
 
1. INTRODUCTION 
 
A good characterization of the coastal environment 
is very important. The potential of waves, as a 
source of renewable energy, is high and relevant to a 
sustainable society. As an abundant and easily pre-
dictable resource, which has been explored by sever-
al European countries, a good description of the 
wave climate is a crucial aspect in assessing the po-
tential of energy in a given location. 

The first studies on wave energy assessments are 
based on buoy records in both coastal and offshore 
regions, providing an overview of the main condi-
tions that can be encountered. One example is the 
European Atlas of Wave Energy (Pontes, 1998), 
which summarizes the deep water resources off the 
European Atlantic and Mediterranean shores. The 
limitations of this approach are associated both to 
the time period of the measurements obtained by the 
buoys, which are generally limited, and to the fact 
that they provide information at a certain point that 
may be in a different location from that of the wave 
energy converters. It is therefore essential to describe 
the wave conditions with numerical models, which 
can make predictions anywhere within the covered 
space domain. 

Mathematical modeling is currently a well-
established branch of computational fluid mechan-
ics. The simulation by models that solve the primi-
tive equations is a well-developed area of investiga-
tion that progressively extends to other areas of 
engineering. The third generation spectral models al-
low solving the spectral energy balance equation and 

give a realistic estimate of the evolution of the wave 
spectrum for various conditions and can therefore 
make more realistic assessments of the wave energy 
potential in coastal areas. 

Along the European coast, several studies were 
carried out on the evaluation of the wave energy, us-
ing numerical wave models (Bernhoff et al., 2006; 
Rusu and Guedes Soares, 2009). For example, on the 
west coast of Sweden, Waters et al. (2009) applied 
the numerical models WAM (WAMDI Group, 1988) 
and SWAN (Booij et al, 1999) for simulations, 
demonstrating an average energy flow of about 
5.2kW/m, in the sea Skagerrak, 2.8KW/m in the 
coastal zone of Skagerrak and 2.4kW/m in the Kat-
tegat. Other studies were conducted for the northern 
coast of Spain (Iglesias et al, 2009, Iglesias and Car-
ballo, 2009) and for Italy (Vicinanza et al, 2013, 
Liberti et al, 2013). 

Some studies were also performed with the nu-
merical models, WAVEWATCH III (Tolman, 1991) 
and SWAN. Stopa et al., (2011, 2013), performed 
simulations for the coast of Hawaii, the results illus-
trate the energetic potential of the area and indicate 
an energy flow of 15-25kW/m along the no. Also for 
the China Sea, a study was carried out showing a 
wave energy potential of 2kW/m (Zheng et al, 2013). 

Studies on the assessment of energy resources 
were carried out for the European Atlantic coast in 
MAREN I and II projects, based the HIPOCAS pro-
ject (Guedes Soares, 2008). In this project Pilar et al. 
(2008) implemented the WAM model for the Atlan-
tic basin, generating boundary conditions for the 
SWAN model (Rusu et al, 2008). The same ap-
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proach is adopted for the assessment of wave energy 
along the Portuguese coast (Rusu and Guedes Soa-
res, 2009), as well as for the Azores (Rusu et al, 
2012) and Madeira (Rusu et al, 2012). 

Also for the Cape Verde Islands, Bernardino et al. 
(2017) studied the energy profile, showing an aver-
age potential above 7kW/m and identifying areas 
with considerable energy to the exploration of wave 
energy. Also visible is the shadow effect produced 
by the islands located to the west (Barlavento is-
lands), attenuating the wave energy in the coast of 
Sotavento islands. 

In other studies, the WAVEWATCH III model 
was used for the North Atlantic Basin, providing the 
boundary conditions for the SWAN model in the dif-
ferent study areas. This methodology was imple-
mented for the southwest of the United Kingdom 
(Bento et al, 2011a); the west coast of Ireland (Bento 
et al, 2011b); northern Spain (Bento et al, 2012); 
Portugal (Silva et al, 2012); the west coast of France 
(Gonçalves et al, 2014a) and the Canary Islands 
(Gonçalves et al, 2014b). The results showed good 
consistency between observations and measurements 
in these areas. Following these studies, in Guedes 
Soares et al., (2014a and 2014b), the validation of 
the hindcast system implemented for the different 
areas, is presented. 

Other studies concerning the energy potential in 
the Canary Islands have been carried out. The areas 
of greatest potential are located mainly on the north 
coast of the islands. The studies by Iglesias and Car-
ballo, (2010, 2011) and Sierra et al. (2013), show the 
geographic distribution of wave energy with an aver-
age power of 25kW/m. 

In the installation of wave parks, the choice of 
their location for optimum equipment performance is 
important and presupposes a prior study of the con-
ditions of marine agitation, as well as the evaluation 
of the available energy in a given area. The energy 
recovery devices can be categorized according to 
their area of action: coastal, nearshore or offshore. 
Despite the greater risk and consequently higher 
cost, the general opinion is that the offshore installa-
tion of wave energy farms is the most appropriate. It 
is estimated that this exploration has a significant 
growth in the next decades due to the technological 
advance (Falcão, 2010 and Guedes Soares, et al., 
2012). 

Although the main focus of this study is the eval-
uation of the energy potential in the Canary Islands, 
a study on the performance of some energy convert-
ers in the area was also carried out. When selecting a 
wave power converter, factors such as: easy access 
to the device at any time, energy storage capacity, 
among others, should be taken into account, as for 
example in Cortadellas et al., (2011), Carballo and 
Iglesias, (2012), Guedes Soares et al., (2012), Silva 
et al. (2013), Andrés et al., (2014), Rusu et al., 
(2014). 

For this study 8 points along the islands were 
considered and the available energy is evaluated at 
these points. Then, 6 wave energy converters were 
considered: Wave Dragon, Wavebob, Pelamis, 
Oceantec, Aqua Buoy, Seabased AB, and their per-
formance are evaluated, for each of the selected 
points. 

The study here presented is a reconstitution of the 
wave energy potential for the Canary Islands, im-
plemented for a period of 10 years, between 2001 
and 2010. 

 
 

2. DESCRIPTION OF THE WAVE HINDCAST 
SYSTEM 

2.1. Theoretical Formulations 

Two state-of-the-art spectral wave models are used 
to characterize the transformation of wave climate 
from offshore to the nearshore. 

Both SWAN and WAVEWATCH III (WWIII) 
solve the spectral energy balance equation that de-
scribes the evolution of the wave spectrum in time, 
geographical and spectral spaces given by: 
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Developed by the Marine Modeling and Analysis 
Branch (MMAB), of the Environmental Center 
(EMC), of the National Centers for Environmental 
Prediction (NCEP), WWIII is a full-spectral third 
generation wind-wave model, more effective in deep 
waters, in global scales. The model takes into ac-
count the nonlinear effects such as wind-wave inter-
actions, quadruplet wave-wave interactions, and dis-
sipation through whitecapping and bottom friction. 

SWAN is a third-generation stand-alone (phase-
averaged) wave model (Holthuijsen et al. 2003) 
more effective in shallow waters processes by count-
ing with additional source terms for triad wave-wave 
interactions and depth-induced wave breaking as 
well as the JONSWAP parameterization for dissipa-
tion due to bottom friction. Furthermore, the model 
includes some effects of diffraction. 

 

2.2.  Validations of the Hindcast System  

WWIII is implemented to generate waves for the en-
tire North Atlantic basin (Figure 1a). Its outputs are 
then used as boundary conditions for SWAN that 
will be implemented to study the evolution of the 
waves in the Canary Islands (Figure 1b). The next 
levels use the boundary conditions from the previous 
SWAN level. The computational domains and reso-
lutions are described in Table 1. 
 



 
Figure 1 - Implementation area. a) WWIII, b) SWAN Level I, 
c) SWAN Level II. 

 
Table 1 - Computational grids for the hindcast system. 

 Latitude Longitude Resolution 

North  

Atlantic 
10°N-75°S 70°W-30°E 1°x1° 

Canary 

Islands 
27°N - 30.5°N 20°W - 13°W 0.05°x0.1° 

Gran-Canaria   27.93°N - 28.33°N 15.92°W - 15.23°W 0.0083°x0.0083° 

 
Both WW3 and SWAN models use bathymetry 

provides from the General Bathymetric Chart of the 
Oceans, GEBCO database and the wind input fields 
used are from ERAInterim database, produced by the 
European Centre for Medium-range Weather Fore-
cast (ECMWF), with time steps of 6 hours, over a 
1.5ºx1.5º grid and interpolated for a 0.5ºx0.5º grid 
resolution. 

 
Figure 2 – Statistical results for significant wave height, mean 
period and peak period registered at the Gran Canaria buoy for 
the 10-year period. 

The hindcast system is validated with the meas-
urements from the Gran Canaria buoy (28.20ºN, 
15.78ºW), over the period of 2001-2010, comparing 
Significant Wave Height (Hs), Mean Period (Tm) 
and Peak Period (Tp) data. 

A statistical evaluation is performed. Figure 2 
shows the statistical results for Bias, root mean 
square error (RMSE), scatter index (SI) and Pear-
son’s Correlation Coefficient (r). The results show a 
good agreement between measurements and simula-
tions. In the left side is described the scatter plot of 
the measurements against the simulations, colored 
by the density of the simulations. It is visible that the 
highest concentrations occur between 1-2m for Hs, 
5-6s for Tm and 6-8s for Tp. In the right side is pre-
sented the Q-Q plots. The data from observations 
and measurements are sorted, showing that the two 
dataset follow a similar statistic up to 2m for Hs, 6s 
for both Tm and Tp. 

 
 

3. CHARACTERIZATION OF THE WAVE 
RESOURCES 

3.1. Wave climate on the target area 

A wave climate analysis is performed for the Canary 
Islands for the 10-year period.  

The annual average for the significant wave 
height and peak period is shown in Figure 3, show-
ing an average of 2.5m and 9.5s for the 10 year peri-
od. 

 
Figure 3 – Annual average distribution of significant wave 
height (on top) and peak period (bottom) resource, for the 10-
year period. 

 
Figure 4 presents the seasonal average variations 

of the significant wave height. It is visible that the 
significant wave height varies from 1.5m, in the 
summer, up to 3m in the winter. The Peak period 
varies from less the 8s in the summer, up to 12s in 
the winter. 2009 and 2010 present the higher values 
with mean values of 3m in the winter. The trend 
lines of each season are represented. It is evident the 
upward trend in the winter period and, thought with 
less evidence, in the summer, while for the other 
seasons it is visible the descending trends. Although 



the upper tendency for almost all lines, this behavior 
is influenced by the last two years. 

 
Figure 4 – Seasonal average variations of the significant wave 
height and peak period, for the 10-year period. 

 

3.2. Wave Energy in the Canary Islands 

As an alternative to conventional forms of electricity 
generation there is a need to implement policies to 
ensure sustainable development in the field of re-
newable energy. The legal obligations imposed by 
the guidelines of the Kyoto Protocol reinforce this 
need (Cruz and Sarmento, 2004). 

As previously mentioned, the Canary Islands are 
located in the Atlantic Ocean, presenting a reduced 
continental shelf. The energy of the waves is there-
fore not affected by the refraction or shoaling of the 
waves and can be obtained by: 
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where J is the wave power per unit of crest length 
(kW/m), Hs is the significant wave height, Te is the 
energy period, ρ is the density of seawater (assumed 
to be 1.025 kg/m3) and g is the gravitational acceler-
ation. In this paper, as in Boronowski, et al, 2010), it 
is assumed that Te≈0.90Tp, which is equivalent to 
assume a standard JONSWAP spectrum with a peak 
enhancement factor of γ=3.3. 

Concerning SWAN, the energy transport compo-
nents (expressed in W/m, i.e. energy transport per 
unit length of wave front), and is given by: 

   ddEcgP xx ,
 (3) 

   ddEcgP yy ,
 (4) 

where x, y are the problem coordinate system, and 
cx, cy are the propagation velocities of wave energy 
in the geographical. The wave power is given by: 
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Figure 5 – Wave power time series from buoy measurements 
and SWAN model at buoy location, over 2001 (a - area A1, b - 
area A2). 

 
Table 2 – Statistical results for wave power, for the 10-year pe-
riod 

 
Xmean Ymean BIAS RMSE SI r # points 

Power A1 

(kW/m) 
13,15 12,75 0,40 7,26 0,55 0,86 72007 

Power A2 

(kW/m) 
13,15 11,38 1,77 7,40 0,56 0,84 72007 

 
The model results validations for wave power 

were carried out over the 10-year period. The direct 
comparisons show a good agreement between meas-
ured and predicted data in the location of the Gran 
Canary buoy. Figure 5 show the wave power time 
series for the period of 2001, for both area A1 and 
area A2.  

Table 2 shows the statistical results for wave en-
ergy. It is shown that the best results are obtained for 
the A1 area where Bias presents better results, with 
0.40kW/m, in A1, against 1.77kW/m, in A2. Also 
the correlation coefficient between the measure-
ments and simulations presents better results for the 
A1 area, with 0.86 and 0.84 for the areas A1 and A2, 
respectively. 

In order to characterize the energy availability 
around the Canary Islands, Figure 6 shows the aver-
age annual and seasonal evolution of wave energy. 
In general, the average energy available for each year 
is around 15-20kW/m. The summer months have the 
lowest values, almost never exceeding 10kW/m. The 
winter months always have values higher than the 
average values, with the exception of 2005, which 
presents values below the average values. It is also 
verified that the average available energy of the win-



ter months, in years 2009 and 2010, is higher when 
bought with previous years, with values above 
30kW. The trend lines are also represented. As be-
fore, it is clear the upward trend in the winter period 
and, thought with less evidence, in the summer, 
while for the other seasons it is visible the descend-
ing trends. Once again this behavior is strongly in-
fluenced by the last 2 years, where the winter values 
almost duplicate their intensity. 

 

 
Figure 6 – Seasonal average variations of the wave energy, for 
the 10-year period. 
 

The seasonal mean distribution of wave energy 
available throughout the year is shown in Figure 7. 
The available average energy varies between 8-
10kW/m in the summer and 25-30kW/m in the win-
ter. It is verified that the most energetic zones are to 
the North and West of the island of Lanzarote. In 
contrast to the other seasons of the year, in winter 
there is an increase of almost 50% of the available 
energy. In general, it can be observed that the distri-
bution follows the same pattern in the different sea-
sons of the year, with lower values in the 
South/Southeast coast of most of the islands, essen-
tially in Lanzarote and Fuerteventura with values 
less than 5kW/m. 

 

 
Figure 7 – Seasonal variability of wave energy resource for, the 
10-year period. 

 
Figure 8 – Annual average distribution and standard deviation 
of the wave energy resource, for the 10-year period. 

 
According to Chiri et al., (2013), three different 

areas can be distinguished. Figure 8 shows this dis-
tinction: The North/West area of Fuerteventura and 
Lanzarote as well as northern La Palma and Gran 
Canaria and Tenerife, where the energy availability 
is higher, with average values between 15-20kW/m. 
An intermediate zone characterized for having lower 
values than those of the first area. Finally, a third ar-
ea on the south/east coast, where the energy is clear-
ly lower, namely on the south/east coast of Lanzarote 
and Fuerteventura where values do not reach 
10kW/m.  

Also in Figure 8 it can be seen that the average 
energy availability is about 20kW/m. According to 
the standard deviation it is possible to verify that 
some variability in the energy distribution, with av-
erage values of 16kW/m.  

Cornett (2008) proposed three coefficients to de-
scribe the temporal variability of the wave energy at 
a site: the seasonal and monthly variability indexes 
and the coefficient of variation. 

The seasonal variability index (SV) quantifies the 
variability of the wave power resource and is given 
by: 
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where PS1 is the mean wave power of the most ener-
getic season (winter), PS2 is the least energetic sea-
son (summer) and Pyear is the yearly mean.  

The monthly variability index is given by: 

year
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  (7) 

where PM1 is the mean wave power of the most en-
ergetic month (January), PM2 is the least energetic 
month (August) and Pyear is the yearly mean. 



And the coefficient of variability (COV) is ob-
tained dividing the standard deviation by the mean: 




COV

  (8) 

 
Figure 9 – Wave power Seasonal and Monthly Variability In-
dexes and Coefficient of Variability, for the 10-year period. 

 

The distribution of wave energy variability can be 

observed in Figure 9. Small values of SV and MV 

are indicators of low variability. It is visible that the 

east coast of the islands is where this variability is 

much less pronounced, especially in Fuerteventura 

and Lanzarote, but also in Gran Canaria and La Pal-

ma. Regarding coefficient of variation, the devia-

tions from the mean is, on average, 0.89. 
 

3.3. Wave Energy Converters Performance 

In order to study the performance of wave energy 
converters (WEC’s), 8 points were selected to study 
the wave energy resource available (Figure 10). The 
selected points are located between 30-90m and their 
characteristics are specified in Table 3. 

 

 
Figure 10 – Location of the selected points. 

 
Table 3 – Characteristics of the selected points 

 

The seasonal and monthly mean wave power is 
calculated. Figure 11 show the mean and maximum 
values of the wave power. The results demonstrate 
that the most energetic points are P3, P5 and P6 with 
mean values above 20kW/m, in winter, and with a 
total mean values above 15kW/m. Point P7 is the 
least energetic with mean values below 6kW/m for 
all seasons. Figure 11b shows the maximum season-
al values, where annual maximums of 100kW/m can 
be verified for almost all points except point P7. It 
can also be seen that, in general, at point P8 the 
mean values remain constant throughout the seasons.  

Figure 12 show the monthly wave power where, 
once again, it can be seen that the energy found dur-
ing the winter months is practically twice that found 
during the summer months. Worth mentioning that 
points P3, P5 and P6 present the highest energy val-
ues. Again, for the point P8 the average values re-
main constant throughout the year, with an average 
value of 10kW/m. 

 

 
Figure 11 – Seasonal wave power for the selected points, for 
the 10-year period. a) Mean values; b) Maximum values. 

 

 
Figure 12- Monthly mean wave power for the selected points, 
for the 10-year period. 

 
For this study 6 wave energy converters were 

considered: Wave Dragon, Wavebob, Pelamis, 
Oceantec, Aqua Buoy, Seabased AB, its characteris-
tics can be seen in Table 4. All systems chosen are 
designed to operate in deep or intermediate water. 

Each converter has associated a power matrix that 
depends directly on the distribution of the various 



sea states (Hs/Tp or Hs/Te) and rated capacity repre-
sents the maximum at which each converter can op-
erate. 

 
Table 4 – Characteristics of the different WEC’s considered. 

Device Rated Capacity (kW) Depth (m) 

Wave Dragon 7000 >30 

Wavebob 1000 50-100 

Pelamis 750 >50 

Oceantec 500 50-100 

Aqua Buoy 250 >50 

Seabased AB 15 >50 

 
A way to estimate the electricity production of a 

WEC in a particular site is to associate the converter 
power matrix with the wave activity at that particular 
site. This relation is given by: 
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where pij is the energy percentage at a given point 
and Pij is the WEC electric power. 

 

 
Figure 13 – Average electrical power expected for each WEC. 

 

 
Figure 14 – Normalized electrical power for each WEC. 

 
The average electrical power expected for each 

WEC, at each point, can be observed in Figure 13. 
The results show that in this case Wave Dragon has 
the highest values for almost all points selected. 
Points P3, P5 and P6 present the highest values with 

257kW for P3, 192kW for P5 and 179kW for P6. 
Seabased is the WEC with less power, with values 
lower then 5kW/m. 

Finally the normalized electric power was calcu-
lated for each WEC. This helps to compare the re-
sults since all values are expressed in the same 
range. The normalized electric power is given by:  

maxPe

Pe
Pen 

 (10) 

where Pe is the estimated electric power in each 
point, for each WEC and Pemax is the maximum val-
ue at each WEC 

Figure 14 show that, in general, Seabesed AB, 
Oceantec and Wavebob have the best results for all 
point. As mentioned P3, P5 and P6 present the best 
values, for the above WEC’s, but also P8 show good 
results. 

 
 

4. CONCLUSIONS 
Wave models provide an understanding of the wave 
power and the characteristics of the available wave 
energy resource. The present study is focused on a 
10-year hindcast system, over the Canary Islands. 

Two state-of-the-art spectral models were used to 
assess the wave energy. The hindcast system is vali-
dated with the Gran Canary buoy, and the results 
show a general good agreement between observa-
tions and simulations.  

The geographical distributions of the wave power 
show that the northern coast of the islands is more 
intense, as they are more exposed to the direct swell 
from the Atlantic Ocean. The high values in the 
north of the La Palma, Tenerife, Fuerteventura e 
Lanzarote contrast with the rest of the island. It is 
perceptible the shadow effect in the northern coast of 
the Gran Canary and La Gomera islands.  

Though it was not the main purpose of this work, 
a study on the performance of 6 different wave ener-
gy converters was conducted. 8 points were selected 
and the wave power at each point was evaluated. 
The results show that P3, P5 and P6 have the highest 
values.  

The normalized electrical power was also calcu-
lated revealing that Seabesed AB, Oceantec and 
Wavebob present the best results for all points con-
sidered. 
Finally, according to the results obtained in this 
study and compared with other studies on wave en-
ergy, for example: In the Cape Verde Islands (Ber-
nardino et al, 2017), where the average energy is 
around 7 kW/m; in the archipelago of Madeira (Rusu 
and Guedes Soares, 2012), with average energy of 
14kW/m; in the Portuguese coast (Guedes Soares et 
al, 2014b), with average energy of 14.42kW/m; on 
the west coast of France (Gonçalves, et al, 2014a), 
with an average energy potential of 15kW / m. It can 
be concluded that the Canary Islands archipelago 



presents a very attractive distribution of wave energy 
resources to the implementation of energy converters 
in certain areas, where average values are around 10-
15kW/m. 
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