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ABSTRACT. This work analyses the possibility of extracting energy from the ocean waves around the Leeward Islands of Cabo-Verde. 
This study was based on 31 years of wave and wind data, obtained through the SOWFIA - Streamlining of Ocean Wave Farm Impact 
Assessment, at 16° N-24° W. Then, the SWAN - Simulating Waves Nearshores - was used to perform the wave transformations to the 
shore. As the number of waves is very high, the cluster analysis and the Non-Parametric Wilcoxon Test were used to reduce the computing 
time by SWAN. The results pointed to the South of these islands and the East Coast of Maio island as the best locations for wave energy 
extraction. The use of the power matrix of some commercial devices that are available, such as Wave Dragon (7 MW), Pelamis (750 kW) 
and AquaBuoy (250 kW), allowed to estimate the best devices scale factors that leads to their best Capacity Factor (CF), at the target 
regions. Thus, the Wave Dragon is the most indicated device (CF=71%), at the scale of 0.3, followed by AquaBuoy scaled by 0.4 (CF=57%) 
and Pelamis scaled by 0.5, with CF=26%. However, in a natural scale, AquaBuoy is the most efficient device (CF = 18.8%) in comparison 
to the Wave Dragon (CF=17%) and Pelamis (CF=15%). AquaBuoy presented the best cost-benefit ratio (C/B = 0.135 USD/kWh) followed 
by Wave Dragon (C/B= 0.235 USD/kWh) and Pelamis (C/B = 0.390 USD/kWh). The limitation of the number of Wave Energy Converters 
to implement the wave power plant affects negatively the cost of its investment.  
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1. Introduction 
The energy associated with the manifestation of ocean 
waves is an expression of the solar energy that currently 
competes to produce clean electricity. The global wave 
energy resource is estimated in 2TW, and the most 
energetic regions are those located at latitude between 30 
ͦ and 60 ͦ, because of the strong wind that blows from the 
west (its prevalence was recorded there). The West Coast 
of Europe, South of America, Littorals of Canada and the 
South Coast of Australia are the most energetic areas in 
the world (Boyle, 2004). Although the development of the 
first Wave Energy Converters (WEC) dates back to 1799, 
modern research into WECs begun in late 1970s caused by 
the oil crisis and when Stephen Salter published, an 
article in 1974 (Salter, 1974). Since then, many prototypes 
of WECs have been developed and tested around the world 
(Koca et al 2013). These WECs are classified according to 
their conversion principles, location, directional 
characteristics and power take-off system (Kempner, 
2014; EMEC, 2018). The studies conducted by many 
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researchers and companies show that these prototypes can 
become commercially viable for large-scale commercial 
wave farms. Such wave farms are being planned on the 
coastlines of Europe, America and Australia (SCIRO, 
2012; Pelamis, 2014 ; SIOCEAN, 2014).    

The WEC industry is dominated by the USA, with 24 
WECs and UK with 17 WECs. However, the UK is still the 
global leader of this industry, in terms of technological 
maturity and it is followed by the USA and Australia 
(Koca et. al, 2013). Between 2006 and 2013 the numbers 
of WECs under development increased drastically going 
from 53 to 147. The sector is actually dominated by point 
absorber type WECs (≈ 46%), followed by oscillating wave 
surge converter type WECs (≈ 16%) and oscillating water 
column type WECs (≈ 15%). Forty-nine prototypes are 
currently being tested at sea, while fifteen prototypes are 
now undergoing at full or near full scale (grid connected) 
(Koca et al. 2013). Some grid-connected WECs, such as 
Pelamis, Wave Dragon, Limpet, AquaBuoy and Eco Wave 
Power, have already demonstrated their good stability and 
efficiency.  

Research Article 
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Cabo-Verde is an archipelago of ten islands in the 
Atlantic Ocean, off the West Coast of Africa, with roughly 
half million people. The country is totally dependent on oil 
that is used to produce electricity. Electricity bill is, in 
Cabo-Verde, the most expensive in Africa. It is around 
0.28 Euro/kWh (Electra, 2012) versus 0.17 Euro/kWh 
(Selenec, 2015) in Senegal, which is a neighboring country 
in the main land Africa. Some investments were made by 
the Government of Cabo-Verde aimed to introduce 
renewable sources of energy in the country, mainly solar 
and wind energy. The Renewable Energy Plan for Cabo-
Verde (ERPCV) has defined an ambitious goal of achieving 
50% of Renewable Energy implementation in the country 
by 2020 (GESTO, 2011). As a result of the ERPCV, there 
are four wind energy farms, in the country, with a total 
annual production of 80 to 110 GWh, and two solar energy 
farms with 7.5 MWp (MWp- Mega Watt Peak) (GESTO, 
2011). 

The leeward islands of Cabo-Verde are Santiago 
(the biggest island), Brava, Maio and Fogo. According to 
the most recent data collected by Electra (Electra, 2016) 
(Table 1), the total energy production in the referred group 
of islands is distributed through 7 thermal power plants 
(74.2%), 1 solar farm (1.4%) and 1 wind farm (13.2%). 
Santiago is the biggest electricity producer (77.7%), 
followed by Fogo (5.5%), Maio and Brava (1.1% each one). 
Only 53.8% of the energy produced is sold. The remaining 
46.2% are distributed for internal consumption (9.5%) and 
losses (36.7%). 
 
Table 1  
Energy production, in kWh, for Cabo-Verde’s Leeward islands 
(Electra, 2016). 

Island Thermal 
power plant 

Wind power 
plant 

Solar 
power 
plant 

Santiago 189380133 32121840 3 495 344 
Maio 2708270 0 0 
Fogo 13418555 0 0 
Brava 2683872 0 0 

 
 
Because of its insular nature, most of Cabo-Verde’s 

economic activities (around 90%) are concentrated in 
coastal areas (Carvalho, 2013). In this context, it makes 
sense to use wave energy for producing electricity locally.  
Between 1999 and 2011, some research projects on ocean 
energy were initiated in the country, and they focused on 
Ocean Thermal Energy Conversion (OTEC) system and 
WaveStar technology (Wave energy). Unfortunately, these 
projects did not produce any visible results since they 
lacked an institutional framework that needs to be 
developed. In 2011, GESTO Energy, a Portuguese 
company, carried out an evaluation of the wave resources 
in Cabo-Verde based on eleven years during which they 
collected data from meteorological wave model worldwide. 
The data of direction, period and significant wave height 
were characterized and the values of these parameters 
were used for calculating the offshore annual average 
wave power (GESTO, 2011). According to this study, the 
islands that presented the best potential for wave energy 
exploration are: Sal, S. Antão, S. Vicente and Boa Vista. 
In fact, four projects for offshore wave energy conversion, 
based on the Pelamis technology, were proposed for these 
islands (GESTO, 2011): Sal (3.7 MW), S. Antão (3.7 MW), 
S.Vicente (3.7 MW) and Boavista (3.5MW). The study was 

commissioned by the Ministry of Tourism, Industry and 
Energy of Cabo-Verde, and unfortunately, the scientific 
results of the study are unknown since it was never 
published in any scientific journal or conferences. 
In 2014, an American company, the Resolute Marine 
Energy (RME), presented, on the São Vicente island, the 
Wave2o Energy Project, aimed at developing, on that 
island, technical studies directed to design a system that 
can produce desalinated water based only on the wave 
energy resources (Wave 2oTM, 2015).  

The available offshore wave power in the middle of 
Cabo-Verde presented low annual and monthly variation 
with an annual average value around 16 kW/m. At this 
location, once every hundred years, is possible to appear 
waves with a height close of 4 m (Monteiro and Sarmento, 
2014). The most and least energetic months are, 
respectively, January (23.49 kW/m) and July (15.04 
kW/m). In fact, the monthly average power decays from 
January to July and increases from July to December 
(21.21 kW/m) (Monteiro et al., 2017). Yet, these 
researchers introduce the methodology to evaluate the 
utilization of the Natural Caves in the context of onshore 
wave energy extraction, as a way to reduce the civil cost of 
a wave power plant based on the Oscillating Water 
Column principle (Monteiro et al., 2017).   

2. Methodology 

This study makes the evaluation of the real possibility of 
extracting energy from ocean waves around the leeward 
islands of Cabo-Verde. The analysis is carried out based 
on the following topics. 
 
2.1 Data Acquisition (SOWFIA) and Wave Transformation 
(SWAN) 

SOWFIA-Streamlining of Ocean Wave Farm Impact 
Assessment is an EU Intelligent Energy Europe Project 
with the goal of sharing and consolidating pan-European 
experience and best practices for consenting processes and 
environmental and socioeconomic impact assessment (IA) 
for offshore wave energy conversion developments (Mora-
Figueroa et al 2011). This project brings together ten 
partners across eight EU Member States actively involved 
in planned wave farm test centers and aims at providing 
recommendations for streamlining of IA approval 
processes with the purpose of removing legal, 
environmental and socioeconomic barriers associated with 
the development of the wave energy farms. The SOWFIA 
project uses data obtained from direct measurements 
(wave buoy) of the wave climate, carried out at the seven 
European wave energy test centers, through the Data 
Management Platform (DMP) tool. DMP is an interactive 
tool designed to assist in the decision-making process, 
providing information on different wave energy, 
monitoring activities at different test centers, and 
allowing direct visualization and downloading of relevant 
data. The DMP is publicly available on the SOWFIA 
website. The seven European test centers involved in the 
SOWFIA project are the AMETS (Ireland), BIMEP 
(Spain), Lysekil (Sweden), Ocean Plug (Portugal), 
SEAREV (France), Wave Hub (United Kingdom) and 
EMEC (Scotland) (Mora-Figueroa et al., 2011). As far as 
other regions of the ocean, where there are no in situ data 
measurements, the SOWFIA project uses data produced 
by WaveWatch 3 (WW3) wave model. The WW3 is phase-
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average model that solves the spectral action density 
balance equation for wavenumber-direction spectra. The 
Governing equation includes refraction due to the 
temporal and spatial variation of the mean water depth 
and current. The source terms include nonlinear 
interactions, dissipation due to the white capping, bottom 
friction, wind, wave growth and decay (Tolman, 1999). An 
important constraint of the formulation of the WW3 is that 
the parameterizations of the physical process, included in 
the model, do not address conditions where the waves are 
strong depth limited. This constraint implies that the 
model is generally applied on spatial scales between 20 
and 100 km outside of the surfing zone (Tolman, 1999). In 
the same way as other sources of renewable energy, the 
nature of ocean waves is complex and impossible to be 
predicted in a precise manner. The data produced by WW3 
model must be, wherever possible, calibrated with in situ 
measurements using wave buoy or altimeter data. Both 
calibrations of the wave data and the estimation of the 
confidence bounds are made difficult by the complex 
structure of errors in the model data. Error in parameters 
from wave model show nonlinear dependence on a variety 
of factors, seasonal and inter-annual changes in bias and 
short-term temporal correlation (Mackay et al., 2010). To 
assess the uncertainty associated with the estimation of 
the energy yield from a wave energy converter (WEC), 
Mackay et al (2010) used two hindcasts from the European 
Marine Energy Centre in Orkney. These hindcasts are 
produced by WAM (Komen et al 1994) and WW3 wave 
models and calibrated using a Datawell Directional 
Waverider buoy moored in 50 m water depth at the EMEC 
site. The study shows that before wave data calibration, 
the estimation of the long-term mean WEC power from the 
two hindcasts differ 20%. After calibration this difference 
is reduced to 5%. 

The SWAN (Simulating Waves Nearshore), 
developed at the Technical University of Delft (TU-Delft), 
in Holland, is a third-generation numerical model that 
allows to obtain a set of parameters to characterize the 
wave climate in shallow water regions (Booji et al 1999). 
Based on the balance equation of the Spectral Variance, 
the SWAN was designed to complete the third-generation 
models developed for deep waters. The model propagates, 
in the geographic domain, the Directional Spectrum and 
calculates the evolution of waves generated by shorelines 
winds. The mathematical model involves not only the 
generation phenomenon, dissipation and nonlinear 
interaction between four characteristic waves, but also the 
process that exists in shallow water, such as dissipation 
due to bottom friction, nonlinear interaction between 
three waves and the wave breaking induced by the 
decrease of water depth (Booji et al 1999). 

The present study was based on 31 years of wave and 
wind time-series data obtained from the SOWFIA Project 
at the location 16° N-24° W (at the middle of the country). 
Then, using the SWAN software, together with the 
bathymetric information on the location of study, the wave 
transformation from the point of data acquisition to the 
shorelines of the leeward group of islands was performed. 
The results produced by SWAN allowed mapping the wave 
characteristics around the target islands and to 
identifying the most frequent wave climate occurrences. 
  
 

2.2 The k-mean non-hierarchical clustering and the non-
parametric Wilcoxon test 

The cluster analysis is a dissimilarity measurement based 
on two methods: the hierarchical (Tree) and non-
hierarchical (k-mean). It is completely absent of any 
particular statistical method or model as well as any 
specific type of data distribution (Norusis, 2010). The k-
mean method defines a prototype in terms of a centroid, 
which is usually the mean of a group of points and is 
typically applied to objects in a continuous n-dimensional 
space. The input parameters of the k-mean techniques are 
the k value (the number of groups) and a set of points 
(data). Then, each point is assigned to the closest centroid 
and each collection of points assigned to a centroid of the 
cluster. The centroid of each cluster is then updated based 
on the points assigned to the cluster. The procedure is 
repeated until no point changes clusters, or equivalently, 
until the centroids remain the same. The proximity 
measurements to quantify the notion of the “closest” are 
based on the Euclidean Distance between points (Tan et 
al., 2005). The basic steps of the k-mean algorithm are 
described in a table below.  
 
Table 2  
Basic k-mean Algorithm. 

1. Select k points as initial centroids 
2. Repeat 
3. Form k clusters by assigning each point to its closest centroid 
4. Recompute the centroid of each cluster 
5. Until centroid does not change 

 
Because the quantity of waves to be transformed is very 
high (90584), the statistic cluster analysis in R Software, 
through the k-mean method, is used to reduce the 
computing time by SWAN, grouping the waves and winds 
with similar characteristics. Each group of waves and 
winds were replaced by a unique wave-wind combination 
and their characteristics were obtained through the Non-
Parametric Wilcoxon Test (Weaver et al., 2017). With this 
procedure the SWAN’s computing time is reduced 
drastically. As far as this study, the best k value was 
calculated using the GMDH Shell DS software (GMDH) 
through the elbow method (Bholowalia and Kumar, 2014) 
and the cluster analysis was then made using the R-
Software.  
 
2.3 Dynamic Similitude and the Capacity Factor 

In order to assess the different ratings of the devices 
(Wave Dragon, AquaBuoy and Pelamis) for the target site, 
their original power matrix was scaled, using the Froude 
Similitude, expressed by the following equation, in which 
𝐹𝑟 is the Froude Number, 𝜈 is the fluid velocity, 𝑔 is the 
gravitational constant and 𝑙 a characteristic length 
(Nakayama and Boucher, 1999). 
    𝐹𝑟 = -

./0
                                                                                  (1) 

 
The dynamic similitude is then achieved when the Froude 
Numbers in the model and Prototype are the same. Hence, 
based on Froude Similitude, the scale factor is λ =
𝑙23450

𝑙673838965: . Finally, according to Hughes (Hughes, 
1993) and Payne (Payne, 2008) the results in the power, 
wave height and wave peak period, in terms of 𝜆 are 
expressed by Eqs. (2), (3) and (4), respectively. 
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The Capacity Factor (CF) is defined by the ratio between 
the rated power by model and rated power by the 
prototype, as represented by Eq. (5) 
 
𝐶𝐹 = <=>?@A

<BC>D>DEB@
                                                               (5) 

 
For each chosen wave device, within the scope of this work, 
the ratings power in the target region was calculated, for 
different values of 𝜆 and the best FC value is identified.  
 
2.4 The cost - benefits ratio (C/B)  

According to Dantas, (2015) the relationship between the 
cost and benefits (C/B, expressed in [USD/kWh]) for a 
Wave Energy Converter (WEC) is represented by the 
following equation, where CEM [USD/kWh]  represents 
the specific Operation and Maintenance cost [USD/kWh], 
R is the residual cost [USD], explained below, I is the 
initial investment cost [USD], CF represents the Capacity 
Factor, 𝜗 is the useful life cycle [years], PI is the installed 
Power [kW] and i is the interest rate.   
 
P
Q
= 𝐶𝐸𝑀+ U𝐼 × 𝑖 + (Z[\)×^

(M_^)` ab⁄ [M
d× M

<Z×Pe×fFgh
                     (6) 

 
One of the biggest problems associated with the offshore 
WECs is related to their residual cost (R). In fact, for these 
categories of WECs the International Maritime Laws 

(IMO) determines the total removing of their structures, 
after completing the total useful life cycle of power plant. 
Hence, the residual cost for offshore WECs is R=0 
(Baserra, 2007). 

The installed Power (PI) is calculated using Eq. (7), 
in which the EC[kWh] is the parameter that represents the 
energy consumption (Mehta, 2005). 
 
𝑃𝐼 = qP	

Pe×fFgh
                                                       (7) 

 
2.5 Minimum cost of WECs acquisition  

Because of the small size of Cabo-Verde, and the proximity 
of its islands, one of the important problems that can arise 
when installing a wave power plant is related to the 
available area to build the power plant infrastructure. In 
fact, this situation should be taken into account whenever 
the size of the power plant interferes with the national and 
international shipping lines as well as with the natural 
reefs, or fishing areas that exist in the installation 
locations. Thus, whenever the problems of physical 
restriction are imposed, it is crucial to choose the correct 
composition of the power plant (amount and type of WECs) 
that are able to satisfy the needs for  electric power at a 
minimum cost. To achieve this goal, the Linear 
Programming concept was used (Fox and Garcia, 2013).  It 
is an optimization problem in which the Objective 
Function (Z) is the total cost of WECs acquisition.  The aim 
is to find the minimum value of Z function under the 
restrictions which reflects both the electrical power level 
required and the maximum number of WECs admissible 
to reach this power level. The candidate devices are Wave 
Dragon (7MW), Pelamis (750 kW) and AquaBuoy (250 kW) 
for each the capital cost are shown in Table 3.   
 

 
 
Table 3 
Capital and specific costs of the three WECs analyzed in this work. 

 Wave Dragon Pelamis AquaBuoy 
Capital Cost [USD/kW] 2670.25 3958.22 890.72 
O&M [USD/kWh] 0.02 0.04 0.07 

 
To analyze the influence of the physical limitation on the 
total cost of power plant, three scenarios of the maximum 
number of WECs were assumed. The technological matrix 
to find the optimum value of Z is expressed by the 
following set of mathematical condition. 
 
𝑀𝑖𝑛𝑍 = 7000 × 2670.25𝑋yz + 250 × 890.72𝑋}Q + 750×
3958.22𝑋<�                                                                               (8) 
 
Under the following restriction:  
 

�
7𝑋yz + 0.25𝑋}Q + 0.75𝑋<� = 𝑃𝐼�

𝑋yz + 𝑋}Q + 𝑋<� ≤ 𝑁2��
�

𝑋yz;𝑋}Q	; 𝑋<�𝑎𝑟𝑒	𝑖𝑛𝑡𝑒𝑔𝑒𝑟	𝑝𝑜𝑠𝑖𝑡𝑖𝑣𝑒
                                 (9) 

 
 
Where, X��, X�� and X�� are the amount of Wave Dragon, 
AquaBuoy and Pelamis devices, respectively. 𝑃𝐼� and 𝑁2��

�   
represent the installed power and the maximum number 
of WECs allowed for the island	j. 
 
 

Table 4  
Data within the cluster. 

Parameters Cluster one Cluster two Cluster three Cluster four Cluster five Cluster six 
Hs [m] 6531 11640 20747 9260 33712 4204 
TP [s] 7395 11851 22196 7899 30252 4371 
Dp [º] 6469 12180 18103 8253 27775 4379 
Vw [m/s] 7365 11928 20849 7956 34255 3569 
Dw [º] 7388 12020 21930 9538 34529 4345 
Total 35148 59619 103825 42906 160523 20868 
Percentage  8.31% 14.1% 24.5% 10.2% 37.9% 4.90% 
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3. Results and Discussion 

The Fig.10 shows the scatter plots of the wave and wind 
parameters obtained through SOWFIA. The figure shows 
the distribution curves of the referred parameters and the 
coefficient of correlation between them. The linear 
regression lines and the centroid (the point on the curve) 
of any possible combination of these wave and wind 
characteristics are also shown in Fig.10. These plots 
revealed strong evidence that shows that none of these 
parameters follow the Normal Distribution curves because 
their values are not equally distributed around the 

average (axis of symmetry). However, the data of the wind 
velocity seem to approximate significantly from Normal 
behavior. Thus, to analyse the nature of these data it is 
necessary to use the tools of Non-Parametric statistics. As 
Fig.10 shows, there is some moderate correlation between 
the significant wave height and the wind velocity (0.47), 
and between the wave peak period and the wave peak 
direction (0.41). That means that the significant wave 
height and the peak period tend to be positively influenced 
by wind velocity and wave direction, respectively. The 
correlation between the remaining parameters is very 
weak and, in some cases, nonexistent. 

 

 
Fig.10 Results produced by R Software. 

 
Using the R software, the cluster analysis by the k-mean 
method was carried out. The best value of k parameter 
was calculated using the GMDH software. The results of 
this statistic procedure generated six clusters of waves 
and their content is presented in Table 4. The waves and 
wind in cluster five are the most predominant (37.9%), 
followed by those in cluster three (24.5%). 

The content of the cluster six is the poorest 
(4.903%) and the clusters, one, two and five presented, 
respectively, 8.31%, 14.1% and 10.20% of the data.  

The dispersion measurement of the data within 
each cluster, through their Coefficient of Variation, was 
calculated and presented in Table 5. According to the 
values shown in the present table, 80 % of the data within 
the clusters show low and moderate dispersion 
(COV<30%). The wind data, especially the wind direction 
parameter, tend to be more disperse, presenting COV 
between 36% and 46%.  

Using the Non-Parametric Wilcoxon Test, the 
representative values of each wave and wind parameters 
in each cluster were identified and shown in Table 6. 
These representative values constitute the input 
parameters for SWAN. For all these parameters, the Non-
Parametric Wilcoxon test produced p-values higher than 
0.05 (Table 7) that means the acceptance of each 
substitute value.  

To perform the wave transformation from the 
location of data acquisition to the shore, the bathymetric 
information is required. The bathymetric chart, for the 
area of study (Fig.11), was obtained through the British 
Oceanographic Data Centre (BODC, 2018). This 
bathymetric grid is characterized by the geographic 
coordinate of its corner (x������ = −25.3320 and y������ =
15.9257, in decimal degree), number of columns (n��� ¡�¢ =
349) and rows (n��£¢ = 228) and its spacing in the x (dx =
0.09) and y directions (dy = 0.09, in decimal degree).  

 
Table 5  
Coefficient of Variation of the data within the cluster. 

 
 
   

 
 
 
 

 
 
 

Parameters Cluster one Cluster two Cluster three Cluster four Cluster five Cluster six 
Hs [m] 15.4% 20.0% 15.6% 23.2% 18.9% 15.7% 
TP [s] 11.1% 13.0% 18.2% 8.4% 11.3% 25.6% 
Dp [º] 3.3% 3.1% 5.8% 25.7% 19.3% 58.1% 
Vw [m/s] 21.7% 22.3% 26.4% 36.1% 23.4% 40.9% 
Dw [º] 39.3% 37.2% 46.1% 11.7% 30.7% 4.9% 
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Table 6  
Input parameter for SWAN. 

 

Parameters Cluster one Cluster 
two 

Cluster 
three 

Cluster 
four 

Cluster 
five 

Cluster six 

Hs [m] 1.51 1.68 1.51 1.82 1.795 1.425 
TP [s] 12.89 12.95 12.74 7.80 7.806 10.74 
Dp [º] 306.99 340.7 188.3 36.60 31.9 169.9 
Vw [m/s] 6.906 7.206 6.30 7.28 7.75 4.469 
Dw [º] 39.04 38.07 33.25 59.67 34.88 343.2 

 
Table 7  
P-values of Wilcoxon Test. 

 
 
 

 
Fig.11 Bathymetry map of leeward island of Cabo-Verde. 

 
 

Analyzing the isolines of the significant wave 
height, produced by SWAN and showed in Figs. 12 to 17, 
it’s possible to identify the best locations for installing the 
wave power plant. As Fig.12 (cluster 1) shows, the highest 
values of significant wave height (between 1.0m and 2.6m) 
are found in the south region of the target islands. This 
situation is verified for waves within the clusters two, four 
and five, for which the highest values of the significant 
wave height are, respectively, between 2.0m and 2.2 m 
(Fig.13) and around 1.8 m (for the remaining clusters –
Figs. 15 and 16). However, as the Figs. 14 and 17 show, 
the situation is reversed for waves within the clusters 
three and six, for which the highest values of the 
significant wave height occur in the Northern of the 
islands. For these waves, the values of the significant 
wave height vary between 1.6 m and 2.0 m at the best 
locations. In general, the results showed that 70.52% of 
the waves (cluster one, two, four and five) pointed to the 
South of the islands as the best location for wave energy 
extraction, with significant wave height between 1.0 m 
and 2.6 m and peak period between 7.8 s and 12.95s. The 
remaining waves, corresponding to 29.58% (clusters three 
and six), revealed that the North part of the islands is the 
best location for installing wave power plant, for which the 

significant wave height varies between 1.6 m and 2.0 m 
for peak period varying from 10.74 to 12.74. The distant 
region of the East Coast of Maio Island always presents 
good conditions for wave energy application, with 
significant wave height between 1.5m and 2.56m. In 
general, the regions near the shorelines have significant 
wave height that is less than 1.2 m, suggesting more deep 
studies to show the viability associated with the wave 
energy utilization in these regions. 

The power captured by a WEC in a known sea state 
is commonly represented in terms of significant wave 
height and wave period (peak period, energy period or 
mean wave period), on table format known as Power 
Matrix. The Power Matrix allows the transfer of the 
performance of a WEC in a known sea state to many 
locations around the world. Figs. 18 to 20 show the power 
matrices of Pelamis (Henderson, 2006), Wave Dragon 
(Kofoed et al., 2006) and AquaBuoy (Weinstein, 2004), 
respectively that represents the wave devices under the 
present study. Analysing the values of power captured 
shown in these tables it is evident that there are some 
combinations of significant wave height and wave period 
for which these machines do not capture any power. 
 

Parameters Cluster 
one 

Cluster two Cluster 
three 

Cluster 
four 

Cluster 
five 

Cluster six 

Hs [m] 0.5806 0.1116 0.7309 0.6321 0.779 0.7694 
TP [s] 0.07022 0.1187 0.2705 0.3924 0.2308 0.9515 
Dp [º] 0.08638 0.08081 0.9767 0.7901 0.2286 0.9009 
Vw [m/s] 0.2684 0.1001 0.1509 0.09684 0.2486 0.9807 
Dw [º] 0.9217 0.2584 0.1016 0.478 0.1208 0.9198 
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                                               Fig.12 Cluster one.                                                                                          Fig.13 Cluster two. 

 

 
                                             Fig.14 Cluster three.                                                                                            Fig.15 Cluster four   

 

 

 
 
                                              Fig.16 Cluster five.                                                                                  Fig.17 Cluster six 
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In general, these devices begin to capture power for 
significant wave height from de 1 m and for wave period 
from de 5s as is the case of Pelamis and Wave Dragon 
(Figs. 18 and 19) and from 7s for AquaBuoy (Fig.20). The 
limit values of significant wave height and wave period 
from which these machines fail to capture power are 10.5 
m e 13 s (Pelamis), 7 m and 17 s (Wave Dragon) and 5.5 m 
and 14 s (Aqua Buoy). To analyse the performance of the 
three devices under this study, their power matrix was 
scaled according to Eqs. (2 to 4) and the scale factor that 
lead to the best device efficiency was identified. Yet, the 
efficiency of these devices was also calculated considering 
their natural size. Thus, based on the devices’ power 
matrix (Fig.18 to 20), the Capacity Factor (CF) of the Wave 
Dragon (WD), AquaBuoy (AB) and Pelamis (PL) for the 
most promised offshore location around the islands was 
calculated and plotted as a function of their scale factor 
(Fig.21). As the Fig.21 shows, the Wave Dragon is the best 
device at a scale λ= 0.3, presenting CF = 71.48%, followed 
by AquaBuoy (λ= 0.4 and CF = 56.8%) and Pelamis (λ = 
0.5 and CF = 25.64%) respectively. However, in a natural 
scale, the AquaBuoy presented higher value of CF (18.8%), 
followed by Wave Dragon (17%) and Pelamis (15.5%). 

Based on the CF values, it seems that Pelamis is the least 
indicated device among those three analyzed in this study. 
Another very important aspect to refer to when analysing 
the feasibility of a wave energy power plant, is the ratio 
between the cost of energy and its benefits (C/B). That 
amount is calculated for a wave power plant with the 
installing capacity able to providing all electrical power 
needed for Fogo, Brava and Maio islands and 15% of 
energy consumption on the biggest island (Santiago). The 
most recent information about electrical power 
consumption from fuel fossil power plant in the target 
islands are published in Electra (2016) and presented in 
Table 1. 

Considering the values of FC obtained for the 
different devices, at natural scale, analysed in this study 
and using the Eq. (7) the respective installing capacity and 
its associated number of the WECs were calculated and 
presented in Table 8. Thus, to respond the need for all the 
electrical power consumption in Fogo, Brava and Maio it 
is necessary to build wave power plant with, respectively, 
10 MW, 2MW and 2MW of installing capacity. 

To provide 15% of all electrical power needed for 
Santiago Island it is necessary 21 MW wave power plants. 
 

 
Table 8 
Installing Wave Power Plant Capacity for the target islands 
 

 
 
 
 
 
 
 

 
Fig. 18 Pelamis’ Power Matrix 

 

 
Fig. 19 Wave Dragon’ Power Matrix 

 

 
 

Fig.20 AquaBuoy’ Power Matrix  
Fig.21 Capacity Factor 

 
 

  Installing Power [MW] and the Number of WEC unities 
Island 

PI [MW] WD Number of WD AB Number of 
AB PL Number of PL 

Santiago 21 128 19 115 460 140 186 
Maio 2 2 1 2 7 2 3 
Fogo  10 10 2 9 33 10 14 
Brava 2 2 1 2 7 2 3 
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Table 9  
Results of the Linear Programming procedure 

Islands Maximum number 
of WECs 

Minimum Capital Cost 
[MilionUSD] 

Wave Power Plant 
Composition 
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nt

ia
go

 
(2

1M
W

) 30 
24 
20 

43.6 
50.5 
55.1 

 
2WD+28PEL 

2WD+19AB+3PEL 
2WD+13AB+5PEL 

 

Fo
go

 
(1

0M
W

) 9 
7 
5 
 

25.9 
28.3 
30.6 

1WD+6AB+2PEL 
1WD3AB+3PEL 

1WD+4PEL 

M
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o 
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d 
B

ra
va

 
(2

M
W

) 8 
6 
4 

1.8 
4.1 
6.4 

8AB 
5AB+1PEL 
2AB+2PEL 

 
 

Using these values of installed capacity, together 
with the information about the Capital and O&M costs 
(Table 3) and assuming R=0 (recommended residual value 
for offshore devices), the values of the C/B ratio for all of 
three devices were calculated for a power plant with 30 
years of life cycle and assuming a 12% interest rate. The 
AquaBuoy presented the best C/B ratio (0.135 USD/kWh), 
followed by Wave Dragon (C/B =0.235 USD/kWh) and 
Pelamis (C/B = 0.390 USD/kWh). Again, the Pelamis 
present the worst results compared with the remaining 
devices.  

The values of C/B ratio are crucial as it helps choose 
the best wave technology of conversion, because for the 
final consumer the most important aspect is to pay the 
least possible for the energy. For Fogo, Brava and Maio 
islands the installed capacities are not very high. Thus, it 
is possible to fully complete the electrical energy needs of 
these islands with wave energy and transforming them 
into 100% renewable islands. However, the wave installed 
capacity of Santiago Island is very high and the possibility 
to satisfy all electrical energy needs of this island only by 
wave energy would probably be unfeasible. Another 
problem associated with wave energy extraction in Cabo-
Verde is related to the area available to build the power 
plant. This situation becomes more problematic whenever 
the numbers of devices to be installed is very high. In this 
context, taking into consideration the dimension of the 
wave devices, the proximity of the islands, the allocation 
of the fishing area and the national and international lines 
of maritime traffic, the number of devices should be 
limited. The maximum number of the devices that are 
allowed for each island could be a result of a deep study to 
carry on along with the Maritime and Port Institute of 
Cabo-Verde. However, to analyze the effect of limiting the 
number of the devices on a minimum investment cost of 
each wave power plant, three different scenarios is taken 
into account (Table 9). For each scenario, three values for 
the maximum number of WECs are chosen and the 
minimum capital cost and the power plant composition 
(number and type of WECs) are, respectively, calculated 
and shown in Table 9. The Minimum cost and the 
composition of the power plant shown in the referred table 
were calculated using Linear Programming tools. From 
this table it is very evident that the total investment cost 
decreases significantly when the maximum number of 
devices increases, suggesting a strong commitment 
between the cost, and the area that is available to build 
the power plant. 

4. Conclusion 

This work deals with the evaluation of the real possibility 
to extract useful energy from the ocean waves around the 
Leewards Islands of Cabo-Verde. The study was based on 
a 31 years of wave and wind data obtained using SOWFIA 
at the middle of the country (16° N-24° W) where the water 
depth is 3.7 kms. Then the SWAN was used to perform the 
wave transformation to the shorelines of the target 
islands. 

The nature of the data collected in the middle of the 
country was carefully analyzed. In this context, the 
Scatter Plots reveal some moderate correlation between 
significant wave height and wind velocity, between the 
wave peak period and the wave peak direction and very 
weak or nonexistent correlation between the remains 
parameters. Yet, these plots make evident the Non-
Normal Distribution nature of the data. Thus, the Non-
Parametric statistics, along with the cluster analysis, 
showed that the entire data can be reorganized in 6 groups 
of data. Each group contains wave and wind data with 
similar characteristics, presenting, in general, low and 
moderate dispersion. This procedure helped identify the 
most and least frequent groups of waves and winds. 
Nonetheless, using the same procedure allied to the 
realization of the Non-Parametric Wilcoxon-Test each 
group of data was substituted by a unique combination of 
wave and wind data which constituted, along with 
bathymetric data, the SWAN’ input information, reducing 
drastically the computing time by SWAN. According to the 
results produced by SWAN, 70.52% suggest that the South 
of the islands is the best location for convert wave energy. 
The East Coast of Maio is another privileged location for 
this purpose. For these locations, the significant wave 
height and the peak period vary between 1.0 m and 2.6 m 
and 7.8 s and 12.95 s, respectively. The most suitable 
devices for this wave climate is the Wave Dragon at a scale 
λ= 0.3, presenting CF = 71.48%, followed by AquaBuoy (λ= 
0.4 and CF = 56.8%) and Pelamis (λ = 0.5 and CF = 
25.64%), respectively. At natural scale, AquaBuoy is the 
device being choisen since it presented best CF and C/B 
ratio values (CF=18.8% and C/B = 0.135 USD/kWh) in 
comparison with Wave Dragon (CF=17% and C/B =0.235 
USD/kWh) and Pelamis (CF=15.5% and C/B = 0.390 
USD/kWh). The limitation of the area available for 
installing a wave power plant affects adversely the total 
cost of the project.  
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