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Abstract: In the present paper, we investigate the feasibility of wave electricity production
in Italian seas by the deployment of the Seabased wave energy converter (WEC). A
numerical model of the coupled buoy-generator system is presented, which simulates the
behavior of the wave energy converter under regular waves of different wave heights and
periods. The hydrodynamic forces, including excitation force, radiation impedance and
hydrostatic force, are calculated by linear potential wave theory, and an analytical model is
used for the linear generator. Two buoys of different radii are considered to explore the
effect of buoy dimension on energy conversion and device efficiency. The power output is
maximized by adding a submerged object to the floating buoy, in order to bring the system
into resonance with the typical wave frequencies of the sites. The simulation results show a
very good agreement with the published data on the Seabased WEC. The model is used to
estimate energy production at eight Italian offshore locations. The results indicate that the
degree of utilization of the device is higher than 20% at the two most energetic Italian sites
(Alghero and Mazara del Vallo) and that it can be considerably increased if the floating
body is connected to a submerged object, thanks to the resonant behavior of the WEC. In
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this case, the degree of utilization of the device would be higher than 40% at most of the
study sites, with the highest value at Mazara del Vallo. The work enlarges the perspective,
to be confirmed by experimental tests and more accurate numerical modeling, on clean
electric power production from ocean waves in the Italian seas.
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1. Introduction

Electricity generation from clean, safe and sustainable energy sources is nowadays a priority for
many industrialized countries to meet increased energy demand and to reduce CO, emissions.
An extremely promising renewable resource, which could provide substantial clean energy supply, is
represented by surface ocean waves [1].

Wave electricity production has attracted the interest of governments and industry since the oil
crisis of 1973, but wave power technologies are still in the research and development phase [2]. Wave
energy faces a number of technical and economic challenges, due to the harsh conditions of the ocean
environment, which imply high maintenance and installation costs. Despite the great variety of wave
energy converters (WECs) proposed since the pioneering works of Masuda [3], McCormick [4], Budal
and Falnes [5], Salter [6] and others, only very few devices have been deployed in real seas.
At present, further research is still needed to develop reliable wave power conversion technologies,
which could be economically competitive in the global energy market. However, compared to wind
and solar energy, wave energy presents considerable technical advantages, because it is more predictable,
persistent and spatially concentrated [7]. Moreover, wave energy production has low visual and
environmental impact, negligible land use and follows the seasonal variability of energy demand in
temperate climates [8]. These favorable aspects of ocean wave energy together with its enormous
potential strongly motivate and support the scientific community in finding viable and profitable
engineering solutions to capture energy from waves.

Assessments of the global wave energy potential (e.g., [9,10]) show that the most promising
locations for wave energy production are off the western coasts of continents in moderate to high
latitudes, with a larger proportion in the Southern hemisphere. In Europe, the average annual wave
power, expressed as power per unit length of wave crest, increases from 30 kW/m—40 kW/m off the
northern Portugal coast [11], up to 75 kW/m off the British Islands [8] and, then, decreases to
30 kW/m off the northern part of the Norwegian coastline [8] and to 5 kW/m off the Swedish west
coast [12]. In the Mediterranean basin, the most productive areas are found between the Balearic
Islands and the western coast of Sardinia and in the Sicily channel, and they have, respectively,
average wave energy fluxes up to 12 kW/m and 9 kW/m [13]. In Italy, an analysis of 18-year wave
data measured by the buoys of the Italian Wave Network [14] showed that the most energetic locations
are Alghero, on the western coast of Sardinia (9.1 kW/m), and Mazara del Vallo, on the Sicily Strait
(4.7 kW/m).

Wave energy conversion technologies can be classified in many different ways: according to the
working principle, to the geometry or to the primary location. Recent reviews on the existing wave
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energy converters can be found in Clément et al. [8], Cruz [2] and Falcdo [15]. If the horizontal size of
the device is much smaller than the typical wavelength, the WEC is called a point absorber; otherwise,
it is called a terminator or attenuator, depending on if it is aligned normal or parallel to the prevailing
wave direction. Point absorbers (floating or submerged) convert the vertical motion of ocean waves in
linear or rotational motion for driving electrical generators by means of a power take off (PTO)
system. Point absorbers are very attractive, because they can harness energy from a wavefront much
larger than the horizontal width. They operate as the antenna of a radio receiver, which absorbs much
more power from the wave than is incident on to its physical cross section [5]. Furthermore, optimal
control theory has shown that multiple converters can exploit constructive interference to enhance
power absorption [16].

Traditionally, point absorbers have used high speed rotatory machines, such as hydraulic turbines,
to extract energy from ocean waves. In recent years, linear generators have been proposed in several
marine applications as a well-suited technology [1,17,18]. Direct drive energy converters allow the
reduction of the mechanical complexity of the PTO system, obtaining more efficient, reliable and,
finally, commercially attractive devices [19]. Many point absorber WECs with linear generators are
currently being studied and developed in Europe and North America. Two promising technologies that
already reached an advanced development stage are the Archimedes Wave Swing (AWS) device,
developed by the company, AWS Ocean Energy [20], and the Seabased’s wave energy converter,
developed by the Swedish Center for Renewable Electric Energy Conversion of Uppsala
University [21]. The AWS consists of a fully submerged air filled chamber, with a lid, which can move
vertically with respect to a basement, fixed to the sea bed. As a wave passes over the device, the
changes in water pressure induce the movement of the lid, which is linked to a linear generator that
converts the motion into electrical energy [22]. The Seabased WEC (Figure 1) consists of a floating
buoy connected by a rope to a piston surrounded by permanent magnets [1]. The vertical buoy motion,
due to ocean waves, provides piston movement relative to the stator coils, where alternating current is
induced. Springs connecting the bottom of the translator to the foundation act as a restoring force and
energy storage. Each device has a relatively low power output; hence, the concept is to install several
devices in parallel [23].

Figure 1. Sketch of the Seabased wave energy converter.
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In Italy, wave energy research has been very limited in the last few decades; until the last few years,
the only relevant activity has been the development of the resonant wave energy converter (REWEC)
by Boccotti [24]. However, rising energy costs and environmental concerns are now pushing the
Italian government to increase electricity production by renewable resources. At present, clean energy
production covers more than 25% of the state energy demand, a considerably high percentage if
compared with the 15% of five years ago [25]. The new interest of the scientific community on wave
energy generation has led to some publications on the characterization of the available resource [13,14]
and to the first feasibility studies of wave energy exploitation by offshore devices [26-28]. These
works showed that the existing technologies that have been designed for more energetic wave climates
than the Italian offshore would not be a cost-effective investment in the Italian seas. However, the
Italian offshore could be successfully exploited for wave energy production by installing small rated
devices specifically designed for areas of moderate wave power, such as the Seabased device.

In the present paper, we investigate the feasibility of wave electricity production in Italian seas by
the deployment of the Seabased WEC. This preliminary analysis aims to provide advice for future
works, which will involve the design of a point absorber WEC specifically tailored for the Italian wave
climate. The behavior of the device is described by the equation of the motion of a single body system
restricted to vertical motion. The hydrodynamic forces, including excitation force, radiation impedance
and hydrostatic force, are calculated by linear potential wave theory. The generator is simulated based
on the analytical model presented by Thornburn ef al. [29]. Two cylindrical buoys of different radii are
considered to explore the effect of buoy dimension on energy conversion and device efficiency. Each
buoy is also tuned to be in resonance with the dominant sea states at the study sites, by adding a deeply
submerged sphere with neutral buoyancy. Different sea states are simulated to determine the device
power output as a function of significant wave height and wave period. Finally, the energy production
at eight Italian offshore locations is estimated, and some performance indices are presented. The paper
is organized as follows: in the first section, we characterize the wave energy resource of the sea sites
considered in the present analysis. In the second section, we describe the mathematical model and in
the third section, the buoy configurations, and then, we present the simulation results. Finally, in the
last section, some conclusions are drawn.

2. Wave Energy Resource Assessment

Wave energy projects start with the characterization of the wave climate and the wave energy
potential. In order to select favorable sites and to design wave energy converters, it is crucial to know
the resource availability, its monthly distribution and its composition in terms of sea states.

In this work, we have characterized the wave energy resource of eight locations off the Italian coast,
where the wave energy converter is supposed to be deployed. The location of the selected sites is
shown in Figure 2. The study sites are wave buoy locations of the Italian wave metric network
characterized by wave data records longer than 10 years. The buoys are moored in deep water, at
depths ranging from about 60 m in the Adriatic Sea to about 100 m in the Tyrrhenian Sea. Their
distance from shore varies between 1.2 km (Crotone) and 15.6 km (La Spezia). Table 1 reports the
main features and wave energy statistics of the locations, sorted by decreasing wave power potential
(original data from [14]).
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Figure 2. Case study locations.
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The most energetic sites (1-4 in Table 1) are located in the Tyrrhenian Sea. The average annual
wave power at these sites ranges between 3.5 kW/m and 9.1 kW/m, and it is comparable to other sites
in the North Sea [2], where wave energy exploitation is at an advanced development stage. The study
site with the most energetic wave climate is Alghero, on the western coast of Sardinia. In this location,
the annual wave energy is around 90 MWh/m, and the average annual wave power is 9.1 kW/m. The
last four sites are located in the Tonian and Adriatic Sea; at all these locations, the annual average wave

power is lower than 3 kW/m.

Table 1. Main features and statistics of the study sites. Columns I, II, III and IV represent
the percentage of the annual wave energy in the months December—February, March-May,
June—August and September—November, respectively.

Depth Distance Wave Missing Average annual CV of average
Site from shore  record data wave power  monthly wave 1 II m 1v
™ km)  length@y) (%) (KW/m) power (%)
1 Alghero 95 5.2 18.8 9% 9.1 48% 38% 25% 11% 26%
2 Mazaradel Vallo 75 13 18.8 15% 4.7 59% 2% 27% 8% 23%
3 Ponza 100 1.44 17.7 10% 3.7 50% 37% 23% 11% 28%
4 La Spezia 92 15.6 18.8 13% 35 36% 33% 23% 14% 30%
5 Crotone 100 1.22 17.5 7% 29 56% 47% 23% 4% 26%
6 Monopoli 65 6.02 17.7 9% 2.1 55% 43% 24% 11% 22%
7 Catania 100 5.1 18.8 9% 1.9 63% 43% 28% 6% 24%
8 Ortona 60 10 17.7 12% 1.9 66% 46% 22% 9% 23%

Note: CV, coefficient of variation.

The monthly average wave power strongly varies over the year; the coefficient of variation (CV) of
the monthly time series well represents this variation: the most constant sites, in terms of wave power,
are located in the Northern Tyrrhenian Sea (La Spezia and Alghero), while the highest variability is
found in Catania and Ortona. For all the locations, the most energetic months (December to February,
column I of Table 1) provide a large amount of the annual wave energy (varying from 33% of the
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annual energy in La Spezia up to 47% in Crotone), while the less energetic months (June to August,
column III of Table 1) account for a very small percentage of the annual output (only 4% in Crotone).
This high seasonal variability, typical of many renewable energy sources, is strongly correlated to
wind fluctuations, which are smaller in more temperate zones.

The characterization of the wave climate and the wave energy potential in terms of sea states is
shown in Tables 2 and 3. Occurrence of Hs-Tp events, at each location, was obtained from the website
of the Italian Wave Network [30]. Table 2 reports the percentage of occurrence and the percentage of
annual energy corresponding to different wave height intervals and, Table 3, the percentage of
occurrence and the percentage of annual energy corresponding to different intervals of the wave peak
period. In the design of the wave energy converter, both the information (percentage of occurrence and
percentage of annual energy) should be taken into account; the wave climate data is needed to
maximize the degree of utilization (or capacity factor) of the WEC, i.e., the amount of time in a year
during which it is operating at its rated power. On the other hand, the bivariate energy distribution is
related to the efficiency of the device, which should be maximal for the range of wave height and the
period providing the bulk of the energy.

Table 2. Percentage of occurrence (Po on grey columns) and percentage of annual energy
(Pag on white columns) corresponding to different wave height intervals.

H Alghero Mazara Ponza La Spezia Crotone Monopoli Catania Ortona
S

(m) PO PAE PO PAE PO PAE PO PAE PO PAE PO PAE PO PAE PO PAE
() () (B) () (D) (D) (D) (D) (D) (D) (D) (D) (D) (D) (D) (%)

<0.5 313 04 268 07 387 14 423 1.7 472 22 435 28 552 48 541 33
05-1 270 33 334 &7 309 106 340 13.1 290 11.7 353 20.1 306 187 282 16.1
1-1.5 150 60 193 16.0 16.1 179 119 147 129 16.7 129 227 84 164 104 182
1.5-2 92 82 107 191 7.6 185 56 148 58 164 45 166 3.1 135 3.7 139
2-2.5 60 98 49 157 36 160 28 133 23 119 20 129 1.1 87 15 102
2.5-3 40 104 24 127 16 113 16 116 09 79 08 81 05 70 06 64
3-35 25 95 13 96 08 82 08 84 10 120 06 86 05 101 0.7 119
3.54 15 &1 06 64 04 57 05 75 05 88 03 53 03 86 04 94
4-5 15 118 05 77 03 59 04 88 04 98 01 24 03 97 03 89
5-6 14 182 01 30 01 32 01 48 01 24 00 02 00 23 00 13
67 05 99 00 03 00 06 00 10 00 01 00 00 00 02 00 04
>7 02 44 00 01 00 07 00 03 00 00 00 02 00 00 00 0.0

Table 3. Percentage of occurrence (Pop on grey columns) and percentage of annual energy
(Pag on white columns) corresponding to different intervals of wave peak period.

T Alghero Mazara Ponza La Spezia Crotone Monopoli Catania Ortona
P

PO PAE PO PAE PO PAE PO PAE PO PAE PO PAE PO PAE PO PAE
©®) o) (o) (B) (B) (h) (D) (D) (D) (D) (D) (h) (B) (D) (%) (%) (%)

<3 43 00 34 01 47 01 67 02 68 02 51 02 71 04 91 03
345 150 05 166 19 266 3.1 224 31 285 37 269 46 239 38 356 52
4.5-6 254 28 293 98 356 166 242 78 29.0 132 327 222 223 109 298 215
6-7.5 247 83 279 251 227 304 221 193 19.6 241 193 33.0 192 16.1 157 294
7.5-9 15.0 157 143 286 73 284 140 298 79 240 7.7 237 102 208 50 302
9-10.5 92 279 57 240 17 166 72 310 29 249 18 59 43 279 09 105
10.5-12 35 293 13 86 02 28 09 75 04 74 01 03 09 124 00 0.1
12-13.,5 0.8 147 0.1 12 00 08 00 01 00 08 00 00 01 29 00 00
13.5-15 00 05 00 o00 00O 00 00 00 00 OO0 OO0 00 00 00 0.0 00

>15 19 02 14 07 12 11 26 12 48 17 64 101 120 48 38 27




Energies 2013, 6 3039

Wave climate data show that the prevalent sea states are characterized by relatively small waves: in
Alghero and Mazara, Hs is below 1 m during approximately 60% of the year, while in the other less
energetic locations, the sea states with waves lower than 1 m account for 70%—-80% of the time. The
peak periods with the highest probability of occurrence are around 6 s for every location, confirming
that in the Mediterranean seas, the short waves prevail in the climate.

The comparison between the percentage of occurrence and the contribution to the annual energy
shows that most of the annual wave energy is provided by sea states with quite low probability of
occurrence. In Table 2, we can see that wave events with Hs lower than 1 m have the largest
probabilities of occurrence (between 60% and 80%), but they provide only a small amount of the
annual energy (4% in Alghero, between 10% and 15% in Mazara, Ponza, La Spezia and Crotone and
around 20% in the last three sites). With regard to wave periods, a large contribution to the annual
energy is provided by quite rare events (for example, in Alghero, 29% of the contribution to the annual
energy is given by waves with 7p around 11 s, which have a percentage of occurrence of only 3.5%).
In the Adriatic Sea, the main contribution to the annual energy is provided by waves with 7p around
7 s, while in the Tyrrhenian Sea, the bulk of the energy is associated with swells with higher periods
between 8 s and 11 s, due to the longer fetches.

3. Mathematical Modeling

The wave energy converter is modeled as a single body system with one degree of freedom along
the vertical axis (heave mode), as this accounts for most of the movement [31]. The WEC behavior is
simulated in the time domain, due to the non-linearity of the PTO system. At this stage, regular waves
are assumed. This is the main limitation of the model, because time domain approaches with irregular
wave inputs would be more accurate in this context. However, there are indications that the differences
between the two approaches are limited, at least for short waves, like those in the Mediterranean
Sea [32]. Moreover, our goal was to provide an initial indication of the feasibility of wave electricity
production in Italian seas by the deployment of a wave energy converter, designed for mild wave
climates. With respect to this scope, we believe that the simplified model of regular waves is adequate
and acceptable.

The floating body dynamics are determined by solving the following equation of motion, which
combines the hydrodynamic forces Fy (t) and the resistance forces Fg(t) due to the PTO system:

m-Z(t) = Fy(t) + Fr(t) (D

where m is the total mass of the system and Z(t) represents its vertical acceleration.
The hydrodynamic forces on the heaving buoy are calculated by:

1
Fy(t) = —mgZ(t) — Rpz(t) — EPACD(Z'(t) = 7(0)12(®) = 7] - pgAz(t)

H )
+ F, icos(a)t + a)

where z(t) is the vertical coordinate at time, t measured with respect to the buoy equilibrium position
in calm seas. The five terms on the right side of the equation represent the different forces acting on
the buoy: (1) added inertial force, accounting for the fluid volume moving with the buoy, where m,, is



Energies 2013, 6 3040

the added mass; (2) radiation damping force, due to the waves created by buoy oscillations, where R,
is the radiation damping coefficient; (3) viscous damping force accounting for relative turbulent flow,
where p is sea water density, A is the waterplane area of the body at rest, Cp is the viscous damping
coefficient, set equal to one [33], and 1(t) is the vertical velocity of the free water surface; (4)
hydrostatic restoring force, where g is gravity; and (5) vertical component of the excitation force, due
to the incident waves on the assumedly fixed body, where F, is force amplitude, H and w are,
respectively, wave height and frequency and a is the phase angle between the wave and the
wave-induced heaving force. The excitation force is usually decomposed into two contributions: the
Froude-Krylov force, due to the undisturbed wave field, and the diffraction force accounting for wave
deformation, due to the structure. The Froude-Krylov force is considered a reasonable approximation
of the excitation force if the body is very small compared with the wavelength [34]. In the present
analysis, the full expression of the excitation force is included in the calculations.
The resistance force, Fg, due to the PTO system, is modeled as:

Fr(t) = —Fy(t) — Fi () 3)

where F),(t) is the electromagnetic force, due to the electric linear generator, and Fy (t) is the elastic
force of the spring system attached to the translator, which is calculated by:

Fi(t) = K- z(t) 4)

where K is the elastic constant of the spring.

The electromagnetic force is obtained through Faraday’s law and the Maxwell equations that
govern the magnetic induction in the stator-translator structure. The simplified analytical model
presented by Thorburn and Leijon [29] is used to calculate the voltage generated in the stator, e(t):

e(t)=Zn-Bt-W;V-d-p-q-C_Z.(t).sin<fv_nz(t)_5) (5)
D D

where wy, is the pole width, B, is the magnetic field in a tooth, w, is the width of a stator tooth, d is the
width of the stator stack, p is the total number of poles, q is the number of slots per pole and phase,
¢ is the number of cables in a slot and § is the load angle. Through the equivalent electric circuit, the
voltage, U(t), and the current, I(t), at the terminals of each phase are, respectively, computed by:

U(t) =e(t) —RI(t) — Ldg—(tt) (6)

R oa
I(t) = Ul(t; %

where R is circuit resistance, L is circuit inductance and R;,,4 is load resistance. Finally, the output
power, P(t), and the electromagnetic force, F,(t), are calculated, respectively, by:

3
P(O) = ) Ui(®)  (®) ®)

=1 U, (1) - 1,(1)
z(t) - u

where i is the phase index and u is the generator efficiency.

Fy(t) = )



Energies 2013, 6 3041

4. Simulations

Several cylindrical buoys with different masses and diameters were simulated to investigate the
effect of floating body geometry on energy production and device performance. The results indicated
that the buoy diameter plays the key role in the process of wave energy absorption, as observed by
Waters et al. [35]. Hence, we only present here the results of two buoy geometries, characterized by
diameters of 3 m (Buoy 1) and 5 m (Buoy 2).

Each buoy was also tuned to be in resonance with the dominant wave frequency of the study sites in
order to maximize the power output (Buoy 1sb and Buoy 2sb). A resonant point absorber system has
significantly higher power absorption, due to its enhanced amplitude and speed. For small point
absorber devices, such as the one studied here, the resonant frequency tends to be much higher than the
typical sea state frequency, and so, the resonant state is practically impossible to be achieved. One way
to increase the natural period of oscillation of a point absorber is by connecting to the floating buoy a
deeply submerged object with neutral buoyancy [36-39]. The additional inertia, due to the submerged
body’s mass and added mass, allows the decreasing of the natural frequency of the device, which is
given by:

p-g-A+K
m + m,

(10)

where m is the total mass of the WEC and m, is the total added mass at the frequency of the
incident wave.

Depending on the submerged body mass, the system is tuned to resonate with a different incident
wave frequency. Ideally, a different body size should be selected for each study location, to match the
local wave climate. In this analysis, following Engstrom et al. [38,39], a spherical body was added as
the submerged object, in order to modify the natural frequency of the system. The calculations showed
that for the least energetic sites (Crotone, Monopoli, Catania, Ortona), the maximum power output is
obtained when the system resonates with waves with peak periods of 5.5 s, while at the most energetic
sites (Alghero, Mazara del Vallo, Ponza and La Spezia), the optimum natural period of oscillation
ranges between 6 and 7 s. More specifically, it is 7 s at Alghero, 6.5 s at Mazara del Vallo and La
Spezia and 6 s at Ponza. Achieving a resonant behavior for such small frequencies implies the use of
submerged bodies of very high masses and sizes. As an example, a natural period of oscillation of 7 s
would be reached by the use of a submerged sphere of 56 tons for Buoy 1 or 137 tons for Buoy 2. Such
bodies are probably unfeasible, because they would damage the electrical and mechanical parts of the
wave energy converter. Hence, in this analysis, we tuned the two buoys to be in resonance with waves
of peak periods of 5.5 s. The main parameters of the four buoy configurations are reported in Table 4.

For each buoy, the frequency-dependent coefficients of added mass, radiation damping and
excitation force were precalculated with the commercial software, ANSYS AQWA [40]. The code is
based on the boundary element method and on the linear potential wave theory, which is a suitable
approximation for the modeling of point absorbers [41]. The resulting hydrodynamic parameters are
shown in Figure 3 as a function of wave angular frequency.
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The hydrodynamic parameters of the two body systems were calculated by placing the submerged
body at a depth of 25 m. This value was selected after investigating the effect of the distance between
the two bodies on the hydrodynamic behavior of the device. Figure 4 shows the hydrodynamic
parameters of Buoy 2sb calculated by placing the submerged body at different depths compared to the
ones of Buoy 2. It can be noticed that the distance between the floating and submerged body strongly
affects the hydrodynamics of the buoy. In particular, if the sphere is placed too close to the free
surface, it negatively affects the motion of the surface body, because it drives down the excitation and
radiation forces. On the other hand, when the submerged body is well below the motion of the waves,
the radiation damping and excitation force coefficients of the single and two-body systems are
practically coincident. In this case, the submerged body only contributes to add supplementary inertia
to the system without destructively interfering with the floating body.

Regarding the PTO system, a unique parameterization was used for all the simulations. The spring
constant was set equal to 6.2 kN/m, i.e., to the value of the first full-scale prototype of Seabased WEC
developed at Uppsala University [42]. Table 5 shows the main parameters of the linear generator as
reported in the publications of the Swedish Center for Renewable Electric Energy Conversion of
Uppsala University (e.g., [42,43]).

Table 4. Main parameters of the buoy configurations.

Parameter Buoy 1 Buoy 1sb Buoy 2 Buoy 2sb
Floating body diameter (m) 3 3 5 5
Floating body height (m) 0.8 0.8 1.25 1.25
Floating body draft (m) 0.25 0.25 0.25 0.25
Floating body mass (kg) 1,000 1,000 4,000 4,000
Submerged body diameter (m) - 3.9 - 5.2
Submerged body mass (kg) - 31,835 - 74,840
Distance between bodies (m) - 25 - 25

Table 5. Main parameters of the linear generator.

Parameter Value Unit
Nominal power 10 kW
Nominal speed 0.67 kW

Translator length 1.867 m
Stator length 1.264 m
Translator mass 1,000 kg
Width of stator sides 0.4 m
Number of sides 4 -

Pole width 50 mm
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Figure 3. Hydrodynamic parameters of the four buoy configurations: (a) added mass;

(b) radiation damping; (¢) excitation force amplitude.
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Figure 4. Hydrodynamic parameters of Buoy 2sb calculated with the submerged body at
different depths (d =5 m, d =10 m, d = 15 m, d = 25 m) compared to the ones of Buoy 2
(No sb): (a) added mass; (b) radiation damping; (¢) excitation force amplitude.
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5. Results

The behavior of the wave energy converter was simulated in regular waves of different heights and
periods. More specifically, 874 sea states were simulated, considering 38 different significant wave
heights (from 0.5 m to 9.5 m) and 23 different energy periods (from 1.5 s to 18 s). The time domain
simulations were run until the motion response of the system reached the steady state. The power
output of the device was calculated for each sea state to obtain the so-called power matrix, which is a
bivariate matrix indicating the average power generated by the WEC as a function of significant wave
height and wave period. The comparison of the obtained power matrix with the results presented by
Babarit et al. [44] for the same device shows a very good agreement.

To evaluate device performance, the capture width ratio of the WEC was calculated for each
simulated sea state. The capture width (or absorption width) is a commonly used performance index of
wave conversion technologies [45]. It represents the width of the wave front from which energy is
extracted, and it is calculated as the ratio of power output to incident wave power per unit of wave
front width. The capture width ratio, CWR (or relative capture width), is the capture width divided by
device width, and it was computed by the following expression:

l:)abs

CWR = =3 (11)

where Py, is mean absorbed power, D is device width, and | is wave power per unit of wavefront
length, which is given by:

] = LpngzT (12)
641 S'e

where T, is the energy period. The energy period is defined as the period of a single sinusoidal wave
that would have the energy of the sea state, and it is calculated as the ratio between the spectral
moment of order the -1 and of the order zero. Figure 5 shows the capture width ratio of the buoy
configurations as a function of significant wave height (Figure 5a) and energy period (Figure 5b).

The capture width data of the single body configurations (Buoy 1 and Buoy 2) agree very well with
the results published by the Uppsala University Research Group, confirming the model’s ability to
reproduce system behavior and performance. In particular, the device performance decreases with
increasing wave height, for Hg higher than 0.5 m, as reported by Tyrberg et al. [43], and it decreases
with energy period for T, longer than 4.5 s, as noticed by Waters et al. [35]. The region of maximum
efficiency corresponds to the sea states with Hg between 0.5 and 1 m and T, between 4 and 5 s, in
agreement with Waters et al. [35]. Moreover, it can be noticed that the efficiency of the wave energy
converter decreases as the buoy size increases. Also, it can be observed that the differences in the
capture width ratio are higher in the area of maximum device efficiency. This does not imply that the
smaller buoy extracts more energy (in fact, the opposite is true, as shown in Figure 6a), but it means
that it can capture a higher percentage of the wave power incident upon its width.

The two body configurations have a significantly higher capture width ratio for all the sea states.
As expected, the maximum power absorption is achieved for waves with energy periods of 5.5 s,
which bring the system into resonance. As the wave period increases, the capture width ratio



Energies 2013, 6 3046

decreases, much more rapidly than in the single body system. This was already observed by

Engstrom [39].
Electricity production of the four devices was estimated by multiplying the expected power output

of each sea state (defined by Hg, T, pairs) by its occurrence (in hours), for each study site. Then, the
energy of each sea state was summarized to obtain the mean annual energy extracted by the devices at
each location (Figure 6a). From these data, the average degree of utilization and capture width ratio of
the WECs were estimated (Figure 6b,c). The degree of utilization is the ratio of the average power
output by the rated output (10 kW), and it is one of the most important indices of the economic

convenience of a renewable energy technology [46,47].
Figure 5. Capture width ratio of the buoy configurations as a function of (a) significant

wave height and (b) energy period.
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Figure 6. (a) Energy production; (b) degree of utilization; (¢) capture width ratio of the
buoy configurations at the study sites.
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As expected, the largest buoy can extract more energy at each study location: the 5 m diameter buoy
produces, on average, 20% more energy than the 3 m diameter one. The use of the submerged body
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allows the doubling of the energy production. Considering the largest buoy, the average annual energy
production varies from 8 MWh at Catania to 20 MWh at Alghero for the single body system and from
25 MWh to 51 MWh for the two-body WEC. It is important to notice that the energy production is not
monotonically increasing with the amount of available wave energy. For example, at Mazara del Vallo,
the energy production is higher or equal to that at Alghero, despite that the site has a substantially less
energetic wave climate (4.7 kW/m versus 9.1 kW/m). The same occurs for La Spezia and Monopoli,
which greatly differ in wave energy availability, but have almost the same average annual energy
production. Another example is represented by Ponza and La Spezia, which have the same average
annual wave power (around 3.5 kW/m), but very different energy production (at Ponza, the device
extracts 30% more energy). These results can easily be explained looking at the capture width data,
which reveal that at some locations, the device is operating more optimally than in others. Considering
the largest buoy, the capture width ratio of the single (dual) body system ranges from 6% (13%) at
Alghero to 18% (49%) at Monopoli. Regarding the degrees of utilization, they are quite low for the
conventional single body devices, except at the two most energetic sites (Alghero and Mazara del
Vallo), where they are around 20%. However, they substantially increase when the floating body is
connected to a submerged sphere, thanks to the resonant behavior of the WEC. The degree of
utilization of the dual body devices is higher than 40% at most of the study sites, and it is maximum at
Mazara del Vallo.

6. Discussion and Conclusions

Wave energy conversion has recently dominated the debate on renewable energies, due to its high
potential, much higher than other green energy sources. Although its distribution throughout the planet
is not homogeneous, even mild seas can be suitable for wave energy conversion, like in the Italian
offshore. However, the mild wave climate of these locations requires a resizing of the conventional
devices, which are usually designed to be deployed in the Atlantic, where wave potential is much
higher. Such modifications tend to reduce the size of the single device and to deploy it in an array of
several units, to take advantage of the less energetic wave climate without losing energy extraction
capacity. A technology with these features is the Seabased WEC, a device designed by Uppsala
University for deployment in the Swedish seas.

The aim of this work is to evaluate the Seabased device feasibility for wave energy exploitation
under Mediterranean Sea conditions. A numerical model of the coupled buoy-generator system was
developed to simulate the behavior of the wave energy converter in regular waves of different wave
heights and periods. The simulated results, synthetized in terms of power matrices, are in good
agreement with those obtained by Babarit et al. [44] for the same device. They presented very similar
values of mean and maximum power output and a very much alike pattern, as well. Electricity
production was estimated for two cylindrical buoys of different diameters at eight different locations
off the Italian coasts. We also explored the effect of an additional submerged body connected to the
floating buoy, which forces the system to be in resonance with the typical wave frequencies of the
sites. The results were used to calculate the capture width ratio and the degree of utilization for each
location, in order to assess the WEC performance and the economic feasibility of the
hypothetical installations.
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At Alghero and Mazara del Vallo, the degree of utilization of the conventional single body WEC
range between 20% and 25%, showing that they can be suitable sites for wave energy exploitation.
Moreover, adding a submerged object to the floating body would lead to a substantial increase of the
degrees of utilization and would make this technology very attractive for wave energy exploitation in
the Italian seas. In particular, the most favorable sites for this wave energy conversion technology
seem to be Mazara del Vallo and Ponza.

Not much has been written about wave energy exploitation off the Italian coast; this analysis is
meant to be a tool for future work aimed at choosing the right site and technology for wave energy
conversion in the Italian seas. The model developed here is the starting point for future improvements,
including (i) the time domain model with irregular wave inputs; (ii) mooring and foundations systems;
(i11) power output smoothing; (iv) control strategies; and (v) parametric model optimization, depending
on specific location, and last, but not least, the full costs analysis that determines the payback of
the investment.
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