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Abstract

An analysis of wave energy along the coasts of Sicily (Italy) is presented with the
aim of selecting possible sites for the implementation of Wave Energy Converters
(WECs). The analysis focuses on the selection of hot-spot-areas of energy concen-
tration. A third-generation model was adopted to reconstruct the wave data along the5

coast over a period of 14 years. The reconstruction was performed using the wave
and wind data from the European Centre for Medium-Range Weather Forecasts. The
analysis of wave energy allowed us to characterise the most energetic zones, which
are located on the western side of Sicily and on the Strait of Sicily. Moreover, the es-
timate of the annual wave power on the entire computational domain identified eight10

interesting sites. The main features of the sites include relatively high wave energy
and proximity to the coast, which may be possible sites for the implementation of WEC
farms.

1 Introduction

Currently, renewable energy supplies 20 % of the total world’s energy demand, and this15

percentage continues to grow (IEA, 2014). Among the various sources, wave energy
has attracted the attention of the scientific community and the energy industry from
1973 due to its numerous advantages, such as the following: (i) greater high energy
density than solar and wind energy (Falnes, 2007); (ii) the ability to reliably predict
waves; (iii) wave energy travels with small losses in depth water; and (iv) minimal envi-20

ronmental impacts, especially for the offshore devices. Due to these advantages, Wave
Energy Converters (WECs) will likely become diffuse in the near future, thus impacting
the further transformation of our coastal zones (Azzellino et al., 2013a, b). However,
the costs to implement WECs are currently much higher than those of other renew-
able energy technologies. Therefore, a solution to reduce such costs is to move from25

standalone devices to hybrid systems embedded in other coastal or offshore structures
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(Kallesøe et al., 2009; Vicinanza et al., 2014). Today, more than one thousand WECs
have been patented and approximately 170 companies are working to improve WECs
technology (for a detailed description see www.emec.org.uk). An analysis of the loca-
tion of these company shows that 50 % are located in Europe. This is primarily due of
high amount of the wave energy that characterises the north and west sides of Euro-5

pean coasts. For example, in Galicia, the region in the NW of Iberia, the offshore wave
power is approximately 22 kWm−1 (Iglesias and Carballo, 2010a).

As shown in Fig. 1, waves in the Mediterranean Sea have a relatively low energy.
However, previous studies have shown that wave farm could be implemented at some
sites. For example, Vicinanza et al. (2011) reported the offshore wave energy poten-10

tials of the Italian seas. This study was carried out using records from the buoys of
the Italian National Wave Recording Network (NWRN), managed by the Agency for
Environmental Protection and Technical Services. The results highlighted that the west
coasts of both Sardinia and Sicily are the most energetic among the Italian coasts.
Indeed, the highest energy values were obtained for the buoys of Alghero and Mazara15

del Vallo, which corresponded to 9.05 and 4.75 kWm−1, respectively. In addition, Lib-
erti et al. (2013) presented a high-resolution assessment of the wave energy resources
in the Mediterranean Sea. In particular, a third-generation model of the ocean waves
was used to derive the wave climate over the entire Mediterranean basin. This study
confirmed the results of Vicinanza et al. (2011).20

The study of potential wave energy is important for selecting and to designing WECs.
It is necessary to understand how the energy is distributed with respect to wave height,
period and direction. An appropriate wave climate analysis will reveal the best con-
figuration of device and location to be selected. However, to this aim, a long period
(not less than 10 years) of wave data is necessary. In general, it is better to utilise25

wave data gathered by buoys, as the data are of good quality with a low relative error.
However, along the Italian coast wave data may be affected by the lack of sufficient
records. For this reason, it is useful to use data delivered by forecast centres, such
as those of the European Centre for Medium-Range Weather Forecasts (ECMWF) or
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of the National Oceanic and Atmospheric Administration (NOAA). The data from these
sources have high spatial and temporal resolution but underestimate peak events (Cav-
aleri, 2009). However, the nearshore wave data from these sources may not be used
because the wave propagation was performed using WAM (Hasselmann et al., 1988)
or WAVEWATCH III (Tolman and Chalikov, 1996) models, which do not consider the5

phenomena as triad interactions. Moreover, the grid resolution of the wave model is
too large to select suitable sites for locating Wave Energy Converters. For this rea-
son it is necessary to use advanced numerical codes that allow the wave propagation
in intermediate-depth and shallow waters to be appropriately modelled. The use of
such a model allows for the selecting of sites, called hot-spots (Iglesias and Carballo,10

2010b), where energy is concentrated due to wave transformation phenomena, such
as wave refraction.

In this framework, starting with a large set of offshore wave and wind data, the
present paper discusses results related to estimating nearshore potential wave energy
around the coast of Sicily.15

This paper is organised as follows: the first part describes the adopted methodology
selected to analyse wave propagation, and the second part focuses on the analysis
of wave energy for the few selected sites along the coast of Sicily. The paper ends by
summarising with some concluding remarks.

2 Wave propagation20

2.1 Numerical model

The wave propagation is carried out using SWAN, which is a third-generation spec-
tral model developed by Delft University Technology (Booij et al., 1999). The model
estimates the variations of the action density in space and time according to the follow-
ing equation (expressed in Cartesian coordinates with the x axis directed toward the25
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coast):

∂N
∂t

+
∂cxN
∂x

+
∂cyN

∂y
+
∂cσN
∂σ

+
∂cθN
∂θ

=
Sss

σ
(1)

where: N is the action density is equal to the energy density spectrum divided by the
relative frequency. Equation (1) estimates the effect of N in five dimensions (space x
and y, time t, frequency σ and direction θ). The quantities cx and cy are the compo-5

nents of the group velocities. The quantities cσ and cθ are the propagation velocities in
the spectral space (σ,θ). The first term of Eq. (1) indicates the change in time, the sec-
ond and the third terms indicates the propagation of wave energy in two-dimensional
space, the fourth term indicates the changes in the field of frequencies due to the varia-
tion of depth and currents, and finally, the fifth term indicates variations due to refraction10

induced by the variation of depth and currents. The right-hand side contains Sss, which
is the source/sink term representing all physical processes that generate, dissipate, or
redistribute wave energy.

Sss = Sin +Snl +Sds +Sbot +Ssurf (2)

where Sin represents the momentum transfer of wind energy to wave generation, Snl15

is the energy transfer due to non-linear wave–wave interactions, Sds is the dissipation
of the energy due to white-capping (deep water wave breaking), Sbot is the dissipation
of the wave energy due to bottom friction, and Ssurf is the energy dissipation due to
depth-induced wave breaking. In this study, Sbotwas not considered.

Stationary simulations were conducted using the bathymetric, wave and wind data20

as inputs. The wave data are defined in terms of significant wave height Hs, peak period
Tp and mean direction θ. The wind data are defined in terms of the components of the
wind.
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2.2 Input data

The data used to reconstruct the morphology of the seabed were obtained from the
charts of the Italian Navy Hydrographic Institute (NHI) and from the archive of General
Bathymetric Chart of Oceans (GEBCO). The scale of the NHI charts is 1 : 1 000 000.
GEBCO (released 2010) provides global bathymetry data sets for the world oceans5

with a resolution equal to 30′′ arc (equivalent to 8.33◦ ×10−3 or approximately 1 km)
(GEBCO, 1999). The NHI charts covers a limited area of the computational domain,
and for this reason, the data were integrated with the information of the GEBCO
archive. More precisely, the seabed data up to a depth of 100 m were extracted from
NHI, and the data for areas deeper than 100 m were extracted from the GEBCO10

archive.
Wind and wave input data were obtained from the ECMWF. The ECMWF is an inde-

pendent intergovernmental organisation aimed at producing accurate climate data and
medium-range forecasts, which are estimated using numerical models and validated
according to data acquired satellites, ships, buoys, etc. The estimate of offshore wave15

data is made up of the integration of the atmospheric model and the two-dimensional
spectral wave numerical model, WAM. The resolution of the model in the Mediterranean
Sea is equal to 0.25◦ for both latitude and longitude. The ECMWF operational archive
starts in 1989 for wind data and 1998 for wave data, with a time resolution equal to
six hours. The wave data was validated using records from the buoys of the Italian20

National Wave Recording Network (NWRN) managed by the Agency for Environmen-
tal Protection and Technical Services. The wave data available are those of the three
buoys placed near Catania, Capo Gallo (Palermo) and Mazara del Vallo (Trapani) (see
Fig. 1 for the buoy locations). For these buoys the record reference periods are as fol-
lows: (i) Catania between July 1989 and October 2006, with a total efficiency of 84 %;25

(ii) Capo Gallo between January 2004 and March 2008, with a total efficiency of 73 %;
and (iii) Mazara del Vallo between July 1989 and April 2008, with a total efficiency of
79 %.
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The reliability of the ECMWF data was measured by evaluating the following parame-
ters: bias (bias, mean error between model and measurement); root mean square error
(rmse, root mean square discrepancy between the two sets of data); scatter index (si,
normalised root mean square deviation in one of the sets of data); slope (slope, slope of
the best fit line passing through the origin approximating the distribution of the two sets5

of data); Willmott index (Willmott, 1982) (d range limited to 0 and 1, where 1 indicates
a perfect matching); and coefficient of correlation (R, measure of the linear correlation
between two sets of data). Such parameters are defined by the relationships shown in
the Appendix.

The values assumed by the parameters in the present comparison are shown in Ta-10

ble 1. Regarding bias and rmse, the differences between the two datasets are relatively
small. The high value of si for the buoy at Catania (0.85) is due to the significant wave
height at the site, which is predominantly less than 1 m. The values of the parameter
slope are less than 1, and thus the ECMWF data tends to underestimate the actual
sea status; however, this is limited to only certain events. Generally, such an underes-15

timation occurs in closed basins, as in the present case. In such areas, the hindcast
numerical models tend to underestimate the peak velocity of the wind, and therefore
lead to an underestimation of the significant wave height. The cause of this error is not
fully understood, but as revealed by a study conducted as part of the WW-Medatlas
(Cavaleri and Bertotti, 2004), it could be related to the modelling of the orography and20

of the marine boundary layer. The values of the parameter d indicate generally good
correspondence between the two data sets. The aim of this study was to estimate
the average wave power. Therefore, the analysis performed using the ECMWF data to
estimate onshore wave energy can be assumed to be conservative.

2.3 Setting up the computational grid25

For the case studied here, the computational domain was discretised using an unstruc-
tured grid. The unstructured grid requires more CPU computation than a regular grid,
although the use of an unstructured grid implies much fewer grid points than regular
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grids. For the present case, the computational domain around Sicily was discretised
with 4700 nodes and 89 666 triangular elements. The grid resolution varies linearly as
a function of the depth, fixing a length of mesh size equal to 400 m at depths less than
50 m, and 1000 where the depth is greater than 100 m. The computational domain was
defined in terms of the ECMWF grid points. Indeed, 34 grid points were selected at5

depths on the order of 100 m, and the offshore boundary of the domain was divided
into segments centred at each of the points (see Fig. 2). The wave data of these points
was used to define the boundary conditions of the computational domain. Furthermore,
to estimate wave regeneration during propagation, 32 additional grid points were se-
lected to define the wind field over the entire computational domain (see Fig. 2). At10

each node of the domain, the wind data were defined by interpolating using the inverse
distance interpolation weighted method. The spectrum of the two-dimensional input
is the JONSWAP spectrum. The spectrum was discretised into 36 directions and 40
frequencies in a range 0.04–0.5 Hz, which corresponds to range of 2–25 s in terms of
time.15

2.4 Validation of the output data

Validation of the significant wave height estimated using the models was conducted
by performing a comparison with data collected from several satellites and processed
by the French Research Institute for Exploitation of the Sea (IFREMER). The IFRE-
MER database provided wave heights at the global scale over the period of 1991 to20

2013. In particular, the wave heights are derived from measurements made by 7 satel-
lites (ERS2, ENVISAT, TOPEX-POSEIDON, Jason 1–2, GEOSAT FO, Cryosat-2) cali-
brated according to the method developed by Queffeulou (2004). For additional details,
interested readers are referred to Queffeulou and Croizé-Fillo (2013). The selected ob-
servation points are shown in Fig. 3. The validation of the data from the SWAN model25

with the satellite data was performed using the parameters defined in the Appendix,
and the results are shown in Table 2. The comparison shows a fairly good agree-
ment. In fact, the values of rmse are under 0.5 m, and a maximum value of 0.49 m was
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reached for the data acquired from the ERS-2 satellite. The values of slope are all less
than 1, indicating that the model data tended to underestimate the values of the sig-
nificant wave heights. These results are due to the boundary conditions gathered for
the ECMWF data, which tend to underestimate the peak events, as described above.
Figure 4 shows a scatter plot of the output of the model SWAN and the significant wave5

heights estimated by the Jason-1 satellite.

3 Wave energy resource

3.1 Method

The components of wave energy transport P are defined as:

Px =

2π∫
0

∞∫
0

cxE (σ,θ)dσdθ10

Py =

2π∫
0

∞∫
0

cyE (σ,θ)dσdθ (3)

where E is the energy spectral density. For deep waters, the total wave energy transport
can be rewritten as:

P =
ρg2H2

m0Te

64π
(4)

where ρ is the density of water, g is the acceleration due to gravity, Hm0 is the significant15

wave height, and Te is the energy period. The significant wave height Hm0 and the
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energy period Te are defined by the following relationships:

Hm0 = 4(m0)0.5 = 4

 2π∫
0

∞∫
0

S(σ,θ)dσdθ

0.5

(5)

Te =
m−1,0

m0
= 2π

(∫2π
0

∫∞
0 σ
−1S(σ,θ)dσdθ∫2π

0

∫∞
0 S(σ,θ)dσdθ

)
(6)

where S is the variance density spectrum and mn represents the spectral moment of
order n.5

It was noted that in some cases, to estimate the wave energy resources, Eq. (4)
is used indiscriminately for both h

L > 1/2 (deep waters) and h
L < 1/2 (intermediate and

shallow waters). However, Barbariol et al. (2013) reported that the use of Eq. (4) under-
estimates the value of the wave energy if it is applied for the case of hL < 1/2. Extend-
ing the analysis conducted in Barbariol et al. (2013), we compared the two methods10

assuming a TMA spectrum. According to a previously reported formulation (Tucker,
1994), the TMA spectrum can be expressed as follows:

STMA(σ) = SJ(σ) ·φ(kh) (7)

where SJ(σ) is JONSWAP spectrum, k is wave number, h is the water depth and the
function φ(kh) is defined as follows:15

φ(kh) =
tan2kh

1+ 2kh
sinh(2kh)

(8)

Figure 5 shows the relative difference ∆P between the wave energy transport, esti-
mated using Eq. (3) and calculated using Eq. (4). The relative difference ∆P is defined
by the following relationship:

∆P =
Pdw − Psw

Psw
(9)20
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where Pdw and Psw are the wave energy transports estimated according to Eqs. (4) and
(3), respectively. In particular, in Fig. 5a, the relative difference is plotted as a function
of the peak period and the depth (the lines indicate the ratio between the depth and
the wavelength). In Fig. 5b the relative difference is plotted as a function of the peak
period and the ratio h

L . For h
L greater than 0.4, there no differences between the two5

methods. The difference approaches −15 % when the h
L is within the range of 0.12 to

0.26, whereas the difference increases for values of hL lower than 0.12. For hL less than
0.07, Eq. (4) overestimates the value of the wave energy transport. The graph cannot
be generalised because it changes with the input spectrum, although if the sea state
corresponds to a value of hL greater than 0.4 and in the range approximately between10

0.07–0.10, either method may be used. Conversely, if h
L falls outside of the previous

range, the maximum relative error is approximately −15 %, and it is recommended to
use Eq. (3). Moreover, as shown in Fig. 5b, the difference is minimally influenced by
the peak period only for peak period near 2 s.

For the present study, Fig. 6 shows the comparison between the energy transport15

estimated according to Eqs. (3) and (4). The comparison was affected along the red
line indicated in Fig. 6 for a sea state with an offshore significant wave height of 2 m and
a peak period of 10 s. Notably, that the maximum difference between the two formulas
is approximately 10 %. Such a difference is relatively low and of the same order of
uncertainty that is present in the input wave data.20

3.2 Analysis of results

For each sea state propagated up to the coast (one every six hours from 1 January
1999 to 31 December 2012), the associated energy flux was obtained (see Fig. 7).
On the boundary of the domain the wave energy flux is consistent with the results of
Liberti et al. (2013). In detail, an energy flux close to 8 kWm−1 is observed on the25

western side, whereas in the Strait of Sicily, a flux in the range 4–6 kWm−1 is detected.
The wave energy flux is further reduced to 2–3 kWm−1 on the north and east sides of
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Sicily, respectively. As shown in Iuppa et al. (2014), where preliminary results of the
present study are reported, the areas with highest wave energy have a low variation in
wave power over the period studied. For these zones, the ratio between the standard
deviation and the yearly mean wave energy flux is below 0.35.

Figure 8 shows the seasonal distribution of the wave energy flux. The data are re-5

grouped according to the follows months: (a) December, January and February (DJF);
(b) March, April and May (MAM); (c) June, July and August (JJA); (d) September, Oc-
tober and November (SON). As expected, the energy flux in the DJF period is higher
than the other periods. The JJA period shows a significant reduction compared to the
DJF period, which ranges approximately from 60–80 %.10

Figure 9 shows the comparison of the average power estimate corresponding to
the bathymetric lines at depths of 10, 20 and 50 m. According to a coarse analysis at
a regional scale, we identified four zones with nearly homogeneous values: the first be-
tween Capo San Vito and Capo Granitola (zone I), the second between Capo Granitola
and Capo Isola delle Correnti (zone II), the third between the Capo Isola delle Correnti15

and Capo Peloro (zone III), and finally, the fourth between Capo Peloro and Capo San
Vito (zone IV). In the first zone, the energy flux does not exhibit a substantial variance
from depths of 50 to 10 and the reduction is approximately 1–2 kWm−1. However, the
presence of small islands provides coastal protection by reducing the nearshore wave
energy. This part of the coast is characterised by waves that primarily come from the20

sector in the range of 260–290◦N. Such waves are almost perpendicular to the coast-
line, and therefore, when they travel from offshore to the shoreline, they suffer from
little energy dispersion (due to refraction). In the second zone the energy spatial dis-
persions (due to refraction) are more sensitive, and the values of the wave energy flux
are lower. However, from the depths of 50 to 10 m, the energy reductions are smaller,25

approximately less than 1 kWm−1. In the third zone, the energy flux is lower because
the wave heights are less than 0.5 m for most of the time (see the wave climate of the
buoy of Catania in the Fig. 1). However, this zone contains points energy values near
to 3.5 kWm−1. In the fourth zone, there are areas of high energy alternating with ar-
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eas of low energy. Even in this case, there exist some points where the energy grows
drastically.

Hot-spots selections

In this study we selected six sites characterised by high energy content between zone
I and zone IV and an additional, two sites near the islands of Favignana and Marettimo.5

Figure 10 shows the locations of the hot-spots selected, and Table 3 presents their
principal characteristics.

The sites were analysed to understand how the energy is distributed with respect to
the significant wave height, the energy period, the direction and the seasons. Figure 11
to Fig. 14 show the wave energy distribution with respect to the energy period and the10

significant wave height for the selected sites. Figure 15 shows the wave climate. Table 4
shows both the probability of occurrence for the classes Te–Hm0 and the direction at
which the wave energy is concentrated and the probability of “no-calm” occurrences;
thus, waves with a significant wave height greater than 0.5 m are shown. Finally, Table 5
summarises the seasonal distribution of the average wave energy flux.15

SH1 site is located in zone IV near the port of Terrasini. Here, the power density is
relatively lower than that of the others sites, although, it is nearly equal to that observed
offshore. The wave energy is concentrated in the classes over a range of 6–8.5 s re-
spect to the Te and between 1–3.5 m with respect to Hm0, with an annual frequency
of 12.55 % (approximately 46 daysyear−1). The percent of “no-calm” is approximately20

47.72 %. Waves with high energy content come from the sector at 290–320◦N with
a frequency of 49.81 %. The wave energy flux is slightly greater than 5 kWm−1 for
the winter months, whereas for the summer months, the value is reduced to almost
1 kWm−1.

The sites HS2 and HS3 are both located near the port of San Vito Lo Capo. However,25

they exhibit different energy distributions with to respect both Hm0–Te and the direction.
At HS2, the waves tend to be aligned to the coast, and the energy is focused in

a more restricted range of Hm0–Te. The wave energy is concentrated in the range 6–
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8.5 s and 1–3.5 m, with an annual frequency of 10.74 % (approximately 39 daysyear−1).
The percent of “no-calm” is approximately 56.98 % with waves coming predominantly
from the sector between 350–10◦N and characterised by a frequency of 47.83 %. The
wave energy flux is slightly greater than 10 kWm−1 for the winter months, whereas for
the summer months, the value is reduced to 2 kWm−1.5

At HS3, the waves with more energy and frequency are concentrated in the range of
6–8.5 s with respect to Te and between 2–4.5 m with respect to Hm0, with a frequency
of 7.05 % (approximately 26 daysyear−1). Here, the predominantly waves come from
the sector between 310–330◦N with a frequency of 43.11 %.

Site HS4 is located near the port of Trapani. The wave energy is concentrated in10

the range 6.5–9 s with respect to Te and between 2–3.5 m with respect to Hm0, with
an annual frequency of 6.0 % (approximately 22 daysyear−1). The percent of “no-calm”
is approximately 49.53 %. More energetic waves come from the sector at 310–320◦N,
with a frequency of 32.93 %. The seasonal variation is fairly high (approximately 88 %).

The site SH5 is located near the west coast of Favignana Island. It has a good15

exposure as regarding energetic waves. The wave energy flux is approximately
6.88 kWm−1. More energetic waves have a frequency of 25.97 % (approximately
95 daysyear−1). As observed for the SH2 site, the energy is more concentrated in
a fewer number of bins than occurs at the other sites. The dominant directions are in
the sector 280–290◦N with a frequency of 31.93 %. However, the maximum seasonal20

variation between the winter and summer months is approximately 75 %.
The SH6 site is located near the west coast of the Marettimo Island. The sites ex-

hibits a different exposure from that at the SH5 site. The wave energy is concentrated
in the range of 5.5–10 s with respect to Te and 1.5–4.5 m with respect to Hm0, with an
annual frequency of 19.89 % (approximately 73 daysyear−1). The percent of “no-calm”25

is approximately 67.42. The dominant directions are in the sector at 270–280◦N with
a frequency of 40.80 %. Wave energy flux is slightly greater than 10 kWm−1 for the win-
ter months, whereas for the summer months, a reduction to 1.87 kWm−1 is observed.
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The SH7 site is located approximately 1.2 km from the city of Marsala. At this site,
highly energetic waves come from the direction in the range of 260–290◦N, and less
energetic waves come from the direction of 180–210◦N. The wave energy flux is slightly
greater than 7 kWm−1 for the winter months, whereas for the summer months, a reduc-
tion to 1.29 kWm−1 is observed.5

The SH8 site is located approximately 9 km from the city of Mazara del Vallo. The
wave energy flux is approximately 5.4 kWm−1. The wave energy is concentrated in the
range of 5–9 s with respect to Te and 1–4 m with respect to Hm0, with an annual fre-
quency of 27.84 % (approximately 101.6 daysyear−1). The percent of “no-calm” is ap-
proximately 66.77 %. The dominant directions are included in the sector at 270–300◦N,10

with a frequency of 40.35 %. The wave energy flux is slightly greater than 9.5 kWm−1

for the winter months, whereas for the summer months, a reduction to 1.51 kWm−1 is
observed.

4 Discussion and conclusions

The characterization of hot-spots is important for appropriate location of a WEC farm,15

especially in the Mediterranean Sea, which includes sites where a wave energy con-
centration can be observed due to wave transformation.

In the present study, the potential wave energy along the coasts of Sicily was inves-
tigated to identify possible sites for the installation of wave farms near the coast. The
analysis was based on wave and wind data obtained from the forecast centre ECMWF,20

which covers a period of 14 years (1999–2012) with a time resolution of 6 h. The wave
data were propagated using the SWAN model, which allows wave propagation to be
studied by taking into account several phenomena, such as whitecapping, nonlinear
wave–wave interactions, refraction, diffraction and wave regeneration due to wind. To
validate the model, the significant wave height output was compared to data from sev-25

eral satellites. Good agreements was found between the two data sets.
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The obtained results of the wave energy flux showed that the most energetic areas
are located on the western side of Sicily and in the Strait of Sicily. The offshore values
of the observed energy flux are close to 8 kWm−1 on the western side, with a reduction
in the Strait of Sicily to 4–6 kWm−1. The wave energy flux is further reduced to 2–
3 kWm−1 on the north and east side of Sicily. In comparing the wave energy estimates5

along the bathymetric at −10, −20 and −50 m, 8 hot-spots were identified (Fig. 10
represents the locations of the sites). In particular, the HS3 site (near Capo San Vito)
is the most energetic, although the analysis of the energy distribution showed that
wave energy flux is determined by events that have high energy but a low annual
frequency. Instead, the SH5 site (near the island of Favignana) is characterised by10

an average wave power less than HS3, but the energy is concentrated in a limited
range of Hm0 and Te with an annual frequency to 25.97 %. The concentrated energy
flux in the limited range of Hm0 and Te and within a limited sector is an important
characteristic for the productivity of WECs. Indeed, the devices are generally designed
to guarantee good performances in average climates. Therefore, smaller variations in15

wave climate compared to the design conditions correspond to greater production of
energy from the device. A similar energy distribution was observed for the HS2 (near
Capo San Vito) and HS4 (near the Trapani port) sites, although, they exhibit lower
average energy than the HS5 site. The HS1 site (near the Terrasini port) does not
generate sufficient energy to ensure an economic pay-back over a reasonable period20

of time. The percentage of calm event (significant wave height less 0.5 m) is greater
than 50 % and the annual average wave energy is approximately 3.3 kWm−1. For the
HS6 (near island Marettimo), HS7 (near Marsasla port) and HS8 (near the Mazara
del Vallo port) sites, the wave energy arrives not only from the dominant direction, as
observed for the other sites, but also from secondary directions. Therefore, to better25

exploit wave energy, it is best to utilise fixed unidirectional devices at the HS2 to HS5
sites, whereas for the latter three sites, it is more convenient to use directional devices.
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These analyses show that profitable WECs could be realised at various sites around
Sicily. However, currently, the majority of devices are designed for areas with high wave
energy.

Appendix: Parameters for comparison between the model and buoys data

The parameters used to comparison of the different data set are defined by the follow-5

ing relationships:

bias =
1
n
·
N∑
i=1

(yi −xi ) (A1)

rsme =

√√√√ 1
n−1

·
N∑
i=1

(yi −xi )2 (A2)

si =
rsme

1
n ·

N∑
i=1

(yi )

(A3)

d = 1−

N∑
i=1

(yi −xi )
2

N∑
i=1

(|yi ′| − |xi ′|)2

(A4)10

R =

N∑
i=1

(xi − x̄)(yi − ȳ)√
N∑
i=1

(xi − x̄)2

√
N∑
i=1

(yi − ȳ)2

(A5)
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where: xi and yi are the compared datasets, |xi
′| = |xi − x̄| and |yi

′| = |yi − ȳ | where x̄
and ȳ are the averages of the compared datasets.
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Table 1. Adopted parameters for performing the comparison between the ECMWF data and
the data of the buoys.

Buoy sample bias [m] rmse [m] si [–] slope [–] d [–] R [–]

Catania 8711 0.19 0.33 0.85 0.652 0.813 0.77
Capo Gallo 4451 0.10 0.32 0.49 0.800 0.922 0.89

Mazara del Vallo 9813 0.09 0.28 0.30 0.888 0.957 0.93

335

http://www.ocean-sci-discuss.net
http://www.ocean-sci-discuss.net/12/315/2015/osd-12-315-2015-print.pdf
http://www.ocean-sci-discuss.net/12/315/2015/osd-12-315-2015-discussion.html
http://creativecommons.org/licenses/by/3.0/


OSD
12, 315–354, 2015

Investigation of
suitable sites for

WECs around Sicily

C. Iuppa et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

D
iscussion

P
aper

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|
D

iscussion
P

aper
|

Table 2. Adopted parameters for validating wave propagation data obtained from the results of
the SWAN model with the satellite data.

Satellite Reference period samples bias [m] rmse [m] si [–] slope [–] D [–] R [–]

ERS-2 15 May 1995 to 4 Jul 2011 4615 0.11 0.49 0.507 0.839 0.873 0.77
ENVISAT 14 May 2002 to 8 Apr 2012 2589 0.09 0.35 0.298 0.942 0.941 0.90

Topex Poseidon 25 Sep 1992 to 8 Oct 2005 3345 0.20 0.39 0.480 0.814 0.913 0.88
Jason-1 15 Jan 2002 to 15 Feb 2013 3747 0.13 0.38 0.357 0.886 0.926 0.87

Geosat Follow-On 7 Jan 2000 to 7 Sep 2008 731 0.28 0.43 0.454 0.766 0.857 0.84
Jason-2 4 Jul 2008 to 1 Feb 2013 1640 0.14 0.39 0.377 0.889 0.917 0.86

CryoSat-2 28 Jan 2011 to 8 Apr 2013 701 0.17 0.38 0.474 0.861 0.914 0.87
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Table 3. Sites selected in proximity of the Sicily coast. For the sites the table shows: the ge-
ographical coordinates; the depth; the annual average wave power; the annual average wave
energy; Dc is the distance between the sites and the coast; Dp is the distance between the sites
and the nearest port; the name of the port.

Site Coordinates Depth Power Energy Dc Dp Port
long [◦] lat [◦] [m] [kW m−1] [MWhm−1] [km] [km]

HS1 13.08 38.19 13.80 3.34 29.26 1.00 3.00 Terrasini
HS2 12.77 38.18 10.00 5.49 48.09 0.50 3.00 San Vito Lo Capo
HS3 12.74 38.20 16.30 7.52 65.88 1.50 2.00 San Vito Lo Capo
HS4 12.53 38.04 10.00 4.22 36.97 0.50 3.50 Trapani
HS5 12.27 37.94 10.00 6.88 60.27 0.50 7.00 Favignana
HS6 12.04 37.96 10.00 6.38 55.89 0.50 9.00 Marettimo
HS7 12.41 37.80 10.00 4.36 38.19 1.00 1.20 Marsala
HS8 12.47 37.65 21.00 5.40 47.30 4.00 9.00 Mazara del Vallo
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Table 4. The probability occurrence for class of Te–Hm0 and direction where the wave energy
are concentrated. For any sites the frequency of “non calm” are also reported.

Sites Hm0 [m] Te [s] frequency [%] Dir [◦ N] frequency [%] non calm
frequency [%]

HS1 1.0–3.5 6–8.5 12.55 290–320 49.81 47.72
HS2 2.0–4.0 6.0–10 10.74 350–10 47.83 56.98
HS3 2.0–4.5 6.0–8.5 7.05 310–330 43.11 61.07
HS4 2.0–3.5 6.5–9.0 6.00 310–320 32.93 49.53
HS5 1.5–3.5 6.0–10 25.97 280–290 31.93 69.88
HS6 1.5–4.5 5.5–10 19.89 270–300 40.80 67.42
HS7 1.5–3.5 6.0–10 11.65 270–280 31.30 61.12
HS8 1.0–4.0 5.0–9.0 27.84 270–300 40.35 66.77
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Table 5. Seasonal distribution of the average wave energy flux per unit crest length for the sites
selected.

DJF MAM GLA SON

P E P E P E P E
[kW m−1] [MWh] [kW m−1] [MWh] [kW m−1] [MWh] [kW m−1] [MWh]

HS1 6.72 58.84 2.76 24.22 0.96 8.41 2.78 24.37
HS2 10.06 88.11 4.91 42.97 1.96 17.19 4.82 42.27
HS3 15.05 131.86 6.37 55.81 1.86 16.25 6.38 55.91
HS4 8.11 71.03 3.67 32.12 1.36 11.94 3.61 31.58
HS5 11.44 100.25 6.62 58.02 2.75 24.11 6.31 55.31
HS6 10.93 95.72 6.12 53.58 1.87 16.34 6.10 53.44
HS7 7.93 69.46 4.07 35.66 1.29 11.28 3.93 34.46
HS8 9.82 85.99 5.14 45.00 1.51 13.26 4.84 42.38
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Figure 1. Location of study area.
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Figure 2. Localization of the ECMWF grid points selected for the definition of the boundary
conditions.
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Figure 3. Observation points from satellite selected within the computational domain for vali-
dating wave propagation data obtained through the application of the SWAN model.
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Figure 4. Scatter plot of the output of the model SWAN and the date observed from the satellite
Jason 1.
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Figure 5. Comparison between Eqs. (3) and (4): (a) the relative difference is plotted as function
of peak period and the depth (the lines indicate the ratio between the depth and the wave-
length.); (b) the relative difference is plotted as function of peak period and the ratio h

L .
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Figure 6. On left the figure shows the comparison between Eqs. (3) and (4) for the case study
with offshore significant wave height approximately of 2 m and a period of 10 s. On the right,
the map shows the line on which the comparison was made.
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Figure 7. Distribution of the average wave energy flux per unit crest length within the computa-
tional domain.
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Figure 8. Seasonal distribution of the average wave energy flux per unit crest length within
the computational domain. (a) December, January and February; (b) March, April and May;
(c) June, July and August; (d) September, October and November.
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Figure 9. Distribution of the wave energy flux around Sicily estimated at three different bottom
elevations: (a) −10 m; (b) −20 m; (c) −50 m.
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Figure 10. Locations of the selected hot-spots and relative nearest ports where WECs could
be located.
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Figure 11. Characterization of the wave energy for the points HS1 and HS2: characterization
of the yearly average wave energy in terms of significant wave height (Hm0) and energy period
(Te). The colour scale represents annual energy per meter of wave front (in MWh m−1). The
numbers within the graph indicate the occurrence of sea states (in number of hours per year).
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Figure 12. Characterization of the wave energy for the points HS3 and HS4: characterization
of the yearly average wave energy in terms of significant wave height (Hm0) and energy period
(Te). The colour scale represents annual energy per meter of wave front (in MWh m−1). The
numbers within the graph indicate the occurrence of sea states (in number of hours per year).
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Figure 13. Characterization of the wave energy for the points HS5 and HS6: characterization
of the yearly average wave energy in terms of significant wave height (Hm0) and energy period
(Te). The colour scale represents annual energy per meter of wave front (in MWh m−1). The
numbers within the graph indicate the occurrence of sea states (in number of hours per year).
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Figure 14. Characterization of the wave energy for the points HS7 and HS8: characterization
of the yearly average wave energy in terms of significant wave height (Hm0) and energy period
(Te). The colour scale represents annual energy per meter of wave front (in MWh m−1). The
numbers within the graph indicate the occurrence of sea states (in number of hours per year).
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Figure 15. Wave power climate for the sites selected.
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