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Abstract: This study estimates wave energy for the Moroccan Atlantic coast using SWAN, a third-
generation wave model, covering a period of 30 years, from 1991 to 2020. The model is forced
by the wind from the ERA-5 reanalysis dataset and uses boundary conditions generated by the
WAVEWATCH III model. The significant wave height and period are used to obtain wave energy,
which is analyzed at a regional scale. The mean wave energy density within the domain is assessed
to be about 20 kW /m. Five specific locations are evaluated along the coast in order to determine the
most energetic ones. The most energetic area of the Moroccan Atlantic coast is located at the center,
between the cities of Agadir and Essaouira. Finally, the performance of six different wave energy
converters is assessed through their power matrix for each of the five locations.

Keywords: wave energy; SWAN; Morocco; wave model

1. Introduction

With the goal of reducing carbon emissions to mitigate climate change and pursue an
independent and diversified energy portfolio amidst a convoluted geopolitical situation,
many countries are looking for renewable energy sources.

As a part of economic and social reforms, Morocco is undergoing an ambitious energy
transition that will concentrate efforts on renewable energy sources. Since 90% of Moroccan
energy supply is imported [1], and the demand of energy in the country is increasing
about 5% each year [2], the potential upsides of new energy sources being installed in the
country are considerable and encouraging. Morocco has a large Atlantic coast with plenty
of resources, including wave energy, which could contribute to its goal of becoming a net
energy exporter of renewable energy.

The global potential offshore wave energy is estimated to be of the same order of
magnitude as the world’s electrical consumption [3]. Wave models can be used to estimate
the relevant parameters needed for an evaluation of the sea state and potential power
production, using wind data and boundary conditions. These models have become more
reliable with the development of third-generation wave models [4]. In order to obtain
enhanced results in coastal regions, the SWAN model was developed by Ref. [5]. How-
ever, with further developments, its offshore results have been improved and it is now
widely applicable.

Using these models, efforts have been made to assess wave energy for large areas.
Ref. [6] assesses the wave energy for the European coast and Ref. [7] performs a global
analysis. However, with the development of these models, it has been possible to perform
more detailed analyses of smaller domains.

The case of the Moroccan Atlantic coast was analyzed by Ref. [8] using the WAM
model, obtaining an average wave power of 30 kW/m and identifying the most energetic
area between latitudes 29°30’ N and 34° N. Furthermore, Ref. [9] also studied the same
domain using the WAVEWATCH III model (WWIII), and similarly assessed an average
wave energy of 30 kW/m.
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This study aims to contribute to the state of the art regarding marine environmental
conditions and energy potential in this area of the globe, a region that has not been the
focus of extensive research, using a different model, different and more recent forcing data,
and higher resolution model implementation, than previous studies.

Various studies that focus on other North Atlantic regions have used WWIII to obtain
boundary conditions for further simulations using SWAN in coastal regions. This method
is used by Ref. [10] for various locations along the European Atlantic coast as well as
by Ref. [11] focusing on the Canary Islands. Ref. [12] evaluated the wave power at the
Cape Verde archipelago, located south of Morocco, and Refs. [13,14] at the Azores and
Madeira archipelagos.

The ERA-5 reanalysis is a comprehensive dataset of wind hindcasts provided by the
European Center for Medium-Range Weather Forecasts (ECMRWE) [13]. This dataset is the
replacement for the ERA-Interim reanalysis, and it has been operational since 2016. The
dataset has been validated with empirical data from buoys by several studies focusing on
different areas such as the North Atlantic [14] and the North Pacific region [15].

The goal of this study is to perform a 30-year hindcast of the sea state at the Moroccan
coast using the SWAN model forced with wind data from the ERA-5 database. The results
will be compared with the relevant studies in this region. Additionally, the performance of
six different wave energy converters is assessed for five different sites along the coast.

2. Models and Physics
2.1. Models

Modern wave models describe the sea surface as a spectrum. The physical processes
are described through the spectral representation of the conservation of wave action.
This includes phenomena such as propagation, refraction, shoaling, and whitecapping,
among others.

SWAN and WAVEWATCH III have the same approach to the problem, and both rely
on the spectral energy balance [16], defined by Equation (1).
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= & )

More specifically, the SWAN model algorithm is based on the wave action density
N(c,8), which is the relation of the spectral energy density E(c, ) to the representative
wave frequency ¢ [17]. The model relies on the spectral action balance [18,19] to describe
the evolution of the sea state, which can be expressed by Equation (2):
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where x and y are the horizontal coordinates, 6 is the propagation direction, C is the
propagation velocity in the respective space, and Sy, is the source of energy.

The left side of this equation describes the kinematic processes; the first term of it is the
variation of wave action in time, the second and third term correspond to the propagation
of action through the horizontal plane, the fourth term is the variation of the representative
frequency due to the depth and current, and finally, the fifth term represents the refraction
due to depth and currents. The right-hand side describes the energy source including wind
generation, bottom friction, wave-wave interactions, whitecapping, and depth-induced
wave breaking [17]. St can be defined by Equation (3).

Stot = Sin + Sais + Sn1 + Spf + Stri + Spr - - - ®3)
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2.2. Wave Energy

The movement of the sea surface is essentially a form of kinetic and potential energy
that is induced by the wind. The energy of a wave is presented per linear meter of crest
and can be calculated through the Equation (4) [20]:

E= %pngz 4

where E is the energy density of the wave, p, is the density of salt water, g is the gravita-
tional acceleration and, H is the wave height.

Most of the analyzed regions are in the North Atlantic area, which allows the assump-
tion of deep waters, (D > 0.5L), which will lead to the following equation:

pwg’
Py = gin H? T, ~ 00.49 H> T, (5)

where Py, is the energy flux per unit length of crest, H; is the significant wave height, and
T, is the wave energy period.

2.3. Wave Energy Converters

In recent decades there have been numerous developments, and according to Ref. [21],
over 1000 prototypes of wave energy conversion systems have been idealized, with the
most intensive progress being made in Europe, North America, and Japan. Wave energy
converters (WECs) can be classified according to their location in relation to the shore, their
type (regarding size and shape), and their working principle [22].

Their location can vary between onshore, nearshore, and offshore. Furthermore, their
type can be defined as attenuators, point absorbers, and terminators. Finally, their operation
principle can either be pressure differential, floating structures, overtopping, or impact devices.

This study will assess the performance of six WECs listed in Table 1, whose power
matrixes are publicly available at five different sites. Several of these devices do not
correspond to the ones that are under commercial exploitation or even under continued
development; however, they have been studied extensively by the scientific community,
and thus can be valuable as reference benchmarks for comparative purposes. Images and
sketches of the devices are presented in Figure 1.

Figure 1. Wave energy converters: (a) Wavebob, reprinted from [23], Copyright (2016), with per-
mission from Elsevier; (b) Pelamis [24]; (c) Oceantec [25]; (d) Seabased [26]; (e) Wave Dragon [27];
(f) Aquabuoy [28].
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Table 1. WEC Classification.

WEC Model Type Operation Principle Location
AquaBuoy Point Absorber Floating Structure Nearshore
Pelamis Attenuator Floating Structure Nearshore
Oceantec Attenuator Floating Structure Nearshore
Wavebob Point Absorber Floating Structure Nearshore

Wave Dragon Terminator Overtopping Offshore
Seabased Point Absorber Floating Structure Nearshore

2.4. Geographical Location

The area of interest in this work, illustrated in Figure 2, is the region between the
longitudes 5.3° W and 20° W, and between the latitudes 27° N and 37° N. This area includes
the Moroccan Atlantic coast as well as the Canary Islands and Madeira.

21°0,00 16°0,00 11°0,00

Morocco

/\f/

Algeria

28°0,0N

— Mauritania

21°0,00 16°0,00 6°0,00

Figure 2. Studied domain.

The coast in this area is oriented mostly towards the northwest and west direction,
which is an advantage regarding wave energy since the swell arrives from the low-pressure
regions in the North Atlantic Ocean, close to the Azores islands [29], and reaches the coast
perpendicularly with high intensity and long periods [30]. The largest urban centers along
the coast include Rabat, Casablanca, El Jadida, Safi (Safim), Essaouira (Mogador), and
Agadir. It is, however, affected by shadow effects from the Canary Islands in the south and
from the Iberian Peninsula in the north. It has a wide continental shelf and a long latitudinal
extension. Furthermore, it is under the direct forcing of the subtropical anticyclones [31].

The isobath lines are almost parallel to the coastline and can vary between 5 m and
295 m. This regular coastline is only disturbed in the south of the country by a submarine
ridge extending about 11 km from coastline [32].



J. Mar. Sci. Eng. 2023, 11, 2159

50f21

3. Methodology
3.1. SWAN Model Implementation

The modeling of wave conditions was carried out with SWAN version is 41.32AB.
The computational grid uses spherical coordinates and is built with a spatial resolution of
0.1°; it spans between the coordinates 20° W and 5.3° W and between 27° N and 37.5° N.
The bathymetry of the region is shown in Figure 3, provided by the General Bathymetric
Chart of the Oceans (GEBCO), and was adapted to a resolution of 0.05° latitudinally and
longitudinally. The time step of the nonstationary run was set to three hours. Wind data
were extracted from the ERA-5 database, which was provided by the European Center
for Medium-Range Weather Forecasts (ECMRWF). The wind field data were provided
as a grid with a spatial resolution of 0.25° x 0.25° (about 30 km) and six hours temporal
resolution. To obtain boundary conditions the WWIII wave model, version 5.16 [33], was
implemented with a resolution of 0.5 by 0.5 deg. The wave model was forced with surface
wind and sea-ice cover from the ERA-5 [34] database, with a 0.25 deg by 0.25 deg and a
time resolution of six hours.

Depth [m]
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34
3500
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3 32
=
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30 S 2000
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28 1000
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26 i i i i :
-20 -18 -16 -14 -12 -10 -8 -6
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Figure 3. Bathymetry of the domain.

The physical parameters and the numerical methods were defined during the calibra-
tion process in order to optimize the results. The most suited wave generation model was
the Janssen model with linear wind growth. Bottom friction was accounted for with the
JONSWAP formulation, and quadrupled wave-wave interactions were considered. Finally,
refraction was also considered, but diffraction was disregarded due to the large dimension
of the domain.

The numerical method applied is the first order upwind BSBT (backwards space
backwards time) scheme.

3.2. Calibration

The SWAN model uses different mathematical methods to model the wave behavior.
Although the default parametrization is very reliable and the results that it produces are
good, it allows some room for adjustments regarding the optimal solutions for a particular
domain. Therefore, the model is calibrated using the available observational data.
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There are three different available sources of observational data within the domain.
Two buoys belonging to the “Puertos del Estado” located off the coast of Gran Canaria and
off the coast of Cadiz. The third buoy belongs to the Hydrographic Institute of Portugal
and is located off the coast of Faro.

Since the data are not always continuous, the calibration was performed with the data
from the year 2018, as shown in Figure 4.

5 T T T T T T
Buoy
4 Swan |
E3f | li 1 1
;) | i
) i'lk hif | WPy, P i 1
il vk y
1 E 1] | = = l\. ™ } * r" \ | 1) A |
1 |-I’_-------- I I 1 I I

Feb2018 Mar2018 May2018 Jul2018 Aug2018 Oct2018 Dec2018

Figure 4. Timeline of significant wave height as given by the model with final parametrization and
the Gran Canaria buoy for the year 2018.

During the calibration, a bigger emphasis was put on the data coming from the Canary
Islands due to its proximity to the area of interest.

For the scope of this study, nine different parametrizations were tested in order to
determine which one would better adapt to the specific situation addressed in the study.
The performance of all parametrizations was tested through four different indicators
relative to the significant wave height, the bias, the root mean square (RMSE), the scatter
index (SI), the Pearson correlation coefficient (r), and the mean absolute error (MAE). After
these tests it was determined that the best results were the ones obtained during experiment
4 (EXP 4), using the Janssen’s physical model and the BSBT numerical model. The different
experiments that were run are presented in Table 2.

Table 2. Parametrizations tested during the calibration.

Physical Numerical Phenomena
EXP1 Janssen S&L
EXP 2 Westhuijsen S&L
EXP 3 Komen S&L
EXP 4 Janssen BSBT
EXP 5 Westhuijsen BSBT
EXP 6 Komen BSBT
EXP7 Janssen S&L Beaking + Triad
EXP 8 Westhuijsen S&L Beaking + Triad
EXP9 Komen S&L Beaking + Triad

The results of significant wave height and wave power regarding the locations of
the oceanographic buoys are listed in Table 3. These results were obtained with the final
parametrization (EXP 4).

Table 3. Mean significant wave height and mean wave power obtained from model simulation at the
locations of the oceanographic buoys used for calibration for 2018.

Location Latitude Longitude Hs Power

[° N] [ W] [m] [kW/m]
Gran Canaria 28.154 15.732 1.51 13.87
Cadiz 36.308 6.935 1.50 11.55

Faro 36.468 8.174 1.75 16.88
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The results of the significant wave height have been validated further for a longer
period with the available data from the three buoys and are presented in Table 4, achieving
a bias below 0.2 in Faro and the Canary Islands and a correlation coefficient around 90%.

Table 4. Validation results relative to the three oceanographic buoys within the domain.

Hg
Location Bias RMSE SI MAE R
Gran Canaria 0.136 0.328 0.198 0.239 0.869
Cadiz —0.364 0.427 0.353 0.349 0.911
Faro —0.187 0.396 0.245 0.307 0.900

4. Results
4.1. Significant Wave Height

In the first approach, the average significant wave height over 30 years was mapped
across the domain, as illustrated in Figure 5. The maximum of the significant wave heights
is 2.57 m, and the average of all values is 2.16 m. A southeast to northwest gradient can
be observed.

35

Latitude
Hs [m]

-20 -18 -16 -14 -12 -10
Longitude

Figure 5. Mean significant wave height over 30 years.

To understand the behavior of the significant wave height throughout the year, sea-
sonal mean values were obtained and are represented in Figure 6. Considering all points
inside of the domain, the maximum mean wave height in winter and in summer within
the domain is 3.10 m and 2.21 m, respectively. The average mean significant wave height
over 30 years within the whole domain in winter and in summer is 2.57 m and 1.71 m,
respectively. The reason for this is that most waves that approach the Moroccan Atlantic
coast have their origin in the Azores islands, where the winds have large intensity and
duration and generate high waves that propagate for long distances. It can be seen that
the seasonal distribution of mean significant wave height reaches values up to 3 m (in the
winter) in the northeast boundary of the domain, a direct consequence of the wave climate
along the European Atlantic Coast [35,36]. In summer, the gradient is directed from east
to north; however, the domain is more homogeneous with individual areas, with higher
waves in the center of the country. During the other seasons, the gradient is directed from
southeast to northwest.
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Figure 6. Mean significant wave height in different seasons.

The average variation of significant wave height throughout the months is represented
in Figure 7. Taking into account all points inside of the domain, the highest average waves
are registered in February at 2.6 m, and the lowest ones are in August, at a height of 1.7 m.

Monthly Significant Wave Height
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Figure 7. Monthly behavior of significant wave height.
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Figure 8 shows the evolution of the average significant wave height over the 30 years.
The significant wave height has a slight positive tendency throughout the 30-year timespan,
increasing on average by about 2.7 mm each year.

Average Significant Wave Height

251 1

Tendency line y=0.0027x-3.2

1.5 1

Significant Wave Height [m]

0
1990 1995 2000 2005 2010 2015 2020
Figure 8. Annual significant wave height.

4.2. Period

The period within the domain is presented in Figure 9. The maximum mean wave
period is 7.43 s, and the mean is 5.24 s. For both measures, the gradient is noticeably
directed from southeast to northwest.

Wave Period

32

Latitude
Ts[s]

30
2
28
1
26 0
-20 -18 -16 -14 -12 -10 -8 6
Longitude

Figure 9. Wave mean period over 30 years.

Taking into account all points from the domain over 30 years, the maximum mean
wave period in winter and in summer within the domain is 8.91 s and 6.26 s, respectively.
The average mean wave period over 30 years within the whole domain in winter and in
summer is 5.84 s and 4.51 s, respectively. In summer, the wave period distribution is almost
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homogeneous, and during the other three seasons, the isometric lines are more parallel to
the coast. The gradient is directed from southeast to northwest, as illustrated in Figure 10.

Wave Period Spring

Latitude

 ——

-20 -18 -16 -14 12 -10
Lengitude
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Longitude Longitude

Figure 10. Mean wave period in different seasons.

4.3. Energy

The average energy is calculated for the whole domain according to Equation (4) and
is presented in Figure 11. It can be observed that the most energetic areas on the Moroccan
coastline are located at the center of the country between latitudes 29° and 33°. In the north,
the waves are less energetic due to the orientation of the coastline, the bathymetry, and the
shadow effects of the Iberian Peninsula. In the south, the waves have less power due to the
shadow effect of the Canary Islands. Considering all points within the domain, the mean
energy is 22.3 kW /m. Gradients within the domain head from south to north in the open
Atlantic region but from southeast to northwest in the coastal region, being perpendicular
to the coastline.

It is of interest to mention the shadow effects produced by the islands, which are
felt long distances away and affect the conditions on the coast. These shadow effects are
only detected with fine grid models, and thus in ocean models, they are not normally
represented. However, in the case of the Azores islands, [32] detected this effect and its
repercussions. This was then confirmed in other studies, such as [33], and this study also
confirms this effect.

Figure 12 shows the mean energy in winter and in summer. Taking into account all
points inside of the domain, the mean energy in this area is 34.8 kW/m and 10.1 kW /m,
respectively. In winter, the gradients are well defined, going from south to north in deeper
waters and from southeast to northwest close to the coast, being only disturbed by the
Canary and Madeira Archipelagos. In summer, gradients are not that clearly defined, and
the energy field is more homogeneous; however, in general, gradients head from east to
west. In summer, a high energy area close to Agadir and Essaouira can be observed.
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Figure 11. Mean wave energy over 30 years.
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Figure 12. (a) Mean wave energy in summer; (b) mean wave energy in winter.

The seasonal variability index (SVI) indicates the variability of wave energy between
summer and winter and is calculated as follows:

SV = Pwinter — Psummer (6)
Pyeur

where Psyymer and Pyyer are the average wave energy in summer and in winter, respec-
tively, and Pyeqr is the average wave energy each year. The result is presented in Figure 13.
The average SVIis 1.1. In the sheltered area close to the Canary Islands, the SV1I is close to
zero. The largest SVI is located at the north coast. The gradient of seasonal SVI has a south
to north direction.
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Seasonal Variability Index
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Figure 13. Seasonal variability index of wave energy.

The seasonal cycle of the wave energy is presented in Figure 14, which shows the
average monthly energy within the domain for each month. The most energetic month
is February, with an energy above 35 kW/m, and the lowest month is August, with an
average energy of about 10 kW /m.

40

35

8B B 8

Energy [KWW/m]

-
n

R Rty

‘09( ‘(ﬁ(
o o S

2 gl o

Figure 14. Average monthly energy.

The average annual energy over the 30-year timespan within the domain is presented
in Figure 15. The two most energetic years are 2014 and 2018, with an average of 28.2 kW/m
and 27.5 kw /m, respectively. The least energetic years are 2007 and 2012, with an average
energy of 18.5 Kw/m and 18.6 kW/m. The overall average energy throughout the years is
22.3 kW/m. The tendency line shows that throughout the 30-years timespan, the average

yearly energy increases at a rate of more than 0.058 kW/m per year, which is a slight
positive trend.
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Figure 15. Yearly wave energy evolution over 30 years.

4.4. Local Analysis

An assessment of local conditions was conducted for 15 individual locations listed in
Tables 5 and 6 and shown in Figure 16. Ten of those locations were chosen in accordance
with the sites analyzed by the study from [8]. The other five were chosen strategically in
proximity to urban areas.

Table 5. Characteristics of manually selected locations.

Point Area Lon [° W] Lat [° N] Depth [m]
P1 Casablanca 7.50 33.72 51.30
P2 El Jadida 8.58 33.32 89.80
P3 Essaouira 9.90 31.55 56.50
P4 Safi 9.31 32.33 89.80
P5 Agadir 10.00 30.63 89.80

Table 6. Characteristics of locations for comparison.

Point Area Comparison Lon [° W] Lat [° N] Depth [m]
Q1 Tangier P2 6.15 35.30 56.00
Q2 Rabat P4 7.00 34.30 378.00
Q3 Casablanca Offs. P6 8.00 34.00 364.00
Q4 El Jadida P8 9.00 33.00 93.00
Q5 Essaouira P10 10.00 32.00 872.00
Q6 Agadir North P12 10.00 31.00 61.00
Q7 Tiznit P14 10.00 30.00 132.00
Q8 Souss-Massa P15 10.30 29.30 26.00
Q9 Guelmin P16 11.00 29.00 92.00

Q10 Guelmin P18 12.00 28.30 92.00
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Figure 16. Individual sites. Strategically placed points (blue). Points for comparison (red).

The average significant wave height and relevant statistics at each location are pre-
sented in Tables 7 and 8. The data show that the mean significant wave height tends to
be higher in the center and south of the coast. While the 99% quantile follows the same
trend, the variability does not vary significantly between the locations. The skewness of
the significant wave height is positive for all locations. In order to measure the long-term
trend over the 30 years at each point, the Mann-Kendall test was applied [37] at a 95%
significance level. It shows that the hypothesis of a long-term trend can be valid for 13
out of the 15 locations, all of whom presented a slight increasing trend over the years; the
only locations where the test’s hypothesis is rejected are located close to Casablanca and to
El Jadida.

Table 7. Significant wave height statistics of manually chosen locations.

Hs Var Hs Std Dev

Point Hs Mean [m]  Hs q99 [m] [m] [m] Hs Skew Mann-Kendall Test
P1 1.48 3.53 0.39 0.62 1.35 0.04 Invalid
P2 1.79 4.08 0.47 0.69 1.36 0.09 Invalid
P3 1.90 3.93 0.43 0.66 1.01 0.15 Valid
P4 1.63 3.79 0.411 0.64 141 0.21 Valid
P5 1.98 4.13 0.53 0.73 0.89 0.89 Valid
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Table 8. Significant wave height statistics of locations for comparison.

Point Hs Mean [m] H[snc1119 o Hs Var [m] Hs S[:]Dev Hs Skew Mann-Kendall Test
Q1 1.40 4.07 0.49 0.70 2.02 0.27 Valid
Q2 1.66 4.35 0.56 0.75 1.74 0.12 Valid
Q3 191 4.71 0.64 0.80 1.61 0.12 Valid
Q4 1.92 4.39 0.54 0.73 1.43 0.18 Valid
Q5 2.13 4.66 0.61 0.78 1.20 0.12 Valid
Q6 1.98 4.03 0.50 0.71 0.85 0.48 Valid
Q7 1.88 4.29 0.55 0.74 1.28 0.83 Valid
Q8 1.85 4.17 0.51 0.71 1.32 0.59 Valid
Q9 1.97 4.37 0.54 0.74 1.32 0.52 Valid
Q10 1.72 3.77 0.40 0.63 1.33 0.43 Valid

The statistical data regarding wave energy, as calculated by Equation (4), at each site
are presented in Tables 9 and 10. As a result of the distribution of the significant wave
height throughout the domain, the mean wave power tends to be more intense in the
center and south of the coast. Similarly, the 99% quantile has the same behavior. The most
energetic locations are located around Agadir and Essaouira. The variance is highest in the
most energetic areas. Skewness is always positive. The Mann-Kendall, which was applied
in all of the 15 locations, shows a subtle positive tendency over the years.

Table 9. Wave energy statistics of manually chosen locations.

P Mean P q99 P Var

Point [kW/m] [KkW/m] [KW/m] P Skew Test
P1 20.3 122.6 383.9 45 Valid
P2 25.3 151.3 903.1 3.4 Valid
P3 23.2 138.9 760.4 34 Valid
P4 244 132.0 649.5 3.5 Valid
P5 25.5 122.6 596.4 2.7 Valid

Table 10. Wave energy statistics of locations for comparison.

Point wiml  dowml  powmt PSew MR
Q1 12.8 99.3 383.9 45 Valid
Q2 20.8 138.8 762.8 3.9 Valid
Q3 25.8 162.8 1049.0 3.6 Valid
Q4 26.9 159.4 1003.1 34 Valid
Q5 28.4 157.2 954.7 3.4 Valid
Q6 25.6 126.7 624.2 3.0 Valid
Q7 25.0 131.3 672.2 29 Valid
Q8 26.0 141.3 764.8 3.1 Valid
Q9 259 137.7 723.0 3.1 Valid

Q10 194 102.2 413.0 34 Valid
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The predominant direction of incoming waves at all sites is northwest since the swell
arrives from the North Atlantic.

At each site, the wave energy is assessed yearly from 1991 to 2020, as shown in
Figure 17. It is clear that the site close to Agadir has the most energetic location, followed
by El Jadida, then Essaouira. Casablanca has the least energetic waves. It is interesting to
note that the amount of energy of all of the locations is closely correlated.

Total
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Figure 17. Wave energy statistics for chosen locations.

Figure 18 shows an overall comparison between the wave energy at each site. It
confirms that the maximum average wave energy is located around Agadir, with high
average wave energy around Essaouira as well as El Jadida. It further confirms that in
winter, apart from El Jadida, all of the locations have similar wave energy, and that the
difference in the total energy comes from the summer season.
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Figure 18. Average wave energy at five sites in total and in each season.
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The mean power production of the six WECs that were considered was calculated
using the power matrixes of each device. These matrixes categorize the specific power
production for certain sea states into bins of Hs and T,, which allows us to calculate the

total power production:
nr nH

E=D).) hiP @)
i=1j=1

where E is the total electric energy produced by the WEC (in kW) per year; h;; is the time (in
hours) per year when the wave behavior corresponds to the intervals of the power matrix
(bin); P;; is the electric power corresponding to the same bin provided by the power matrix.
It should be noted that these results could be improved by scaling the power matrix

to this specific location. Figure 19 shows that the mean power production is considerably
different between devices. Given the environmental conditions, Wave Dragon has the
biggest power output, while Wavebob has the lowest. Furthermore, it is interesting to note
that the devices adapt better to certain locations than to others. Although Agadir has the
most energetic waves, it is not the optimal site for every WEC. AquaBuQY, for example,
will have the biggest power output in El Jadida, which has the second least energetic waves.

Power Production <108 Power Production

Power W
P |

WaveBob Seabased WaveDragon Oceantec Pelamis

(a) (b)

Figure 19. (a) Power production of smaller sized WECs (10° W); (b) power production of larger sized
WECs (10° W).

Figure 20 shows the efficiency of each WEC using the capacity factor, a value that is
often used for WECs which relates the maximum output in optimal conditions against the
output in the studied conditions.

Pr

Cr=100——"—
f PWECmax

®)
where Pf is the electric power at the given location and Pygcpgy is the maximum rated
power by the WEC.

Here, the Oceantec device can clearly show the best values, meaning it would be very
well suited for the Moroccan coast. Although Wave Dragon would by far produce the most
energy, it only has mediocre efficiency ratings. Wavebob, on the other hand, has the lowest
power production but shows the second best efficiency.



J. Mar. Sci. Eng. 2023, 11, 2159

18 of 21

Efficiency [%)]

100

70

100

[ Cosablanca | [ S Casablanca |

el Jacida | 1 %0 e/ Jadida
) sari [ safi
B Essaovia | | 80 B Essaouia
) Agacic | () A gadic
1 70
:g'
>
e 50
8
8
5 40
30

WaveBob Seabased WaveDragon Oceantec Pelamis

(a) (b)
Figure 20. (a) Efficiency of smaller sized WECs; (b) efficiency of larger sized WECs.

5. Discussion of Results

In order to contextualize the results, it is important to compare them with results
from similar studies for the same region. A direct comparison, presented in Table 11, was
made with the study from [8], which used the WAM model, by evaluating the results of
the significant wave height and the wave energy of the same points. The table compares
the significant wave height, as well as the wave power, which, in the present study, was
calculated using both the formula as well as the direct results from SWAN. [9] also analyzed
the same location using the WWIII model, and the results obtained were very similar
to those obtained by [8]. Both studies show that the values regarding significant wave
height are close to those in the present study, with a relative error of approximately 2.7%.
However, there is a noticeable difference regarding wave period, which could not be
directly compared and tends to present higher values in the other studies. However, wave
energy is estimated to be about 3.5% lower than the compared studies, which is a relatively
low error, and could be related to the difference regarding wave periods. All three studies
use different wave models with different parametrization, which can lead to discrepancies
in the results. Furthermore, the time interval considered by the three studies is different;
therefore, the comparison is merely indicative.

Table 11. Comparison of significant wave height and wave power with [8]. Adapted with permission
from Elsevier, 2016.

Point Hs [m] Power [kW/m]
WAM [8] SWAN WAM [8] SWAN WAM [8] SWAN
P2 Q1 1.38 1.40 12.66 12.77
P4 Q2 1.73 1.66 21.49 20.80
P6 Q3 191 191 26.08 25.84
P8 Q4 1.98 1.92 27.33 26.91
P10 Q5 2.13 2.13 29.94 28.36
P12 Q6 2.02 1.98 27.40 25.56
P14 Q7 191 1.88 24.97 25.03
P15 Q8 1.99 1.85 25.95 26.00
P16 Q9 191 1.97 23.08 25.89
P18 Q10 1.81 1.72 20.11 19.35
Relative Error [%] 2.72 3.49

A more detailed comparison can be made with [32], which focused on the Casablanca
Mohammedia coast and assessed a mean wave energy of 22 kW/m. These results are also
slightly higher than the ones obtained by the present study for this specific region.
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It is also relevant to compare the potential wave energy with other regions and areas
in the North Atlantic and the Mediterranean in order to determine the competitiveness of
this coast. The Moroccan Mediterranean coast, which was not included in the domain of
this study, is a very urbanized area in the north of the country and would provide relevant
infrastructure. However, another study Ref. [38] indicated values of wave energy between
1 and kW/m, which is significantly less than the Atlantic coast.

South of Morocco, the archipelago of the Cape Verde Islands is an interesting region to
evaluate regarding wave power, and according to a study from [12], which evaluated the
sea state for the time between 2004 and 2013, the mean energy is between 7 and 12 kW /m,
which is lower compared to the values obtained for the Moroccan Atlantic coast.

The Canary Islands archipelago, located west of the Moroccan coast, were analyzed
by [11] using the same methodology as this study but with different datasets, and they
obtained values of wave energy between 8 and 15 kW /m, which is also less than the values
at the center of the Moroccan coast.

6. Conclusions

The mean significant wave height and the mean wave period recorded for the Moroc-
can Atlantic domain and over the 30-year period is 2.16 m and 5.2 s, respectively. In general,
wave height and wave period are higher around the center of the Moroccan coastline, since
the north is affected by shadow effects of the Iberian Peninsula and the south is affected by
the Canary Islands.

The average energy over the 30 years within the domain is 22.3 kW/m. The energy
gradient is directed from southeast to northwest, where most of the swell comes from the
low pressure regions in the North Atlantic, close to the Azores Islands. Energy distribution
is also affected by the shadow effect, which decreases energy density in the north and
in the south of Morocco. The seasonal variation is lower in the south, likely due to the
shadow effect of the Canary Islands, but in the north, it does not seem to have the same
impact, as it has the largest seasonal variation. In winter, the average energy is 34.8 kW /m,
and the gradients are clearly headed toward northwest; however, the isolines are mostly
parallel to the coastlines, which means that the energy is similar along the coast. In summer,
the mean energy is 10.1 kW /m. Although the energy distribution is more homogeneous
than in winter, there is a high energy density area in the center of the country between the
areas of Essaouira and Agadir. Long-term trends in wave energy show a slight average
increment of 0.058 kW /m per year, mainly due to a modest positive trend of wave energy
during winter.

The performance assessment of the six WECs showed that Wave Dragon is clearly
more powerful than the others, with a production of yearly 8 MW, while Wavebob is the
least powerful, with a yearly production of under 0.5 MW. The most efficient device is the
Oceantec, with a capacity factor over 60%, and the least efficient is AquaBuOY, with less
than 10% efficiency.

The most energetic locations are around Agadir, which is in the center of Morocco’s
coastline; locations in the north and south waves are less energetic. The most energetic site
is affected by waves with an average energy of 28.4 kW/m and the least energetic site is in
the north and shows values of around 212.8 kW /m. The Mann-Kendall test confirmed that
there is a slight positive trend regarding wave energy at the analyzed point.

Compared with other studies, the Moroccan Atlantic coast provides more potential
wave energy than its Mediterranean coast, the Cape Verde Islands, and the Canary Islands.
However, it appears to have less wave energy than the Azores and Madeira Archipelagoes
and the Portuguese continental coasts, which are located in higher latitudes; however,
future studies using higher resolution domains where the modeling of the processes
of wind wave generation and dissipation would include physical processes that were
not considered in this work will, without doubt, lead to a more accurate environment
assessment. Nevertheless, this area holds a large potential for wave energy production.
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New prototypes for wave energy converters are being produced and these new technologies
could impact the feasibility of wave energy production in Morocco.
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