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Abstract: Accurate evaluations of the available and technically exploitable wave energy resources
are fundamental to optimise the design and implementation of energy converters in the marine
environment. However, long-term resource assessments have been primarily conducted for large-
scale devices in offshore energetic locations, thus ignoring onshore sites such as harbours with easier
access, installation and accessibility to devices. Here, we conducted a ten-year evaluation of the
performance of wave energy converters (WECs) off Roscoff harbour (northern Brittany, France). As
the site of application shows moderately energetic conditions, particular attention was dedicated to
small-scale WECs by adapting ratings to the local wave climate. This investigation combined (i) a
high-spatial resolution (~5 m) hindcast database established with SWAN with (ii) generic and specific
assessments of WEC performance. We exploited, in particular, scaled power matrices derived from
the Oyster technology to assess the capacity factors and energy output of devices. In addition to
characterising the annual and seasonal variability of the available resource off the harbour breakwater,
this investigation provided further insights for optimising WECs, including experimental prototypes.
It is therefore suggested that this type of evaluation be considered for the assessment of small- and/or
full-scale energy converters in the marine environment.

Keywords: wave energy converters; wave climate; hindcast database; SWAN; temporal variability;
capacity factor; power matrix; Roscoff; western Brittany

1. Introduction

Nearshore areas may present an increased attractiveness for wave energy exploitation,
thus providing easier access, installation and accessibility of wave energy converters (WECs)
with reduced operation and maintenance costs. Over the last few years, much interest has
thus been brought to the development of WECs adapted to or embedded within coastal
infrastructures such as harbour dikes or breakwaters. A detailed review of these different
systems is available in [1,2]. Among the leading projects, we may refer to the oscillating float
devices developed by (i) Ingine, with a prototype tested in Buckdon Harbour (Jeju-do Island,
Korea), [3] or (ii) Eco Wave Power with an array of eight energy converters implemented in
Gibraltar and connected to the grid [4]. Other devices include (i) overtopping systems, such
as the Overtopping Breakwater for Wave Energy Conversion (OBREC) with a full-scale
prototype implemented at Naples Harbour (Italy) [5,6], or (ii) oscillating water columns
(OWCQ), such as the Resonant Wave Energy Converter 3 (REWEC3) with a device operating
in the Port of Civitavecchia (Italy) [7] or the Wavegen system implemented in the power
plant of Mutriku Harbour (Spain) [8].

However, in spite of these advanced technical developments, wave energy conver-
sion still shows high economic uncertainty mainly associated with performance, lifespan,
construction and maintenance costs of WECs, which has until now impacted an increased
exploitation at commercial scale [9]. Among the key steps for promoting the growth of the
wave energy sector, refined assessments of the available resource and expected generated
power are fundamental to optimise the location, design and construction costs of devices.
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Numerical simulations are traditionally used to conduct these resource assessments. Nev-
ertheless, these investigations have to satisfy specific constraints associated with (i) the
temporal variations of the wave climate and (ii) the spatial extent of the area of interest.
Thus, according to the technical specification set up by the Marine Renewable Energy
Technical Committee (TC114) of the International Electrotechnical Commission (IEC) [10],
resource assessments should cover a minimum period of ten years to encompass the in-
terannual and interseasonal variability of the wave energy flux. Additionally, longer time
periods extending to 20, 30 or even 100 years may be requested for more accurate characteri-
sation of the wave energy resource, including the approach of (i) the return periods of wave
events [11,12] or (ii) the effects of global warming on the wave climate [13,14]. Furthermore,
increased spatial resolutions are expected in harbour areas where the computational mesh
must adapt to the outline of infrastructure and the spatial variability of surrounding water
depths, which decrease to a few metres.

Given the large computational resource required, few numerical investigations were
therefore conducted to assess wave climate variability in the vicinity of harbour areas,
matching constraints of an extended period of time (at least 10 years) and increased spatial
resolutions (on the order of metres). Thus, wave energy resource assessments near harbours
have relied on hindcast simulations with phase-averaged models and spatial resolutions
reaching values over one hundred metres, thus poorly adapted to the dimensions of mar-
itime structures. Contestabile et al. [5] characterised the potential of the OBREC in different
harbours of southwestern Australia by relying on MIKE 21 SW simulations with spatial
resolutions of 150 m. More recently, Lastiri et al. [15] built a 44-year wave hindcast database
with SWAN (Simulating Wave Nearshore) [16] to assess energy spatiotemporal variability
in the surroundings of Bayonne Harbour (Bay of Biscay, France) with a minimum onshore
spatial resolution of 150 m. Another investigation was conducted by Cascajo et al. [17] in
the surroundings of the Port of Valencia (Spain) by exploiting WAM large-scale embedded
simulations of the wave climate over a seven-year period.

The present investigation complements these different characterisations of the avail-
able wave energy resource in harbour areas with an advanced evaluation based on (i) em-
bedded high-resolution numerical simulations of the wave climate and (ii) refined assess-
ments of WEC performance. Thus, meeting the IEC standards, we established a ten-year
wave hindcast database in the vicinity of the harbour breakwater with the SWAN wave
model set up at a spatial resolution of 5 m. As exhibited before, more accurate resource
characterisations may be reached by extending the period of simulations to 20-30 years.
However, given the refined spatial resolutions reached near the breakwater, this investi-
gation is a step forward in conducting long-term simulations of the wave climate with
higher computational resources in harbour areas. This hindcast database was therefore
exploited to characterise the annual and seasonal variability of the available resource in
the vicinity of the harbour. As technological characteristics of WECs were mainly available
for offshore systems designed for energetic locations, device performances were first in-
vestigated with an original approach combining a generic evaluation independent from
the technology. This generic assessment was then complemented by a specific evaluation
based on scaled power matrices adapted to the local wave climate and derived from the
Oyster technology [18,19].

The site of application is the harbour of Roscoff-Bloscon in the northern part of
western Brittany (France) (Figure 1). This harbour, which welcomes fishing, yachting
and freight transport activities, is the most important in France for maritime traffic to
Ireland, hosting a ferry terminal for Brittany and Irish Ferries. In spite of reduced exposure
to incoming waves from the Atlantic Ocean, this location is regularly subjected to local
wind-generated waves from the English Channel, which may increase the wave energy
resource. Thus, further investigation is required concerning the potential of this harbour
for wave energy conversion. Beyond site-specific results, the present investigation also
provides further insights on the potential of phase-averaged spectral wave models to assess
resource temporal variability in the vicinity of harbours. The approach considered may



J. Mar. Sci. Eng. 2022, 10, 1081

3 0f20

finally serve as a guideline to conduct a refined assessment of the available resource and
expected energy output in the preliminary stages of a wave energy project.

Isle of E}atz

Brittany

Roscoff

harbour breakwater
Pierre Lemaire

Figure 1. Google Earth maps showing the location of the harbour of Roscoff in western Brittany
(France) with a detailed view of the surroundings of the breakwater “Pierre Lemaire”. The yellow
circles are displayed along a line considered offshore from this infrastructure; the line is used as
reference for the extraction of SWAN hindcast predictions.

The present paper is organised as follows. Section 2 describes the study site including
its environmental and physical characteristics. Section 3 successively presents the wave
model, the available in situ measurements exploited to assess predictions, performance
indicators, and wave energy metrics retained to evaluate the model performance and
the temporal variability of the available resource. After a comparison between model
predictions and in situ measurements (Section 4.1), Section 4.2 discusses the spatiotemporal
variability of the available resource off the harbour breakwater based on exploitation of the
ten-year hindcast database derived from SWAN simulations. Finally, Section 4.3 describes
the generic and specific assessments of WEC performance. Beyond the comparison of
indicators such as the capacity factor, particular attention is dedicated to the annual and
seasonal variability in the performance of small-scale devices.

2. Study Site

The harbour of Roscoff-Bloscon is located in the northern part of western Brittany
(France) between the Isle of Batz and the Bay of Morlaix (Figures 1 and 2). It integrates
a Jarlan-type breakwater, entitled “Pierre Lemaire”, with a length of 250 m and com-
posed of four boxes orientated in a northwest—southeast direction. Nearshore waters are
characterised by (i) numerous shoals, emerged rocks and rocky shelves, and (ii) wide
wetting—drying areas revealed at low tide in the channel separating the Isle of Batz from the
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landmass. The area also shows strong tidal regimes with spring tidal range over 7 m and
spring tidal currents exceeding 1 m s~! in the channel of Batz [20]. However, the vicinity of
the breakwater rests within a minimum water depth of 7 m, thus securing the operation of
energy converters.

48.78°N - Domain R1

48.77°N -

48.76°N |-

48.75°N |-

48.74°N -

Latitude

48.73°N -

water depth (m)

48.72°N -

48.71°N -

A S
4.1°W 4.07°W 4.04°W 4.01°wW 3.98°wW 3.95°W 3.92°wW

Longitude

Figure 2. Spatial extent of the embedded computational domains R1 and R2 with locations of wave
buoys 02922 and 02910 (CANDHIS database).

In spite of the shelter provided by the isle of Batz, the breakwater is exposed to
northwesterly and northeasterly waves. Thus, the harbour is subjected to a twin exposure
to (i) swell from the Atlantic Ocean refracted around the isle and (ii) wind waves generated
locally in the English Channel. The analysis of measurements at the wave buoy south of
the harbour (wave buoy 02910 of the French CANDHIS database, “Centre d’Archivage
National de Données de Houle In Situ”, Cerema, France) exhibited two prominent sea
states characterised by peak periods between (i) 3 and 6 s and (ii) 8 and 14 s (Figure 3).
The variability in harbour wave exposure is also increased by tide-induced refraction.
Thus, tidal currents induced refraction of the waves, leading to changes of the wave
direction towards areas with lower propagation speed of the crest, and this results in
modulations of wave exposure with semidiurnal variations of the significant wave height
and wave direction [21]. These modulations were revealed by observations gathered south
of the harbour with variations of the significant wave height between high and low tides of
around 30% of the same order of effects exhibited in offshore waters of western Brittany [22]
(Figure 4). Increased effects were expected on the wave energy flux as a function of the
squared significant wave height.

Given these physical and environmental characteristics, a refined numerical simulation
of wave condition in the vicinity of the breakwater must therefore consider (i) the detailed
spatial variation of surrounding water depth, (ii) the variability in incoming sea states
between swell and local wind-generated waves, and (iii) the effects of the tide on coastal
wave propagation (including especially the refraction induced by tidal currents).
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occurrence (%)

Figure 3. Mean distribution of wave events for a range of significant wave heights Hs and peak

periods Tp, at wave buoy 02910 during the year 2011. The color bar shows the occurrence of wave
events in percentages.
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Figure 4. Time series of measured significant wave height (Hy,o, blue line) and mean wave direction
(Dirmean, blue line, anticlockwise convention from east) at wave buoy 02910 and free-surface elevation

(FS with respect to mean water depth, red line) at the tidal gauge in the harbour of Roscoff-Bloscon
during February and March 2013.

3. Materials and Methods
3.1. Model Theoretical Description

SWAN solves the time-dependent spectral action balance equation that expresses the
conservation of the wave-action density in spatial, spectral and directional spaces according
to a series of source and sink terms involved in generation, dissipation and redistribution
of wave energy [23]. The latest version, 41.31, of the wave model was considered here.
Parametrisations retained for source and sink terms are briefly detailed hereafter. The trans-
fer of energy from wind to waves and its dissipation due to whitecapping were approached
with the model proposed by Rogers et al. [24]. The redistribution of energy by nonlinear
quadruplet wave-wave interactions was computed with the discrete interaction approxi-
mation [25]. In coastal and nearshore areas, wave propagation is subjected to an increased
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influence of bottom friction, nonlinear triad redistribution of wave energy and depth-
induced breaking. The sink term of energy dissipation by bottom friction was computed
with the coefficient retained by Bouws and Komen [26]. The nonlinear triad redistribution
of wave energy was approached with the lumped triad approximation [27]. Energy dissi-
pation in random waves due to depth-induced breaking was finally quantified according
to Battjes and Janssen [28]. Further details about SWAN mathematical formulations and
numerical resolution are available in the scientific and technical documentation [29].

3.2. Model Setup

SWAN was set up on two embedded computational domains: (i) a large-scale domain
R1 integrating the Isle of Batz and extending to deep water, over 70 m, at the southwestern
entrance of the English Channel, and (ii) a local domain R2 covering the surroundings of
the harbour of Roscoff-Bloscon (Figure 2). Simulations in domain R1 were implemented to
approach wave transformation from deep waters of the English Channel to the coastline,
integrating large-scale refraction induced by a varying bathymetry and tidal currents
(particularly noticeable around the Isle of Batz) with superimposed effects of local wind
waves. Embedded simulations in domain R2 were implemented to approach the local
distribution of wave energy associated with a refined definition of the bathymetry in the
vicinity of the harbour breakwater. Spatial resolutions were therefore set to 100 and 5 m on
domains R1 and R2, respectively. In comparison to large-scale simulations conducted in R1,
simulations in R2 neglected processes with reduced effects in nearshore waters, including
wave growth by wind, energy dissipation by whitecapping and nonlinear quadruplet
wave-wave interactions. According to the prominent effect of the tide in wave propagation
(Section 2, Figure 4), the effects of tidal free-surface elevation and depth-averaged currents
were integrated. However, the effects of tidal currents were ignored in R2 to reduce the
computational time. Preliminary simulations showed that this had very little impact on
SWAN predictions as modulations induced by currents on waves derived, in this small-
scale domain, from input forcings at open boundaries. By doing so, we neglected the local
modulations induced by tidal currents in the surroundings of the harbour breakwater
on the group velocity, thus considering that major effects on the available wave power
derived from modulations on the wave-action density and the significant wave height.
Simulations in R2 considered, however, the spatiotemporal variations of tide-induced
free-surface elevations. In these two computational domains, R1 and R2, SWAN was run
with a discretisation of the wave energy spectrum in 31 exponentially spaced frequencies
ranging from 0.05 to 1 Hz and 30 evenly spaced directions. In R1, the model was run in
nonstationary mode with a time step of 10 min. In R2, taking into account the reduced
extent of this computational domain, we implemented a series of stationary computations
with a step of one hour.

The spatial distribution of the bathymetry was derived from a compilation of (i) the
large-scale Homonim database covering the English Channel with a spatial resolution of
0.01° (~100 m) [30] and (ii) the high-resolution coverage established during the Litto3D
project with a spatial resolution up to several metres in nearshore areas [31]. In domain
R1, the model was driven by Pierson-Moskowitz spectra [32] recomposed from wave
components (significant wave height, peak period, direction and spreading) extracted at an
hourly time step from the hindcast database Homere [33]. The Homere database consists
in hindcast simulations conducted with Wavewatch III during the period 1994-2019 in
French coastal shelf seas of the Atlantic Ocean and the English Channel. Wind velocity
components at 10 m above the free surface were provided at a time step of one hour from
spatial interpolation of Homere data. Tidal free-surface elevation and depth-averaged
currents were extracted from hourly predictions conducted with a spatial resolution of
250 m as part of the MARC project [34]. In domain R2, input forcings were derived from
predictions established in domain R1.

The$ extraction of input boundary conditions from the Homere database was restricted
to a ten-year period between 2006 and 2015 to match IEC standards for assessment of the
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wave climate and associated energy resource. Thus, simulations in domains R1 and R2
were conducted for this ten-year period.

3.3. In Situ Measurements

Available data used to assess wave model performance consist of archived wave
buoy measurements from the French CANDHIS database (“Centre d”Archivage National
de Données de Houle In Situ”, Cerema, France). These data include (i) a location in the
southwestern part of the Isle of Batz at water depths of 30 m (02922, lon = —4.072° W,
lat = 48.728° N) and (ii) a location in nearshore waters south of the breakwater of Roscoff-
Bloscon harbour at water depths of 5 m (02910, lon = —3.961° W, lat = 48.717° N) (Figure 2).
The two wave buoys were directional, thus giving access to the direction of incoming waves.
In offshore waters, data were available from 27 March 2019 to 31 December 2021, covering
a period exceeding 2.5 years. In nearshore waters, measurements covered an extended
period of 9.5 years from 21 October 2005 to 1 March 2015. No specific period with missing
data was noticed in offshore waters, whereas blank periods were present for nearshore
waters in February 2009, April and May 2010, June 2012 and August 2014. However, the
measurement periods were considered sufficient to encompass the annual and seasonal
variability of the wave climate. Thus, the ten-year period considered to run simulations,
from 2006 to 2015, matched available in situ measurements in nearshore waters.

3.4. Performance Indicators and Wave Energy Metrics

Predictions were interpolated at the different time steps of available measurements.
Performances of SWAN were evaluated by relying on a series of statistical and scoring
metrics. For the significant wave height and the wave period, we considered (i) the mean
absolute error

N
MAE:Z|Si—Oi|/N 1)

i=1

(ii) the normalised bias

N N
NBI =) (S _Oi>/ Y. O )
i=1 i=1

and (iii) the symmetrically normalised root mean square error introduced by Hanna and
Heinold [35]

N N
HH= | Y.(Si— O;)? / Y 5,0; 3
i=1 i=1

with N the number of data in the discretised times series considered, and (S;) and (O;) the
two sets of simulated and observed values, respectively. For the wave direction, following
Kalourazi et al. [36], we relied on the modified normalised bias

N
NBIy = Y mod_ (0si —00;)/(27N) (4)
i=1

and the normalised root mean square error

N
NRMSEg = 1/(2m),| Y. [mod_(8s; — 0:)] / N (5)
i=1

Module operator mod _ z  indicates that (i) 277 is subtracted from 6g; — 6, if 65; — 6p; > 7
and (ii) 27t is added to 0s; — 6p; if Os; — 0p; < —m. As exhibited by Mentaschi et al. [37],
traditional indicators such as the root mean squared error (RMSE) or the scatter index (SI)
may show biases to identify the best performance associated with wave numerical models.
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Thus, other indicators including the HH are currently exploited to assess model accuracy.
The NBI index complements the MAE by providing further information about the average
component of the error. The HH index combines information about the average component
of the error and the scatter component.

Pre-production metrics were also considered to characterise the temporal variability of
the resource at different time scales (ranging from annual to monthly) (see [9] for a review).
In the present investigation, we focused on the intra-annual and monthly differentiations
in the resource. Thus, following [38,39], we considered the annual variability index

AVI = (PAl - PAZ)/Pyear (6)

with Pye,, the annual mean wave power, and P4 and P, the mean available wave powers
for the most and the least energetic years, respectively. As the seasonal variability was
mainly affected by differences in the resource between months, we retained the monthly
variability index

MVI = (Pyn — PMZ)/Pyear )

with Py and Pyp the mean powers for the most and the least energetic months, respectively.

4. Results and Discussion
4.1. Evaluation of Model Predictions

Model performances in domain R1 were assessed against measurements in offshore
waters (southwestern part of the Isle of Batz (wave buoy 02922)) whereas performances
in domain R2 were evaluated against measurements in nearshore waters (south of the
breakwater (wave buoy 02910)). The comparison focused on the significant wave height
Hiyo, the peak period Ty, and the mean wave direction Dirmean.

In domain R1, the comparison was conducted for the year 2019 between 27 March 2019
and 31 December 2019 in accordance with the availability of measurements for this period.
Predictions approached the temporal evolution of parameters measured at wave buoy
02922 (Figure 5). A clear contrast was exhibited between (i) the winter period characterised
by increased variability in energetic conditions and (ii) the summer period with reduced
variability of wave events. These differences were particularly noticeable between the
two periods July-September and October-December. Such contrasting conditions were
consistent with assessments conducted in western Brittany, which exhibited the strong
interseasonal and interannual evolutions of the available resource [40,41]. In northwest
continental shelf seas, this variability is highly dependent on oscillations of the atmospheric
circulation resulting in increased correlations between significant wave heights and the
North Atlantic Oscillation (NAO) [42]. Furthermore, performance indicators for the evalua-
tion of Hy,g and Tp, were consistent with estimations derived from spectral phase-averaged
wave models in coastal waters with HH indexes below 0.2 [36,43] (Table 1). SWAN showed,
however, a tendency to underestimate high sea state characterised by Hy,g > 4 m (Figure 5).
For reduced energetic conditions, the model was also found to slightly overestimate the
measured significant wave height, as confirmed by the associated positive NBI (Table 1).
However, these differences were very small, and these comparisons assessed a part of the
wave model performance to approach wave conditions in the large-scale domain R1.

In domain R2, the comparison covered the period between 2006 and 2015. SWAN
reproduced the temporal evolutions of Hy,, Tp and Dirmean measured in the southern part
of the harbour breakwater at wave buoy 02910 (Figure 6). Whereas the model ignored
the spatiotemporal variations of tidal currents, predictions approached the tide-induced
modulations of significant wave height and wave direction. This confirmed that these
modulations resulted from input forcings at open boundaries of domain R2. Statistical
scorings showed, however, stronger differences than those obtained in offshore waters at
wave buoy 02922. This concerned especially Hy,g and T, with HH values over 0.3 (Table 1).
We also obtained an increased NBI for the peak period with values of 0.27 in nearshore
waters against 0.04 in offshore waters. Nevertheless, scorings remained consistent with
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performance of phase-averaged wave models. Thus, Mentaschi et al. [43] found HH indexes
between 0.28 and 0.32 for the approach of the significant wave height in a series of wave
buoys located in coastal waters of the Mediterranean Sea. In the present investigation, we
obtained an HH value of 0.32 for the approach of Hy,g during the period from 2006 to 2015,
this in spite of strong tide-induced modulations and a potential influence of diffraction
induced by the harbour breakwater and not considered by the phase-averaged spectral
wave model. Thus, whereas increased differences were obtained in nearshore waters, no
particular bias was denoted, and the comparisons confirmed the capability of the SWAN
model to approach wave propagation at the scale of domain R2.

89 wave buoy — SWAN
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Figure 5. Times series of measured and computed significant wave height Hy,,, peak period Tp, and
mean wave direction Dirmean (anticlockwise convention from east) between April and December
2019 at wave buoy 02922 in the western part of domain R1.

Table 1. Statistics for the evaluation of the significant wave height Hy,o, peak period Tp and mean
wave direction Dirmean at the two wave buoys considered. Statistics at wave buoy 02922 were
computed for the year 2019 (from end of March to the end of the year) whereas statistics at wave
buoy 02910 were computed from 1 January 2006 to 1 March 2015 in relation to the availability of
in situ measurements at these two locations. Further details about the mathematical formulations
of these metrics are available in Section 3.4. Please also note that, with an exception for the mean
absolute error (MAE), these metrics correspond to normalised parameters.

Hmo Tp Dirmean
Wave Buoys
MAE NBI HH MAE NBI HH NBIp NRMSEg
02922 025m 012 0.19 0.99s 0.04 0.16 0.018 0.05

02910 013m 013 0.32 2.70s 0.27 0.40 0.0004 0.05




J. Mar. Sci. Eng. 2022, 10, 1081

10 of 20

wave buoy —— SWAN

211109 251109 2911090112 09 0512 09 09 1209 131209 171209 211209
date

EE 15
= 10 4

T T T T T v T
1109 251109 291109 01 12 09 0512 09 09 12 09 1312 09 1712 09 211209
date

200

Difmean (deg.)

150 T T T T T T T
211109 251109 291109011209 0512 09 09 12 09 131209 171209 211209

date

Figure 6. Time series of measured and computed significant wave height Hp, peak period Ty and
mean wave direction Dirmean (anticlockwise convention from east) at wave buoy 02910.

4.2. Spatiotemporal Variability of Available Wave Energy

Particular interest was devoted to the spatial and temporal variability of the avail-
able wave energy resource in the vicinity of the harbour. Thus, wave predictions were
analysed along a line offset at a distance of 100 m from the breakwater. Moving away
the implementation of WEC from the infrastructure maintains access to the breakwater,
including especially the Brittany and Irish Ferries. This distance was restricted to 100 m,
however, to guarantee cable connection, and device operation and maintenance. As the
breakwater was made of perforated caissons of Jarlan-type, designed to reduced reflection
effects (Section 2), weaker influence of the breakwater was finally expected on sea state
conditions at this distance of 100 m. Along this line, we extracted predictions from SWAN
in subdomain R2 (i) at a time step of one hour during the ten-year period (from 2006 to 2015)
and (ii) a spatial resolution of 5 m. Thus, this line had a length of 320 m extending from a
northwestern point off the rockfill section at the foot of the breakwater to a southeastern
point near the entrance of the harbour (Figure 1). The attention was first dedicated to the
spatial distribution of averaged wave parameters (including significant wave height and
available wave power) before focusing on resource temporal variability.

Figure 7 shows the spatial distribution of the averaged and maximum significant
wave height and available wave energy flux along this line, which lies off the harbour
breakwater. The vicinity of the harbour was characterised by moderate wave regimes
with averaged Hy,g between 0.5 and 0.6 m. However, the harbour may also be exposed to
storm sea wave conditions with significant wave heights exceeding 3.5 m. Furthermore, the
surroundings of the harbour were characterised by a spatial gradient in the distribution of
Hpno, which revealed an increased exposure of the northwestern area off the rockfill section
at the foot of the breakwater (Figures 1 and 7). These differences were exhibited by the
spatial distribution of the available wave energy flux. Whereas the mean wave power was
very low with values below 2 kW m~!, storm events showed a more important potential
exceeding 60 kW m™~!, the same order of averaged values found in offshore waters of
western Brittany [41]. Furthermore, the spatial gradient in maximum available wave power
exhibited differences of around 15 kW m™~! between the northwestern and southeastern
ends of the line considered offshore from the harbour infrastructure. These results promote
the exploitation of the wave resource in the northwestern area identified off the rockfill
section at the foot of the breakwater.
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Figure 7. Spatial distribution of (top) the averaged and maximum significant wave heights, (center)
the averaged and maximum available wave energy fluxes and (bottom) the monthly and annual
variability indexes (MVI and AVI) computed from SWAN predictions along the line considered
offshore from the harbour breakwater. The vertical dotted red and green lines show the locations
of points considered for the investigation of WEC performance in Section 4.3. Please also note that
different vertical axes are used for these parameters.

The temporal variability of the available wave energy flux was investigated by spatially
averaging along the line off the harbour breakwater. Figure 8 shows the monthly varia-
tions obtained during the ten-year period from 2006 to 2015. These time series exhibited
interseasonal and interannual variability of the wave resource, quite typical for this marine
renewable energy over the northwest European shelf seas [41,42]. Important interannual
variability was therefore exhibited during the winter period. Thus, for the month of March,
we obtained mean wave powers of 4.40 kW m~! in 2008 against 1.15 kW m~! in 2012.
This monthly variability remained important for the different extraction points considered
off the harbour breakwater, with values of monthly variability indexes (MVI) over 2.75
(Figure 7). Such values were comparable to indexes obtained in energetic locations, includ-
ing the northern oceanic region off the USA East Coast [44]. However, the available wave
power showed more steady values at the annual scales with reduced annual variability
indexes (AVI) below 0.50. Thus, over the ten-year period considered, the yearly averaged
available wave power was characterised by differences below 0.7 kW m~! (Figure 9). In
the area considered off the harbour breakwater, the wave energy resource was therefore
characterised by increased seasonal and monthly variability but appeared to show more
restricted differences at the annual scale.
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Figure 8. Yearly time series of the monthly variations of predicted available wave power averaged
along the line offshore from the harbour breakwater.
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Figure 9. Time series of the yearly available wave power averaged along the line offshore from the
harbour breakwater.

4.3. Annual and Seasonal Variability of Onshore WEC Performance

Estimating the energy output from WEC depends naturally on the technological
characteristics and performance of the devices. Thus, for a great number of resource
assessments, the expected technical power was evaluated by coupling wave numerical
predictions with device power matrices, which provided the distribution of expected
energy output for different classes of significant wave heights and wave periods (see [8]
for a review). However, given the diversity of WEC technologies and designs, it appeared
very difficult to conduct an extended investigation of energy exploitation off the harbour
breakwater. For these reasons, we relied instead on the generic approach proposed by
Portilla et al. [45], who evaluated WEC performance as a function of operating scenarios (for
energy exploitation) based on the installed capacity. This approach, independent from the
device technology, was complemented by a refined evaluation that tested the performance
of a series of scaled prototypes off the harbour breakwater.

4.3.1. Generic Assessment

Following the approach proposed by Portilla et al. [45], we assumed that the available
wave energy flux was directly converted into energy output depending on the installed
capacity of the devices. Such an approach neglected the variations of energy output
for different combinations of wave heights and periods as integrated with the power
matrix. Indeed, with the approach based on the power matrix, for a given H,y,o, the device
generates energy as a function of the wave period, which may result in a highly variable
production depending on the sea state (swell, local wind-generated waves, etc.). However,
the approach proposed by Portilla et al. [45] allows an energy assessment independent from
the device technology before conducting refined investigations based on power matrices
(described in Section 4.3.2). In this approach, the installed capacity IC was expressed as
the energy flux in W m 1. It refers to the amount of energy that would be produced by
WEC operating at its full capacity. With these assumptions, for a given IC, we evaluated
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the amount of energy that would be produced at different time steps depending on the
available wave energy flux. To match realistic conditions, we furthermore considered three
operating modes: (i) a first mode with low energetic conditions not sufficient to trigger
energy exploitation with respect to WEC performance, (ii) a second mode with the device
starting to convert the available wave energy flux under the upper limit of IC and (iii) a
third mode with WEC halting to guarantee the protection of the structure and enter into
survival mode. According to [44,45], the lower and upper limits were fixed to 20% and
120% of the installed capacity. Following this method, the annual energy production, AEP,
was computed as the total energy produced by WEC during a year, and was therefore
expressed in Whm~! year~—!. The capacity factor, CF, was finally determined as the ratio
between the annual energy production and the total energy produced by a device operating
at its full IC. Thus, CF was expressed in percentages exhibiting WEC performance and
therefore providing insights about the relevance of investments.

Following the assessment of the available wave energy resource described in Section 4.2,
the method was applied at the western and eastern ends of the line considered off the
infrastructure, these two locations exhibiting contrasting wave exposure (Figure 7). Con-
firming results obtained by Portilla et al. [45], the evolution of AEP and CF exhibited,
in both cases, peak values with respect to the installed capacity (Figure 10). Indeed, the
annual production showed a peak value when WEC captured the maximum available wave
power between the lower and upper limits of 20-120% the IC. Thus, WEC with reduced IC
only captured the lower part of the available wave energy flux whereas WEC with high
IC failed to operate at full capacity, thus restricting the production to storm conditions.
In other words, for lowest IC, energy output resulted from the upper limit of 120% IC,
whereas, for highest IC, energy output derived from the lower limit of 20% IC. Furthermore,
peaks for AEP and CF were obtained for different values of IC exhibiting that high WEC
performance tended to be reached for low IC. We obtained improved performance and
stronger annual production at the western location than at the eastern point in relation to
more wave energetic conditions. However, at both locations AEP was characterised by low
values below 10 MWhm ! year~! that contrasted with values over 100 MWhm ™! year~!
obtained in offshore waters of the North Atlantic Ocean [44,45]. Nevertheless, CF showed
improved performance of WEC for reduced IC with averaged values liable to exceed 20%.
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Figure 10. Predicted mean (left) annual energy production and (right) capacity factor against the
installed capacity at the two locations considered at the western and eastern ends of the line offshore
from the harbour breakwater and during the ten-year period from 2006 to 2015. The vertical black line
shows the position of peak capacity factor reached for an installed capacity around 1.0/1.25 kW m~1.

Thus, the installed capacity has to be adapted to local wave conditions to guarantee a
balance between energy output and WEC performance. In the present investigation, the
results obtained showed that the vicinity of the breakwater was adapted to devices with
reduced IC. This corresponds typically to small-scale WECs implemented in the marine
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environment, such as prototypes, to test performances in actual sea conditions before
targeting more energetic locations.

4.3.2. Assessment Based on Small-Scale Prototypes

Refined investigation of WEC performance in this environment requires access to
power matrices of devices that characterise the energy output over a range of significant
wave heights and wave periods. However, whereas a part of these power matrices are
available from WEC developers, the associated distribution is associated to a technology
designed to specific wave conditions, typically the energetic wave climate of targeted
sites. Thus, power matrices adapted to “hot spots” with strong wave conditions cannot be
exploited off the harbour breakwater with conditions more suitable to the implementation
of small-scaled prototypes (Section 4.3.1). The evaluation of WEC performance off Roscoff
breakwater therefore required the exploitation of power matrices of scaled devices with
different ratings.

These power matrices were obtained by applying the method described by Payne [46]
and applied in a series of investigations dealing with the scaling of WEC to local sea
states [47-51] Thus, following this approach, the original power matrix of a given technol-
ogy was scaled for different sizes of devices by assuming that the Froude number remained
constant between small-scaled prototypes. Thus, according to Froude scaling law, wave
heights were scaled linearly with the geometric scale A, wave periods with the square root
of A and power as A>°. Further details about the theoretical description and assumptions of
this method, and its practical implementation, are available in [46,47]. O’Connor et al. [47]
relied on this approach to assess the performance of Wave Star and Pelamis at various
scales in different locations within the European shelf seas. Bozzi et al. [48,51] applied the
method (i) to AquaBuQOY, Pelamis and Wave Dragon at two energetic locations around
Italy and (ii) to eight wave energy technologies along the Mediterranean coastline. Majidi
Nezhad et al. [50] exploited this method to evaluate the performance of four technologies,
including Wave Star, Oyster, Wave Dragon and Archimedes Wave Swing, on the west coast
of Sicily (Italy). More recently, Majidi et al. [49] evaluated the performance of 15 WECs in
different water depths along the southwestern coast of the Black Sea.

As a preliminary assessment of small-scale WEC performance, the present investi-
gation was restricted to one technology, the oscillating flap Oyster [18,19]. Compared to
other devices designed to be implemented in offshore waters, the Oyster may operate
nearshore within around 10-15 m water depth, thus matching environmental conditions
off the harbour breakwater. Furthermore, this device was considered to provide better
performance than the heaving buoy [52,53]. The power matrix considered as the initial
reference to be scaled has a rated power of 290 kW [54,55]. For this power matrix, optimal
performances were reached for significant wave heights between 4 and 6 m and wave en-
ergy periods between 7 and 10 s. This was clearly out of the scope of the mean distribution
of wave events off the harbour breakwater (Figure 11), thus promoting the exploitation of
scaled power matrices with scaled wave heights and wave periods adapted to the local
wave climate.

Following the generic assessment of WEC performances described in Section 4.3.1, the
method was applied to the location considered at the western end of the line off the harbour
breakwater. Furthermore, scaled power matrices were established taking into account of
constraints applied on the mechanical parts of devices. Thus, to be consistent with WEC
designs, energy output was only considered over the range of scaled wave heights and
wave periods.
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Figure 11. Mean distribution of wave events for a range of significant wave heights Hs and peak
periods Ty, at the western end of the line offshore from the harbour breakwater during the ten-year
period from 2006 to 2015. The color bar shows the occurrence of waves events in percentages.

Figure 12 shows the resulting evolution of the capacity factor and the annual energy
production as a function of the rated power for the different scaled prototypes of the Oyster
device. The capacity factor CF was found to decrease with the rated power whereas the pro-
duction appeared to increase. Following the generic assessment described in Section 4.3.1
(Figure 10), the rated power considered remained, therefore, (i) over the peak of maximum
capacity factor (which was very low for the site of application) and (ii) below the peak of
annual production with respect to the installed capacity. We also obtained reduced values
of CF for the different rated powers in comparison with the generic assessment. Thus,
the capacity factor of the Oyster devices remained below 12% whereas it exceeded 20%
in the generic assessment. Indeed, the previous generic estimation considered that wave
energy flux was directly converted into energy output, whereas only a part of the available
resource was exploited by scaled devices, depending on the significant wave height and
the wave period. However, this second evaluation appeared more realistic, providing
a refined assessment of the expected performance of small-scale devices off the harbour
breakwater. Thus, maximum performances, with capacity factors over 8%, were obtained
for devices with low ratings below 90 kW. These averaged values were less important than
values expected for WEC in offshore waters [54,56]. However, as the available resource,
the capacity factor also exhibited important temporal variations liable to reach values over
20% during the winter period as exhibited by the monthly evolution of CF for a scaled
Oyster WEC with a nominal power of 90 kW (Figure 13). Thus, whereas the vicinity of
the harbour showed restricted interest for an extended exploitation of the wave energy
resource, it may be considered as an experimental site for testing small-scale prototypes of
wave energy converters in western Brittany, having the advantages of (i) a wide panel of
sea wave conditions (including swell and wind seas) and (ii) reduced effects of the tide on
WEC operation (which may be significant in western Brittany, characterised by important
wetting—drying areas along the coastline). Therefore, results provided further insights
concerning the expected performance of these small-scale prototypes in this environment.
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Figure 12. Capacity factor and mean annual production as a function of the rated power of scaled
Oyster prototypes at the western end of the line offshore from the harbour breakwater over the
ten-year period from 2006 to 2015.
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Figure 13. Yearly time series of the monthly variations of predicted capacity factor from a Oyster
prototype with a rated power of 90 kW at the western end of the line offshore from the harbour
breakwater over the ten-year period from 2006 to 2015.

5. Conclusions

A refined assessment of the available wave energy resource and technically exploitable
energy output was conducted in the vicinity of the harbour of Roscoff breakwater (northern
Brittany, France). This evaluation relied on (i) a hindcast database of the wave climate
derived from numerical simulations conducted at high spatial resolution near the harbour
infrastructure, (ii) a generic assessment of WEC performance and (iii) a refined evaluation
based on a series of scaled power matrices associated with the Oyster technology. The main
outcomes of the present investigation follow:

1.  The phase-averaged spectral wave model SWAN reproduced the observed evolution
of wave conditions in offshore and nearshore waters, including the vicinity of the
harbour breakwater. Thus, besides approaching the observed variations between
storm and calm weather conditions, the model reproduced the semidiurnal mod-
ulations of significant wave heights and incoming wave directions resulting from
tide-induced refraction.

2. In order to gain further insights about the spatiotemporal variability of the wave
energy flux in the vicinity of the harbour, these predictions were exploited to produce
a hindcast database of the available resource, over the ten-year period from 2006 to
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2015, along a line offset at a distance of 100 m from the breakwater. The surroundings
of the harbour showed a spatial gradient in the distribution of significant wave height
and energy flux, associated with increased exposure of the northwestern area off the
rockfill section at the foot of the breakwater.

3. Along this line, the available resource was characterised by increased seasonal and
monthly variability, exhibiting prominent differences between the winter and the
summer periods. It showed, however, more restricted differences at the annual scales.

4. The generic assessment of WEC energy production showed increased performance
for a low capacity installation, exhibiting the interest of the site of application for the
implementation of small-scale devices. Thus, the refined evaluation based on scaled
power matrices derived from the Oyster technology confirmed this first assessment.
Furthermore, the capacity factor was characterised by increased seasonal variability
reaching values over 20% during the winter period.

These results therefore promote the interest of the harbour of Roscoff as an experi-
mental site for testing the performance of small-scale WECs, off the breakwater, with (i) a
wide range of wave conditions (including swell and wind seas), (ii) reduced effects of tidal
range on devices operation and (iii) wave constraints adapted to the design of mechanical
structures. Furthermore, this local application exhibits the progress reached in resource
assessment by combining (i) a refined evaluation of wave conditions with (ii) a detailed
evaluation of WEC power matrices. We propose here an original investigation dedicated to
the performance of small-scale devices on a moderate-energy site. However, this method
may also be applied to more energetic locations dominated by ocean swell (and more
adapted to a large-scale exploitation of the resource) where we also expect improved perfor-
mance of the phase-averaged spectral wave model. Indeed, for these different applications,
the wave energy converter has to be adapted to the local wave climate. Thus, the installed
capacity and rated power of energy converters are established to guarantee the balance
between a minimum amount of energy output and high WEC performance. This aspect is
fundamental for the development of a device as increasing the installed capacity requires
significant capital investments liable to reduce the economical yield and profitability of
the targeted technology. The method proposed may help to refine these estimations in
the preliminary stages of a wave energy project. In energetic locations, such an approach
should finally be complemented by a refined evaluation of economic performance of de-
vices for the different designs and ratings. Thus, the optimised rating power will also be
established by analysing the economic cost of a wave energy project with indicators such as
the levelised cost of energy, which integrates production and costs associated with capital
expenditure, together with operation and maintenance. Further studies may be conducted
on the performance of WECs attached to the quay side, where wave reflection effects have
to be considered and may improve the performance of energy converters.
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