalised by the AEP (as
predicted by the reference method). Each dot of this scatter plot corresponds to the error associ-
ated with one hourly sea state of the year 2014, and it is plotted against the incoming wave power
flux (J) associated with that sea state. The colour scales associated with those dots correspond to
the saturation rate of the PTO. For the left column, it is the PTO power capacity saturation rate
(in %) and for the right column it is the PTO force saturation rate (also in %). The respective
colour bars are provided at the bottom of each column, and their respective scale is the same
across figures 13 and 14.

Looking at figures 13 and 14, there are some features which are common to all subplots.

• All the point clouds representing the normalised error distribution are skewed towards
positive errors, which is consistent with the fact that overall, the power matrix approach
overestimates AEPs as shown in figure 11.

• For low values of incoming wave power (J < 5 kW m−1) the normalised error values
are small (typically less than 10%). This is due to the fact that in those low energy sea
states, little energy is produced by the WEC and so the absolute error between the power
matrix approach and the reference method is small compared to the AEP. Hence, the low
normalised error values observed. However, in this range of wave energy flux, as can be
seen from the histograms, only a small portion (< 3%) of the overall AEP is produced and
so this relatively low level of error has little impact on the overall AEP error.
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Figure 12: Error versus PTO saturation. The top row corresponds to relative error in AEP and the bottom row to
normalised standard deviation of the error in AEP. The left column corresponds to PTO power capacity capping and
the right column to PTO force capping. Each symbol corresponds to a method for computing the energy production
estimates, as indicated in the bottom left legend with PM: power matrix, IPM: interpolated power matrix and CL: capture
length matrix. Blue corresponds to the French site (Fr) and red to the Irish (Ir) one, as indicated in the bottom right
legend.

17

Accepted Manuscript



Power cap: 1MW

100 102

J (kW.m-1)

-50

0

50

100

er
ro

r r
el

at
iv

e 
to

 W
EC

 A
EP

 (%
)

0

5

10

15

no
rm

al
is

ed
 W

EC
 e

ne
rg

y 
pr

od
 (%

)

Power cap: 1.5MW

100 102

J (kW.m-1)

-50

0

50

100

er
ro

r r
el

at
iv

e 
to

 W
EC

 A
EP

 (%
)

0

5

10

15

no
rm

al
is

ed
 W

EC
 e

ne
rg

y 
pr

od
 (%

)

Power cap: 2MW

100 102

J (kW.m-1)

-50

0

50

100

er
ro

r r
el

at
iv

e 
to

 W
EC

 A
EP

 (%
)

0

5

10

15

no
rm

al
is

ed
 W

EC
 e

ne
rg

y 
pr

od
 (%

)

0 10 20 30 40 50
PTO capacity saturation rate (%)

PTO force cap: 1MN

100 102

J (kW.m-1)

-50

0

50

100

er
ro

r r
el

at
iv

e 
to

 W
EC

 A
EP

 (%
)

0

5

10

15

no
rm

al
is

ed
 W

EC
 e

ne
rg

y 
pr

od
 (%

)

PTO force cap: 2MN

100 102

J (kW.m-1)

-50

0

50

100

er
ro

r r
el

at
iv

e 
to

 W
EC

 A
EP

 (%
)

0

5

10

15

no
rm

al
is

ed
 W

EC
 e

ne
rg

y 
pr

od
 (%

)
PTO force cap: 3MN

100 102

J (kW.m-1)

-50

0

50

100

er
ro

r r
el

at
iv

e 
to

 W
EC

 A
EP

 (%
)

0

5

10

15

no
rm

al
is

ed
 W

EC
 e

ne
rg

y 
pr

od
 (%

)

0 10 20 30 40 50
PTO force saturation rate (%)

Figure 13: Energy production estimate error of the power matrix method with respect to the reference approach, for
every sea state of the year 2014 at the French site (left y-axis) as a function of omnidirectional wave power flux (x-axis).
The error is normalised by the AEP. The right y-axis is associated with the histogram of the WEC energy production
distribution as a function of the wave power flux. Each subplot corresponds to different PTO capping process and value.
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Figure 14: Energy production estimate error of the power matrix method with respect to the reference approach, for
every sea state of the year 2014 at the Irish site (left y-axis) as a function of omnidirectional wave power flux (x-axis).
The error is normalised by the AEP. The right y-axis is associated with the histogram of the WEC energy production
distribution as a function of the wave power flux. Each subplot corresponds to different PTO capping process and value.

19

Accepted Manuscript



• PTO saturation rates (as indicated by the colour of the points of the scatter plots) increase
with J. This is to be expected because the PTO is more likely to be saturated in more
energetic sea states.

• Levels of PTO saturation (power capacity and force) increase with decreasing capping
levels. This can be seen from the number of points associated with higher PTO saturation
rates increasing as capping levels decrease. This is consistent with the full year statistics
discussed in section 7.1.

Focusing on the power capacity capping subplots (left column), we can see that the spread of
the relative error increases with J, but only until the PTO saturation rate reaches values of around
15%. As this rate increases with increasing values of J, the spread of the relative error plateaus
and then starts to decrease. The rate of decrease depends on the power capacity cap value and
the lower it is, the higher the rate of decrease. We also notice on the lowest power capacity
cap subplots that the points associated with the highest PTO saturation rate exhibit some of the
lowest AEP relative errors for energetic sea states. To try to find a possible interpretation for
this phenomenon, let us consider the PTO power generation timeseries in a highly energetic sea
state for which PTO power capacity saturation rate is high. In this situation, the power gener-
ation timeseries will be at the power capacity cap value for a significant amount of time. This
“capping process” is likely to make the average power generation less sensitive to the spectral
shape of different sea states equally highly energetic. This would explain the decreasing level
of AEP relative errors as power capacity saturation increases. In the case of PTO force capping,
we observe a similar trend of increasing scatter of the relative AEP error with J, but this increase
stops for PTO saturation rates of around 20% whereas it is 15% for PTO capacity saturation rate.
The other notable difference with power capacity capping is that beyond this level of PTO satu-
ration, the spread of the AEP relative error does not decrease as J increases, but rather plateaus.
The implications of PTO force capping on power generation are less direct than those of PTO
power capacity capping and we therefore have no obvious interpretation for this “plateauing ef-
fect”. Nevertheless, the observations made for both PTO capping processes highlight again the
important impact of PTO saturation (in terms of power capacity and force) on the AEP error.

The energy production histograms make it possible to relate the distribution of the relative
AEP error as a function of energy production. For the French site, we can see on figure 13 that
about 50% of the AEP is produced in sea states whose energy flux lies between 28 kW m−1 and
147 kW m−1 and that this range of energy flux is also where the AEP relative error is the highest
for the configuration where the PTO is capped in terms of power capacity. For the Irish site
(figure 14), we can see that the histograms are more peaky than for the French site and that the
majority of the AEP is produced in slightly more energetic sea states.

7.3. Spectral shape and AEP error

Several articles in the literature [11, 9] suggest that the error in AEP between a power matrix
approach and one based on exact spectra is strongly influenced by the difference in spectral shape
between the actual spectra and the standard fitted spectra used for the power matrix calculations.
To investigate how this applies to our case studies, we introduce a metric designed to quantify
the difference in spectral shape between two spectra in terms of wave energy flux. This approach
is motivated by the fact that the wave energy flux corresponds to the available power for wave
energy conversion at a given site.
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Starting with the omnidirectional spectral density function S ( f ), as defined in [24, chapter
2], where f is the wave frequency, the wave energy flux associated with this omnidirectional
spectrum can be calculated as follows:

J =
ρg2

4π

∫
S ( f )

f
d f (2)

discretising (2):

J =
ρg2

4π

∑
k

S k

fk
∆ fk (3)

where S k is the omnidirectional spectral density of the kth bin of the spectrum, whose bin width
is ∆ fk and central bin frequency is fk. We then define Jk as the omnidirectional wave energy flux
associated with the kth bin of the spectrum:

Jk =
ρg2

4π
S k

fk
∆ fk (4)

Considering a spectrum S a to be compared to a reference spectrum S b in terms of wave energy
flux, the metric we propose, noted εJ and based on the normalised root mean square error concept
is defined by:

εJ =

√∑
k
(
Jak − Jbk

)2∑
k
(
Jbk

)2 =

√√√√√√√√√√∑
k

(
S ak−S bk

fk
∆ fk

)2

∑
k

(
S bk
fk

∆ fk
)2 (5)

where Jak and Jbk are the omnidirectional wave energy flux associated with the kth bin of the S a

and S b spectra respectively. Similarly, S ak and S bk are the omnidirectional spectral density of the
kth bin of the S a and S b spectra, respectively. With ∆ fk uniform, (5) becomes:

εJ =

√∑
k
(
Jak − Jbk

)2∑
k
(
Jbk

)2 =

√√√√√√√√√√∑
k

(
S ak−S bk

fk

)2

∑
k

(
S bk
fk

)2 (6)

Qualitatively, the smaller εJ is the more the shapes of S a and S b are similar and conversely, with
εJ = 0 corresponding to S a = S b.

Figure 15 shows the error εJ of the spectra used in the power matrix approach (as detailed
in section 6.1) with respect to the corresponding exact spectra. The plots cover the full 2014
year, with each dot corresponding to an hourly sea state. εJ is plotted against the sea state’s
wave energy flux, represented on a logarithmic scale. We can see on the figure that for both
sites, the value of εJ and its spreading decreases as J increases. Physically, this means that the
more energetic the sea state is, the closer its spectral shape is to a uni-modal JONSWAP spec-
trum. Conversely, the larger values of εJ observed for low energy sea states suggest an increased
predominance of multimodal spectra, for which a JONSWAP fit is less appropriate. Over the
full range of energy flux, we observe that the spread in εJ is lower for the Irish site than for the
French one. This suggests that the shape of the spectra encountered at the Irish site are “closer”
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Figure 15: εJ error values for the spectra used for the power matrix approach with respect to the exact spectra plotted
against wave energy flux J, for the year 2014, for both sites considered. Each dot corresponds to an hourly sea state.

to JONSWAP spectra than it is the case for the French site.

The normalised AEP errors values shown on figures 16 and 17 are the same as for figures 13
and 14 but this time they are plotted against εJ , represented on the x-axis with a log scale. As
for figures 13 and 14, the colour of each dot corresponds to the PTO power capacity saturation
rate for the left column and to the PTO force saturation rate for the right column. Figure 16
corresponds to the French site and figure 17 the Irish site.

For all subplots of figures 16 and 17, and for εJ < 0.4, there is a clear correlation between
AEP normalised error and εJ , with the AEP error spread decreasing with decreasing values of
εJ . This correlation is more pronounced for the PTO power capacity capping configurations than
for the PTO force capping configurations. For εJ > 0.4, there is less of a correlation, and we
notice low AEP errors for the highest values of εJ . However, the colour of those dots indicate
that they are associated with low saturation rates and therefore, as seen in figure 13 and 14, with
low energy sea states. Those low AEP error values for high εJ can therefore be explained by the
normalisation process involved in the AEP error computation.

Overall, the results plotted in figures 16 and 17 confirm the impact of spectral shape similarity
on the error in AEP between the power matrix approach and the method based on the exact
spectra. More specifically, they show that to a large extent, the more similar the shape of the
exact spectra and that of the fitted spectra used in the power matrix approach, the lower the error.

8. Conclusions

8.1. General Conclusions

In this study, four different approaches were explored to investigate the influence of the wave
resource description on the prediction of the power production of a wave energy converter during
the year 2014 at two sites, located off the West coast of France and Ireland. The four methods
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Figure 16: Energy production estimate error of the power matrix method with respect to the reference approach, for
every sea state of the year 2014 at the French site as a function of εJ . The error is normalised by the AEP. Each subplot
corresponds to different PTO capping process and value.
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Figure 17: Energy production estimate error of the power matrix method with respect to the reference approach, for
every sea state of the year 2014 at the Irish site as a function of εJ . The error is normalised by the AEP. Each subplot
corresponds to different PTO capping process and value.
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are based on the use of a power matrix, an interpolated power matrix, a capture length matrix,
and raw spectral data, the latter being considered as the reference method. The estimations of
the performance were carried out using a time-domain numerical model which accounted for the
non-linearities associated with viscous damping on the WEC body and PTO end-stop phenom-
ena. The study also introduced two different ways to account for PTO capping: a simple PTO
power capacity capping and a more realistic PTO force capping. Although for a real full-scale
device, both capping approaches would exist concurrently, it was decided in this study to inves-
tigate them separately in order to better identify their respective influence independently.

In this study, the relative error in AEP for the power matrix with respect to the approach
relying on raw spectra tend to be smaller than what was reported in previous studies. For ex-
ample, in [9], the production estimate error ranges from -7% to -44%, depending on the type
of WEC and site considered. In [11], the error ranges from 7% to 20%, also depending on the
type of WEC and site considered. For comparison, in our study the error ranges from 3% to 8%
depending on the site and on the PTO capping configuration. It is interesting to note that in [9],
the numerical model used relies on a linear frequency domain approach which does not account
for non-linearities associated with viscosity, end stop and PTO capping. In [11], the results men-
tioned above correspond to a model with a similar PTO damping strategy as the one implemented
in our study and which accounts for the non-linearities associated with viscosity however, it does
not account for PTO capping. Although those different studies (including ours) are associated
with different WECs, different sites and different time periods, they suggest that the level of fi-
delity in the models used in the studies has a significant impact on the results. More specifically,
our study shows that although, as suggested by prior studies, the similarity in spectral shapes be-
tween the spectra used for the power matrix method and the exact ones has a significant impact
on the error, so does the PTO capping. Indeed, our study shows that, independently of spectral
shape similarities, there is a clear correlation between PTO capping (and therefore PTO satura-
tion rate) and error in energy production estimates based on the power matrix method: the lower
the PTO capping, the higher the PTO saturation rate and the lower the error. For example, for the
French site, the relative error in AEP from the “matrix based” approaches relative to the bench-
mark computations drops from 8% to just under 5% as the PTO force saturation rate increases
from 2% to 21% (see figure 12). This strongly suggests that PTO capping should be taken into
consideration for meaningful estimates of WEC energy production.

The investigation of the impact of spectral shape similarities between the spectra used in the
power matrix method and the raw spectra has led to the development of a new metric (noted εJ)
to compare spectral shapes in terms of wave energy flux. Using this metric, we have confirmed
that spectral shape similarities play a role in AEP error, but we have also found out that for the
two sites considered in our case study, the exact spectra of the most energetic sea states can be
better approximated by standard JONSWAP spectra than it is the case for the low energy sea
states.

Finally, this study shows that, considered independently, both PTO power capacity capping
and PTO force capping have the same qualitative impact on AEP errors, with the error going
down with PTO cap values. However, when looking at the results on a sea state per sea state
basis, the way the error is affected by those two capping approaches independently is clearly
different (see figures 13 and 14). Given that they both correspond to two different physical limits
of a PTO system, they should ideally, in the future, both be accounted for simultaneously in
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simulations.

8.2. Implications for Wider Wave Energy Sector Stakeholders

The study shows that in terms of AEP error, there is very little difference between the power
matrix, interpolated power matrix and capture length matrix methods with respect to the bench-
mark reference method. Indeed, the differences in AEP estimates between the different “matrix
based” methods are only at most a few tenths of percent (see table 2). Our case study therefore
does not support the IEC technical specifications [14] recommending the use of capture length
matrix rather than power matrix. We suggest that the technical committee editing the technical
specification should consider in future editions to allow the use of either the capture length matrix
or power matrix. It should be nevertheless highlighted that the results of this study are likely to
be, to some extent, specific to the WEC and site considered and that broader studies are required
to provide a definitive answer on that question.

It should be also noted that although the relative error in AEP computed in the study are only
single digit percentages, this should not hide the fact that on a sea state per sea state basis, the
spread of that error is significant and for some individual sea states, the error in energy produc-
tion estimates can be as high as 90% of the AEP for the power matrix approach (see figure 13).
Using a method relying on matrix interpolation reduces that spread, as seen in table 2, compared
to the basic power matrix approach.
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9. Appendix
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