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ABSTRACT

This work aims to determine the exploitable wave energy resource at five potential sites close to harbour pro-
tection facilities at the Portuguese coast, namely at the Azores archipelago, at Madeira Island and at Sines, on the
coast of mainland Portugal. For that purpose, a third-generation wave model SWAN is used to transfer the
offshore estimates of sea wave conditions to those points over the last 40 years. Sea states and wind fields are
provided by the climate reanalysis datasets ERA5. Using sea states as boundary conditions and wind fields as
forcings in the numerical domains of the SWAN model, the sea states were propagated shoreward, in order to
estimate and analyse the wave conditions in the regions of interest. By combining the average energy flux per
unit length of wave front and the probability of occurrence of each sea state, the average exploitable annual
energy per unit length of wave crest can be computed. The variability of this energy flux is analysed since it is of
paramount importance for the efficiency of Wave Energy Converters (WEC). This assessment showed that the

best location for the installation of dual-chamber OWC devices is at the Azores archipelago.

1. Introduction

The increased need for renewable energy resources in the recent
decades has resulted in a significant growth in the research and devel-
opment of Wave Energy Converters (WEC) with the goal of meeting the
escalating demand for clean and renewable energies. Because of its
predictability, seasonal stability, low aesthetic impact, and overall high
energy carried by ocean waves [1], the possibilities for this energy
exploitation exceed those of wind or solar energy for electrical pro-
duction. Wave energy is not only more predictable than wind or solar
energy, but it also has a higher energetic density, which allows more
energy to be extracted in smaller regions. Moreover, the relevance of
installing such energy extraction systems in island environments is
heightened by the fact that they can help local communities achieve
energy autonomy.

The exploitation of the wave energy resource can be achieved thanks
to a broad range of technological solutions, which are reported in the
following comprehensive reviews: Drew et al. [2], Falcao [3], Falnes
[4]. The present study focuses on a fixed Oscillating Water Column
(OWCQ) incorporated in the trunk of a breakwater. The design and con-
struction of the structure are the most critical issues (not considering the
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air turbine technology) in terms of efficiency, environmental impact,
and financial viability for the OWC technology.

Most WEC have been conceived as offshore devices, where the
highest wave energy densities are found. The installation of WEC in the
nearshore has been ignored in the past due to lower gross energy den-
sities, without considering the differences in characteristics between
offshore and nearshore wave energy resources. However, a simple
scaling of the wave climate inadequately describes the nearshore wave
climate. A better representation is required to correctly assess the
nearshore wave energy resource potential. The integration of the plant
structure into a breakwater has several advantages, including shared
construction costs, access for operation and maintenance, and no addi-
tional environmental impact.

Since these fixtures are not omni-directional and installed in fixed
positions, it can be easily understood that the amount of energy
exploitable by a given device is influenced by its own orientation and the
relative incident wave directions [5]. Therefore, wave directions must
be considered in the wave energy flux estimation to ensure a proper
assessment. Such an approach was successfully applied by the Electric
Power Research Institute Group to determine the available and recov-
erable wave energy resource on the United States coastline [6].
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Accordingly, a numerical model setup was built to estimate the wave
climate at five locations along the Portuguese coast, and the perfor-
mance of the numerical model is assessed by comparing its results to
on-site measurements.

Similar works were already performed, as described in Rusu et al.
[71, where a WAM and SWAN model of the Madeira Island surroundings
are set-up, concluding on the high energetic potential of this area and
underlying the sensibility of SWAN model to diffraction and triad
non-linear interaction. Other examples focus on the Azores Islands re-
gion as in Matos et al. [8] where the study time frame is 10 years, and the
data were provided by the ECMWF ERA4 dataset. Also, Rusu & Guedes
[9] assess the numerical model accuracy against GFO satellite altimeter
data and point out the presence of energy hotspots and highlight the low
variability of the incoming wave direction in the archipelago area.
Furthermore, the studies described in Rusu & Soares [10] and in Mota &
Pinto [11], focused on the Portuguese mainland coast, do identify the
central part of Portuguese west coast as the most suitable for WEC and
emphasize the importance of the coastline orientation in the energy
losses due to wave refraction. In Rusu [12], the theoretical available
power is estimated for different device technologies and coastal envi-
ronments. It concludes on the importance of combining the power ma-
trix of each device with the wave state distribution in the area of interest
so as to optimize the considered WEC device technology. In all those
works, the wind field data were provided by the HIPOCAS project.
Comparable methodologies were followed at other locations worldwide:
Iglesias & Carballo [13] focused on the Canary Islands region, Bento
et al. [14] considered the north coast of Spain, and Monteforte et al. [15]
contemplated the Sicilian nearshore. In Gongalves et al. [16], both
third-generation wave model WAVEWATCH III and SWAN are used to
assess the available energy in the Canary Islands focusing on its seasonal
variability and predictability. Ahn et al. [17] built a 30-year WaveWatch
III model for coastal waters of the United States introducing the
inter-annual variability as a relevant capacity factor. A wave energy
assessment of the Indonesian sea is performed in Ribal et al. [18] based
on a nested downscaled model and concluding on the high potential for
WEC installation in that region. Recently, Patel et al. [19], established a
wind and wave energy assessment along the Indian coast. They intro-
duced a co-location feasibility index that can be an instructive base to
allow the development of combined energy exploitation.

Five potential locations along the Portuguese coasts were preselected
for OWC installation based on the aforementioned works conclusions
and the existing facilities potential. The present work aims to refine the
previous research outcomes providing accurate parameters for OWC
WEC installation site evaluation. It considers a much longer time frame
than the previous works and introduces the concept of exploitable en-
ergy for this specific WEC technology [5]. It also uses the data provided
by the new ECMWF ERAS reanalysis dataset for both wind fields and
sea-wave inputs, whose reliability has been demonstrated in Anastas
et al. [20]. Both variability and survival criteria are studied. Ultimately,
it provides an accurate description of the available energy at each
location and the tools to select the most suitable site considering the
device technological and physical constraints.

2. Oscillating water column concept

For decades it has been ascertained that the energy carried by
oscillatory ocean waves can be used to drive devices that convert it into
clean electric energy. Depending on their type, design, and location with
respect to the coast, a great diversity of technologies have been and still
are being developed to extract the ocean wave energy for conversion
into electricity. The most common devices are referred to as the Oscil-
lating Water Column, hinged contour device, buoyant moored device,
hinged flap, and overtopping device. The idea of integrating breakwater
and OWC WEC emerged from an Indian wave energy program and has
been discussed in Graw [21], which pointed out the advantage of shared
costs between the breakwater and the wave energy device.
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The OWC wave energy device basically consists of an air turbine
installed at the upper outlet of a partially submerged chamber. The
waves propagate into the chamber through the submerged lip wall
opening. During the presence of a wave crest, the air column is pushed
upwards through the duct and drives the turbine to generate electricity.

Conversely, when the wave troughs enter the chamber, the air col-
umn is pushed down. Hence, the pressure variations in the OWC
chamber create a bidirectional air flow across the turbine, which rotates
in a single direction for both flow directions (Fig. 1). This kind of turbine
is therefore able to harness both flow directions. The efficiency of those
self-rectifying turbines is however lower than the conventional unidi-
rectional ones [22]. Some of the attractive properties of OWC devices
are attributed to the use of an air turbine as machinery because it is the
single moving part, it is not in contact with water, and provides an
inherent energy storage by the inertia moment of the spinning shaft
[23]. It should be noticed that the above-mentioned OWC-WECs are
often based on shoreline or near-shore regions, which not only have the
potential to harm the coastline environment but also are limited in terms
of the deployment scale.

The first OWC device deployed into the sea on a large scale was in
Japan [24]. After that, several OWC devices have been proposed and
deployed. For example, a breakwater equipped with an OWC plant was
finished with a 40 kW Wells turbine in the Sea of Japan [25]. Another
plant was installed at the Pico Island (Azores, Portugal), equipped with a
400 kW horizontal-axis Wells turbine-generator set rated at 400 kW
[26]. OWCs inserted in breakwaters can be installed in zones with low
available energy [27], and some improvement in term of design are
being investigated to enhance the device hydrodynamic performance.
For instance, the U-OWC concept has been installed in a full operative
plant in Italy in 2016 [28]. More recently, the benefit of the presence of
two interconnected chambers and the installation of a proper dimen-
sioned step in front of the device have been described in Rezanejad et al.
[29] and Rezanejad et al. [30].

3. Exploitable wave energy assessment - methodology

The wave power density P is the rate at which the wave energy per
unit length of wave crest is transmitted in the direction of wave prop-
agation [31]:

1
P=—pgH’C 1
16/’8 s G (1]

with p is the seawater density, g the gravitational acceleration, H; the
significant wave height defined as Hs = 4,/mowith m, the area beneath
the spectrum of the sea-state, and C; the group velocity computed at the
energy period.

In the present study, as the minimum water depth at the points of
interest is about 30 m, most of the incoming wave periods fit into the
intermediate water depth theory (0.5> h /L > 0,04), consequently the
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Fig. 1. Oscillating Water Column concept.
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dispersion relation is implicit and the group velocity can be expressed as
a function of the energy period as follows:

1

=1
21+
with Te the wave energy period and L the corresponding wavelength.
For a thorough description of the concepts of energy period, significant

wave height and group velocity see Cruz [32].
From Egs. (1) and (2), the wave power density is given by:

C,=

2kh ] L 2]

sinh (2kh)| Te

 pgH?

P= > [3]

2kh L
{ sinh (2kh)] Te
The wavelength L is computed through the implicit dispersion rela-
tion: y = kh = 2zh/L with kbeing the wave number and h the water
depth. In his empirical work Beji [33] proposed an explicit approximate
dispersion relation based on the explicit deep-water (0.5> h/L)
dispersion relation, with an accuracy of 0.05% for the whole range of
water depths:

1

With p, = koh = 27h/Ly, ko being the deep-water wave number and
Lo = gT?/2x the deep-water wavelength.

This equation has been implemented with success in Liang et al. [34],
where they assess the accuracy of the wave energy calculation with the
new approximate dispersion relation in deep water and shallow water
conditions in the coastal water surrounding of Qingdao City (China).
They compared the values obtained from the output of a validated third
generation wave model and proved that the absolute average difference
between both ways of computing wave energy is inferior to 15% in
shallow and deep-water, improving the accuracy up to 300% compared
with usual simplified wave energy assessment equation for shallow
water.

Furthermore, the wave energy flux along a linear feature depends on
the wave power density and on the angle between the wave direction
and the axis of the structure hit by the waves. The wave energy flux
across a linear feature is then given by Eq. (5), in which P is the incoming
wave power density given by Eq. (3) and ¢ is the angle between the wave
direction and the perpendicular to the breakwater pointing onshore:

ﬂ:kh:y(,[l+/4(1)‘3e’(1‘1+2"0} [4]

P, =P cos(p) [5]
Thus,
 pgH? h ] L

Pr="3; { sinh (2kh)| Te (@) [6]

Negative values of the incoming wave power density can appear, and
they stand for the reflected waves heading offshore. It is also necessary
to consider the effect of the resource variability on performance. Non-
linearities in device’s hydrodynamics and the technological con-
straints of the electro-mechanical plant do imply a power level threshold
above which the incoming energy is unexploitable, and such sea-states
should be disregarded [35]. This threshold obviously depends on the
device technology/design, so there is no definite value for it. Nowadays,
the range of the overall average of wind-energy converter electric load
factor, defined as the ratio of the average energy output over the highest
possible electrical energy output on a specific time interval, is 25%-—
50%. It is a measure of the utilization rate, or efficiency of electrical
energy usage; a high load factor indicates that the electric energy is
being used efficiently. The maximum electrical energy (power level
threshold) is defined as four times the average potential energy carried
by the incoming waves [5]. As a consequence, a sea state producing
more than the power level threshold should be discarded, because its
energy will be above the electro-mechanical conversion capacity of the
device. This new representation of the wave energy resource is called the

39
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exploitable wave energy resource since it is more closely related to the
amount of wave energy exploitable by the WEC. Although this concept
may provide a more rigorous estimation of the recoverable energy for
wave energy converters, it is of paramount importance to carry out large
scale tests with the selected device to refine the threshold value.

4. Modelling the nearshore wave climate
4.1. SWAN application

SWAN (version 43.31) is used in this paper to propagate the wave
climate from offshore to nearshore. SWAN is a third-generation spectral
wave model based on solving the spectral action balance equation,
which determines the evolution of the action density in space and time
[36]. The energy density is specified using the two-dimensional wave
spectrum, with the wave energy distributed over frequency and propa-
gation direction. Three regions were considered in this study (Fig. 2):
Sines harbour area (a), Azores Central Group Islands (b) and Madeira
Island (c). Various nested computational domains, embracing each zone
of interest, were defined. Fig. 2 presents those computational domains as
well as the locations of the available buoys whose measurements were
used to check the goodness of the model predictions.

The implementation of the SWAN model was made for 36 equal di-
rection ranges and 28 frequencies logarithmically spaced from 0.04 Hz
to 0.6 Hz with a JONSWAP spectrum, the simulations being performed
in the stationary mode, as it was found more effective from the
computational point of view. A 40-year data hindcast was considered,
from January 01, 1979 to July 31, 2019, to obtain a set of offshore wave
estimates at the four borders of the main grids every 6 h. These estimates
were extracted from the fifth generation ECMWF atmospheric reanalysis
of the global climate, ERA5, and have been used to define the JONSWAP
spectrum features at the main grid boundaries. The values of the forced
inputs, for each simulation instant, are constant along each side of the
main computational grid and correspond to the values extracted from
the ERAS5 reanalysis dataset at the midpoint of each side. The use of
constant sea-wave characteristics can be justified by the low variation of
the values along each side due to resolution constrains. The same
reanalysed wind fields, also provided by the ERA5 dataset, are used as
input for the model in all computational grids. It is defined to fit the
main grid of each zone with a 0.25°/0.25° resolution every 6-h covering
the whole 40-year time frame. The dimension and resolution of each
grid is displayed in Table 1. The same wind field is used for every nested
grids. According to previous works of Rusu & Guedes Soares [9] and
Rusu et al. [37], current effects have no relevant impact on the sea waves
of the 3 zones, so they were not considered, and refraction effects are
only due to water depth variations. The default bottom friction coeffi-
cient proposed by the JONSWAP group (0.067 m?s™® [38], is used. This
bottom friction coefficient has been found to be suitable for fully
developed wave conditions in shallow water [39], although some vari-
ations will undoubtedly occur with different seabed conditions. The
bathymetric data are extracted from EMODnet DTM resources. The
physical processes activated in the SWAN simulations have been set by
balancing the relevance of each factor in the studied area against its
tendency to increase the calculation time (Table 2).

The physical processes not listed in Table 1 have been deactivated for
the whole study. The Sines model only has one Nested grid and this grid
has the same activated physical processes as in Nested 1 displayed in
Table 1.

4.2. Nearshore wave climate modelling results

4.2.1. Result assessment

Three wave parameters are extracted from the numerical models
—the significant wave height, the peak period, and the mean wave di-
rection, defined in the SWAN code as follows:
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Fig. 2. Studied areas: a. Sines; b. Azores Central Group Islands (Sao Roque do
Pico and Madalena do Pico); c. Madeira.

- Significant wave height (Hs) in m:

Hs—4 // E(0,0)dod0 7]

With E(o,0) the energy density spectrum and o the frequency (Hz)
and 6 the direction (rad).

- Relative peak period of E(w) (Tpeak) in s — is the absolute maximum
bin of the discrete wave spectrum and it is equal to the absolute peak
period in absence of currents

- Mean wave direction (DIR) in ° - is the direction normal to the wave
crests:

40

Table 1
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Grids dimension and resolution — a. Sines b. Azores c. Madeira.

a.

Grids Dimension Resolution
Ix Ly Ax Ay
(km) (km) (km) (km)
Main 71 53 0.49 0.49
Nested 35 17 0.098 0.098
b
Main 265 149 1.2 1.2
Nested 106.8 54.6 0.6 0.6
Nested 1 30 18 0.1 0.1
c
Main 138 135 1.2 1.2
Nested 69 60 0.6 0.6
Nested 1 29 18 0.1 0.1
180 sin 0E (o, 8)dodd
DIR =——arctan f# [8]
n [ cos OE(c,6)dodo

Those parameters are compared to in-situ measurements from buoys
provided by the local harbours, to check if the corresponding wave
model is introducing discrepancies. For that purpose, the following
statistical parameters were considered (M - Model values & O - Obser-
vation values):

- the normalized Bias (NBias), describes the difference between the
average of measurements made on a parameter and its simulated
value; a value closer to zero characterizes a better simulation; values
are over-predicted if NBias <0 and under-predicted if NBias >0:

NBias = 10-M [91

>0
- the normalized root mean square error (NRMSE):

> (M-0)

NRMSE = | | ==
2.0

[10]

- the scatter index (SI) which gives the percentage of the expected
error for the parameter:

_ . [2(M-M) - (0-0)
oo 0

[11]

- the linear correlation coefficient (r) which should be as close as
possible to 1:

> (M —M)(0-0)
Y (0-0)Y (M -M)’

[12]

- N — Number of values in the sample.

For the mean direction, the same statistical parameters have been
computed using the circular statistics formulas [40]) in order to avoid
the errors linked to the 360° modulus issues. The statistical comparisons
are reported in Tables 3-5.

In general, H; values are slightly overestimated, while T, are
underestimated. It is relevant to notice that the SI and the NRMSE, are
similar to the values found through the ERAS5 reanalysis dataset
assessment performed in Anastas et al. [20], where data from ERA5 grid
points close to the location of the buoys provided by the local harbours
were compared to measurements from those buoys. Since ERAS data
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Table 2
Physical process activated in each grid of the SWAN model.
Physical Processes Diffraction Triad wave-wave interactions Quadruplets wave-wave interactions Bottom Friction Depth-induced breaking Wind Tide
GRIDS
Main ON OFF ON OFF ON ON ON
Nested ON ON ON OFF ON ON ON
Nested 1 ON ON ON ON ON ON ON
ble 3 considered a viable approximation of the energy available close to the
Table

Sines - Statistical comparison of SWAN model and Buoy in-situ data from 2008 to
2018.

Parameters NBias NRMSE SI r N

Hs —0.1 0.21 0.19 0.92 7062

Tp 0.09 0.25 0.24 0.77 7062

Dir 0.06 0.07 0.06 0.74 7062
Table 4

Azores Central Group Islands - Statistical comparison of SWAN model and Buoy
in-situ data from 2013 to 2019.

Parameters NBias NRMSE SI r N

Hs —0.19 0.29 0.27 0.86 6549

Tp 0.22 0.28 0.17 0.71 6549

Dir 0.092 0.061 0.13 0.87 6549
Table 5

Madeira - Statistical comparison of SWAN model and Buoy in-situ data from
1996 to 2002.

Parameters NBias NRMSE SI r N

Hs —0.26 0.21 0.19 0.83 882
Tp 0.43 0.25 0.24 0.61 882
Dir 0.03 0.35 0.06 0.98 882

from other grid points were used as input for the SWAN model, it can be
concluded that sea-wave propagation with the SWAN model does not
introduce almost any extra error comparing to sea-wave propagation in
the ERAS5 model. The high value of the NBias and the low value of the
correlation coefficient for Tp at Madeira, can be explained by the
bathymetric resolution or by the low number of accessible buoy data (N
= 882).

4.2.2. Point of interest location

Since the aim of this paper is to assess the exploitable wave energy
for OWC installation, one target point is selected in front of the break-
waters in each of the three zones, as close to the coast as the SWAN grid
resolution allowed — Zone 1: Sines harbour West and East breakwater/
Zone 2: Sao Roque do Pico and Madalena do Pico/Zone 3: Paul do Mar
(Fig. 3). The geographical coordinates of these points are listed in
Table 6.

The extraction points, located, respectively, close to the Sines East
and West breakwaters (Fig. 3a) are 40m away from the breakwater axis
at a region where the water depth is about 30m. The elected spot for Sao
Roque do Pico (Fig. 3b1) is about 30 m away from the breakwater axis at
a region where the water depth is about 30m. For Madalena (Fig. 3b2)
the closest site which allows modelling calculation is about 100m away
from the breakwater axis, at a region where the water depth is about
35m. The point of interest for Paul do Mar (Fig. 3c) is about 50m away
from the breakwater axis at a region where the water depth is about
40m. The consequence of using a one-direction projected definition of
the wave power (see Eq. (5)) is that refraction will not significantly
reduce the nearshore power resource because it will tend to narrow the
directional dispersion of the incident waves on the perpendicular of the
breakwater line. Thus, the energy calculated at the target points is
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breakwater.

4.2.3. Point of interest wave climate

Following the methodology described in section 3, two filters have
been applied to the SWAN model results at each point of interest. After
computing the exploitable energy flux from Eq. (6) every 6h over the 40
year-period (about 58000 values at each point for each parameter — Hs,
Tp and Dir), the negative values were dismissed as well as their corre-
sponding set of sea states, since they represent waves heading offshore.
Then, the mean incident wave power was calculated for each point and
used to determine the power level threshold, as defined in section 3,
above which the values of wave power are excluded because considered
as out of the range of the device hydro-mechanical conversion capacity
(see Table 7). These filtered climate data series, coming from the five
remaining target sites, are employed to generate wave roses and scatter
diagrams of the H; — T, joint distributions [41]). Such a diagram pre-
sents the occurrence probability of different sea states expressed as a
percentage of the total number of occurrences and the colour of each bin
indicates the percentage according to a colour-map, the same for all
diagrams — dark red for high occurrences, yellow for intermediate and
green for low occurrences. It is structured into bins of 2s x 0.25m
(AT, x AH). From those diagrams a global characterization of the
sea-wave states can be obtained (Figs. 4-6 & Tables 8-10).

As expected, at such a small distance to the coast the direction dis-
tribution at each point is narrow and concentrated around the perpen-
dicular of the breakwater axis. At Madalena and Sines West 80% of the
occurrences are contained in a range of 6s in terms of energy period. The
occurrence dispersion is significantly wider for the rest of the locations.
Paul do Mar and Sao Roque do Pico exhibit a concentration of occur-
rences (>10%) at low values of Hs and Te, that will barely contribute to
the power production. More details about those results are exposed
further in part 4.2.5.

4.2.4. Point of interest exploitable wave power

The energy resources are now described by computing the mean
recoverable energy flux, through Eq. (6), for each bin of the Hs-Te
scatter diagram, whose resolution is 2s x 0.25m (ATe x AHs). The
outcomes are presented in Tables 11-13.

The maximum and overall mean values of the energy flux are re-
ported in Table 14.

Madalena and Sines W have the highest values of both maximum and
overall mean energy flux. Nevertheless, no relevant conclusion can be
drawn at this stage and the combination of the power bin diagrams and
the occurrence diagrams is necessary to have a proper idea on the
contribution of each bin (Hs-Te) in the energy production.

4.2.5. Point of interest exploitable wave energy

By multiplying the mean number of hours in one year (8766h) with
the occurrence probability of each bin (T, — H;), in %, the annual
occurrence probability of each bin in hour is obtained. The product of
this occurrence (in hour) with the average exploitable power per wave
front length (in kW/m) gives the average annual exploitable energy per
unit wave crest length over the 40-year study in MWh/m [42]), as
presented in Tables 15-17.

The largest contributions for the total annual mean recoverable en-
ergy come from sea states with both high occurrences and high wave
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N
EXTRACTION POINT EAST

MADALENA EXTRACTION POINT

Fig. 3. Points of interest: a. Sines; bl. Sao Roque do Pico; b2. Madalena do Pico; c. Paul do Mar.

Table 6
Geographical coordinates of the extraction points.

Sines W Sines E

Sao Roque Madalena Paul do Mar

Geographical coordinates (ESPG) 37.94568°-8.890711° 37.935840°-8.862622°

38.5309986°-28.3186098° 38.5389778°-28.5321616° 32.751180°-17.224836°

Table 7
Threshold defined as four times the mean incident wave power in kW/m at each
site.

SinesW  SinesE  Sao Madalena  Paul do
Roque Mar
Threshold (kW/ 110.1 45.4 33.3 63.5 27.7

m)

power density (red bins). It suggests that WEC developers should design
their devices in order to operate efficiently over sea conditions that
provide the largest contributions to the total annual of wave energy,
instead of aiming only the more common sea states that in general offer a
small contribution to the overall exploitable energy.

- For the East breakwater of Sines port, the overall energy is about
5000MWyear/m. 80% of the exploitable energy contribution comes
from sea states with significant wave heights between 0.5 and 2.25m
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and energy periods between 9s and 17s. It represents 68% of the sea
state occurrences.

For the West breakwater of Sines port, the overall energy is almost
20700MWyear/m. 80% of the exploitable energy contribution comes
from sea states with significant wave heights between 1 and 3m and
energy periods between 6s and 16s. It stands for 80% of the sea state
occurrences.

For Sao Roque do Pico, the overall energy is about 4900MWyear/m.
80% of the exploitable energy contribution comes from sea states
with significant wave heights between 1m and 2.5m and energy
periods between 6s and 14s. It represents 51% of the sea state
occurrences.

For Madalena, the overall energy is about 10500 MWyear/m. 80% of
the exploitable energy contribution comes from sea states with sig-
nificant wave heights between 0.75m and 3m and energy periods
between 8 and 14s. It stands for 50% of the sea state occurrences.
And finally, the overall energy is about 4040 MW year/m for Paul do
Mar. 80% of the exploitable energy contribution comes from sea
states with significant wave heights between 0.25m and 2m and
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Table 8
Occurrence frequency diagram (in %) for each sea state over the 40-year study period - a. Sines East; b. Sines West..
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Table 9
Occurrence frequency diagram for each sea state (in %) over the 40-year study period — a. Sao Roque do Pico; b. Madalena..

0002 0002

2] Te(s)

4.2.6. Variability

Since the variability of the occurrences is also of a great importance
in terms of design, in order to gather additional relevant information,
three coefficients characterizing the variability of the wave power have
been computed [43,44] and displayed in Table 18, namely:

Table 10
Occurrence frequency diagram for each sea state (in %) over the 40-
year study period —Paul do Mar..

> The coefficient of variation (COV), obtained by dividing the standard
deviation of the power time series by the mean power The coefficient
of variation for a fictitious power time series with absolutely no
variability will be 0. This coefficient measures the variability at all-
time scales.

o(P(1)
COV(P)=———+% [13]
P e
energy periods between 10s and 18s. It represents 49% of the sea

state occurrences. > The seasonal variability (SV) is used to capture in a single value a

convenient measure of the seasonal variability of the wave energy
resource. It is the difference between the mean wave power for the
most energetic season (December to February) and for the least en-
ergetic season (June to August) divided by the mean annual power. It

The values are reported in Table 18 and can be used as indicators to
choose the most suitable site for the OWC device installation.

Table 11
Mean exploitable energy flux per wave front length in kW/m for each sea state over the 40-year of study — a. Sines E; b. Sines W..

4075
3151
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Table 12

Mean exploitable energy flux per wave front length in kW/m for each sea state over the 40-year of study — a. Sao Roque do Pico; b.
Madalena..

Te(s)
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Table 13
Mean exploitable energy flux per wave front length in kW/m for each sea state
over the 40-year of study — Paul do Mar..

Table 17
Mean exploitable energy per wave front length in MWyear/m — Sao Paul
do Mar..

97.6
389
6.5

Table 14
Maximum and overall mean exploitable energy flux per wave front length in
kW/m at each site.

SinesE  SinesW  Sao Madalena  Paul do
Roque Mar Table 18
Maximum (kW/ 45.2 108.9 33.1 63.0 28 Indicators for OWC device installation at potential sites.
m) 1 Sao Madalena  Sines Sines Paul do
Overall (kW/m) 14.95 35.8 11.1 20.4 9.6 Roque West Fast Mar
Distance from the 30 100 50 50 50
quantifies the variability on a 3-month seasonal time scale and it is breakwater (m)
not influenced by variability at shorter time scales. Water Depth 30 35 80 30 40
Hsmax (m) 11.3 4.1 7.5 6.8 6.4
P — Pomin Coefficient of 1.35 0.97 1.11 1.75 1.83
SV = —p [14] variation
year Seasonal Variability 0.84 0.92 0.84 1.4 1.63
Inter-Annual 3.7% 2.2% 3.0% 4.6% 3.7%
. . s 11s Variability
> -
And ﬁl?ally, the inter-annual variability (IAV) deﬁ1.1ed as the standard Threshold Value (kW/  33.3 63.5 1101 453 277
deviation of the mean values of each year normalized by the overall m)
mean. It only quantifies the variability on a 12-month scale Values Over Threshold ~ 4.2% 1.7% 2.8% 5.2% 4.7%
(October—September). Exploitable Mean 5742 13023 20753 6185 4041
Annual Energy
Ou(P(r)) (Mwyear/m™ 1)
JAV = L0 15
M(P(t ) [15] 80% Mean annual energy
Occurrences (%) 51% 50% 80% 68% 49%
Te range 6s-14s 8s-14s 8s-16s 9s-17s 10s-18s

Table 15
Mean exploitable energy per wave front length in MWyear/m - a. Sines E; b. Sines W..

77 1531 100
420 2210 1701
1016 3392 2763
1756 4139 3562
2159 4110
451

3109

3829
4833

0 27
5260 3779 106
13 935 2
9.6 42

Table 16
Mean exploitable energy per wave front length in MWyear/m — a. Sao Roque do Pico; b. Madalena..
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5. OWC device installation site selection

Table 18 summarizes the results for each potential site for the 40-
year study period to compare their relative relevancy for the installa-
tion of an OWC device.

The second row shows the water depth at each point of interest. The
third row displays the maximum values of significant wave height before
applying the threshold filter. It comes as a pertinent information when
designing the device because the turbine shouldn’t be in contact with
the water so the higher are the incoming waves the higher should be the
air chamber.

The next three lines indicate the variability of the exploitable energy
for 3 different period scales — hourly, seasonally, and annually. Low
variability means that the sea states are more predictable and that the
design of the device would be eased. The next two lines indicate the
power level threshold values and the percentage of power values that
had been discarded, because considered as out of range of the device
conversion capacity. It gives an idea of the quantity of strong events that
the structure would endure as well as the fraction of sea states whose
energy cannot be converted because of technology limitation. Thus, this
value should be as low as possible. The eighth row shows the overall
mean annual energy in MWyear/m. It represents the amount of energy
that is potentially available in front of each OWC device. And finally, the
last row shows the contribution of the sea state occurrences and the
range of energy period that produce 80% of the overall mean energy.
Low contribution values indicate that the sea states with high occur-
rences coincides with the sea states of high wave power density.
Therefore, most of the energy can be gathered from a small number of
incoming sea states. Concerning the energy period range that produces
those 80%, the thinner this range is the easier it would be to design the
device and to tune its eigen periods to the dominant incoming wave
period range.

Thus, from the point of view of the amount of energy available Sines
West is the most appropriate site as it has higher exploitable mean
annual energy. Considering the wave state variability and predictability,
Madalena’s breakwater appears to be the most suitable place for OWC
installation as is shows lower variability for all time scales. It is as well
the best alternative when it comes to design complexity as it presents
lower Hsmax and less values over the threshold and a narrow wave
energy period range to produce 80% of the overall mean annual energy
available. It is also the second choice regarding the overall mean annual
energy. Given all those factors, it has been decided that best location in
terms of energy conversion and design complexity is Madalena Harbour
on the Pico Island.

6. Conclusions

A third-generation spectral wave model, together with hindcast data
from the ERAS reanalysis dataset, has been set-up to investigate the
energetic potential of five selected locations. Because of the large tem-
poral scale of the study (40 years), it should be born in mind that some
choices in term of modelling had to be made by balancing the calcula-
tion time against the impact of each factor on the study’s accuracy. For
instance, the activated parameters in each grid, the computational grid
resolutions, the stationary mode, and the forced input data at the middle
of each of the 4 sides the coarsest computational domain instead of
continuous spectral inputs at the same sides. All these simplifications
introduce non-negligible errors. Nevertheless, the model accuracy has
been confirmed thanks to in-situ buoy measurement and the amount of
information produced by such a study gives a rigorous overview of the
general tendencies. The concept of exploitable wave energy resource
was considered in this study since it provides a more appropriate rep-
resentation in the context of a non-axisymmetric wave energy converter.
It was observed that, in order to reach the highest efficiency, the greatest
values of occurrences should be associated to the high-power sea state.
Furthermore, the energy period range of the highest values of
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occurrences should be as small as possible, making the design of an
effective converter, regarding its eigen-periods, eased by the narrower
range of wave energy period that the device should be able to convert.
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