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Abstract:

The work focuses on hydrodynamic interactions between heaving wave energy converters (WEC).
Wave parks of four devices are simulated in the time domain by a hydrodynamic-electromagnetic
model, coupled with a boundary element code for the estimation of hydrodynamic parameters.
Different layouts (linear, square and rhombus), WEC separation distances (5, 10, 20 and 30 buoy
diameters) and incident wave directions (30° apart) are considered to assess the effect of desigt
parameters on array power production. Then, a site-specific design optimization is carried out for
different Italian locations and some key insights on wave farm design in real wave climates are
provided. The results show that the effect of wave interactions on energy absorption is not expected tc
be a main issue, as long as the devices are separated by at least 10 buoy diameters and that the layo
are oriented to achieve the maximum energy absorption for the prevailing wave direction.

Keywords: renewable energy; wave energy; arrays; hydrodynamic interactions; numerical modelling;
Italy.

1. Introduction

Since the renewed interest in wave energy conversion, following the 1973 oil crisis, significant
advances have been made in modelling, design and optimization of wave energy converters. Wave ftc
wire models coupled with boundary element methods (BEMs) for estimation of hydrodynamic
parameters are now the state of the art and are currently used by WEC developers to assess devi



performance, investigate control strategies and optimize geometry details [1]. Numerical tools have
also been developed to simulate multiple interacting devices, as most of the wave energy converter:
are designed to be deployed in arrays of many units. A comparative analysis of the different modelling
techniques can be found in Folley et al. [2]. However, simulating wave energy farms requires

significant computational resources because it involves the solution of the scatter and radiation
problem of all the units, for all the frequencies of interest. Moreover, the performance of WEC arrays

depends on several design parameters, such as the number of devices, the distance between them,
direction of incident waves and the spatial layout. As such, parametric studies of wave energy farms
are generally limited either in model accuracy or in the exploration of the parameter space (mainly the
number of park units).

Most of the studies on WEC arrays have focused on small wave farms (2 — 10 devices) using semi-
analytical representations of a potential flow solution, such as the point absorber approximation, the
plane wave method or the direct matrix method [3-7]. More recently, BEM-based numerical codes
have been used to get the full solution of the diffraction and radiation problems without limitations on
buoy shape, geometrical layout and WEC distance [8-12]. It is argued that they are the only methods
able to accurately predict hydrodynamic interactions in wave energy parks, but they are limited to
small arrays, due to their high computational costs [13]. At present, large wave farms (more than 10-20
devices) can be only simulated by approximate methods based on one or more simplifying
assumptions (e.g. [14,15]).

Pioneering works on array interactions (e.g. [3, 16]) studied simple wave farm configurations,
namely optimally controlled axisymmetric buoys in unidirectional regular waves, to assess the effect
of wave interactions on energy absorption. Successive studies analyzed more in detail the influence o
different design parameters on wave farm performance. In the following, a short review of some
selected works is reported. Babarit [9] assessed the influence of the distance between two wave energ
converters on energy production. Child and Venugopal [17] focused on the arrangement of the devices
within the array using both a genetic algorithm and a parabolic intersection method to identify the
optimum park geometry for different combinations of wave number and direction. Borgarino et al. [10]
presented a parametric study on arrays of nine to twenty-five generic WECs (heaving cylinders and
surging barges) to assess the influence of interactions between bodies on yearly energy production. D
Andrés et al. [11] investigated the effect of different parameters (number of devices, geometry layout,
WEC distance and wave direction) in arrays of three to five dual body heaving WECs. They also
performed an analysis to assess the optimum array configurations, in terms of power production, for
different wave climates around the globe. Michele et al. [18] analyzed the resonant behavior of a flap
gate farm, highlighting the effect of gate thickness on system response to incident waves. Engstréom e
al. [19] and Goéteman et al. [12] studied array performance in terms of power fluctuations with the aim
of identifying the array configurations with the lowest power variance. The former investigated the
effect of array geometry on power fluctuations, while the latter considered also other design
parameters, such as number of WECs, distance of separation among them and wave direction. Bacel
and Ringwood [20] and Garcia-Rosa et al. [21] studied the effect of different power take-off (PTO)
control strategies on arrays of two and four heaving cylinders, respectively. Nambiar et al. [22]
addressed the same issue for a three-float Wavestar device. Sharkey et al. [23] explored differen
strategies to reduce the cost of the electrical network, with a particular emphasis on submarine cables.
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Despite the extensive literature on WEC arrays, the effect of wave directionality on array power
production is poorly documented, even though wave direction is believed to be a key parameter to
choose the best orientation of wave energy farms and achieve a maximum in production. In particular,
studies on wave farm optimization in real — multidirectional - wave climates are still lacking. Existing
works have addressed the issue assuming unidirectional seas, i.e. assessing the influence of differe
wave attack angles on array performance, without summing the effects over different wave directions.
These studies have showed that an array configuration, which is optimal for a given wave incident
direction performs poorly in some other directions. It was also demonstrated that the g-factor - the
ratio between the power output of an arrayMmnits and the power output &f isolated units —
integrated over all incident wave directions must equals one, for a point absorber WEC [24]. Hence, if
constructive interactions (g-factor > 1) are achieved under a given wave attack angle, destructive
interactions (g-factor < 1) must dominate in some other directions. This result has led to the currently
prevailing view that destructive interactions would prevail in real wave climates, unless they are
characterized by small variations (less than 30° according to Thomas [25]) in wave directionality [13].
However, this conclusion has not been yet confirmed by wave farm studies in real — multidirectional -
wave climates. As a result, it is still an open question if it is possible to design a wave energy farm in
order to achieve some gain in the power output, due to constructive wave interference, or if positive
wave interaction effects are only possible for specific combinations of wave period, wave direction,
array layout and WEC separation distance, which are not realizable in real cases.

In this work, this issue is addressed by simulating a wave farm composed of four heaving point
absorbers by a fully coupled wave-to-wire time domain model, which allows to account for the effect
of array interactions on the power take off system. Arrays design parameters (geometrical layout,
separating distance among the units, wave direction) have been changed in order to estimate the ener
production of different wave farm configurations at four sites off the Italian coasts: Alghero, Mazara
del Vallo, Ponza and La Spezia. The work aims)agsessing the effect of wave interactions on array
power absorption in real wave climates anylifentifying the optimal designs of a 4 WECs array to
be deployed off some selected locations along the Italian coasts. Ultimately, the work attempts to
answer to the following key questions: is it possible to find array configurations (i.e. combinations of
layout geometry, WEC distance, and orientation) that perform better than four isolated devices in real
wave climates (i.e. taking into account multiple wave directions)? Which are the array geometries with
the highest energy production in unidirectional, bidirectional and multidirectional wave climates? Does
WEC separation distance influence the selection of the optimum layout? Which are the array
configurations more suitable for the Italian wave climate?

The paper is organized as follows: the mathematical model of the wave farm is described in the next
section. Simulation details are provided in section Ill. In section IV, the results for unidirectional
waves are presented and discussed, showing the sensitivity of array performance to design parametelr
Section V reports model application to real wave climates and presents the results for four Italian
locations. Finally, in the last section, some conclusions are drawn.



2. Numerical model

The numerical model simulates the dynamics of an array of point absorbers oscillating in heave
mode. More specifically, each device consists in a cylindrical buoy attached to a linear electric
generator placed on the seafloor, similar to the WEC developed by Uppsala University Seabased WEC
(e.g. [26-29]). This technology was selected as reference because it is one of the few which has
undergone full-scale testing in real sea conditions and which is specifically designed for mild wave
climates. However, the wave farm model can also be used to simulate other devices, as long as they al
point absorbers with motion restricted to the heave mode.

The numerical model is based on linear potential flow theory, which relies on the following
assumptions: inviscid and incompressible fluid, irrotational flow, small wave steepness, small wave
height with respect to water depth and small body motions. The wave energy converters are modelec
as single body systems (i.e. modelling the tether connecting buoy and translator as a rigid bar) with one
degree of freedom along the vertical axis (heave mode), as this accounts for most of the movemen
[30]. All the devices in the array are assumed to have the same geometry and power take oOff
characteristics. At this stage, forces due to the slack mooring system and to viscous drag are neglecte:
The time domain formulation of the model is based on the integro-differential equations first proposed
by Cumming for ship motion [31] and later extended to oscillating-body WECs by Jefferys [32].
According to this approach, the equation of motioiW afave energy converters is cast in matrix form
as:

(M + eo)2(8) = For(8) — J Kr(t = D2(2)dt — (Ky + K)2(t) = Fpro(t) ()

where z(t) = (zl(t),zz(t), .....,zN(t)) is the position vector of the array at time measuring
deviations from the static equilibrium of each buit) andz(t) are the velocity and acceleration
vectors of the array, respectiveM, = ml is the mass matrix of the system, whereés the total mass

of the device (buoy and translator) ahds the identity matrixu,, is the infinite mass matrix;

Ky = kyl is the hydrostatic stiffness matrix, whérgis the stiffness coefficient of the buoy, which
accounts for the effect of gravity and buoyanKy= kI is the spring stiffness matrix, wheraskthe

elastic constant of the retracting spring attached to the translator, which allows to call it back during
the wave trough phase; the time integral represents radiation forces, which are computed as
convolution of the body velocity with the radiation impulse response functi§n)KThe convolution
integral accounts for the memory effect in the radiation force, which is due to the fact that waves
radiated by the body at a given time theoretically affect the flow at all subsequent times. Practically,
the kernel of the convolution integral decays rapidly and becomes negligible after a few tens of
seconds [33]. Therefore, the infinite integration path was replaced by a finite time interval equal to the
minimum value betweed5T, and 75 s. The radiation impulse response fundiigft), i.e. the
radiation force exerted by the fluid after an impulsive velocity of the buoy at,twa$ obtained from

the corresponding frequency-domain data as follows:

Kg(t) =2 J;” R(w)cos(wt)dw )

whereR(w) is the radiation damping matrix of the array. Thiatrix is symmetrical, with the non-
diagonal terms representing the mutual radiation forces among the different bodies.



F..(t) is the excitation force vector, due to incident athffracted waves. As solution of the
scattering problem where buoys are fixed in the waves, it can be calculated a priori. According to
linear airy theory, real irregular waves can be represented as a superpositjpregtifir waves of
amplitude4;, frequencyw; and phase;. Hence, the resulting excitation force was obtained as a
superposition of the frequency components as follows:

Fexc(t) = ZILV=W1 Fe(wi)AiSin(wit + (pi) (3)
whereF.(w) is wave excitation force in the frequency domain #me amplitude of théth wave
component is given by:

whereS(w;) is the wave spectrum add the frequency step. In the current study, the veitional
JONSWAP spectrum S(fTpy) was adopted with a peak enhancement facemual to 3.3 for all

sea states [34]. The spectrum was discretized into a number of spectrum components equal tc
3Tim/Tp, Where T, indicates the length of the wave record derived by the spectral distribution. The
frequency step of discretization was set equal/tg 3arfd thei-th wave frequency was calculated as

w; = Wy + iAw with wy, = 1/Ts;,. The phase gof each component was randomly chosen within the
interval[0,2m], but to ensure the repeatability of the resulteedswas used in the random number
generator. An algorithm for energy conservation was applied to account for the power spectral density
outside of the finite frequency range. The method, which is based on the ratio between the theoretica
and the numerical zero-th moment of the spectrum, allows to generate a truncated JONSWAP
spectrum with the same energy content of the continuous one.

The frequency dependent matrices of excitation and radiation Ky@e) and R(w) were
estimated by solving the scattering and radiation problems with the boundary element code AQWA
(ANSYS Inc., USA). The simulations were performed for wave frequencies from 0.1 to 8 rad/s with a
frequency step of 0.1 rad/s. Mesh convergence studies were performed to ensure grid independer
solutions.

The electromagnetic force due to the PTO systepy &) was calculated by dividing the three-
phase electric power by buoy velocity and by generator efficiency n

Sk= t)i(t
Fpro (t) = S=A2C AU 5)

wherei,(t) is k-phase current amng).(t) is k-phase electromotive force, calculated accordim
Faraday-Lenz laws:

AP (t)
€k =~ phf—f (6)

whereN,,;, is the number of windings for each phase apg (@) is the magnet's flux linkage. Phase
currentsi, (t) were calculated by solving the following ordinaiifetential equation (ODE) system:

. dig(t)
ea = (Rc + R)iy(t) + Lk;;t

. dig(t
ep = (Re + R)ip(0) + LEED ()

dic(t)

eC = (RC + Rl)lc(t) + L dt



whereR_ is coil resistanceR; is load resistance aridis self-inductance. Generator parameters such as
magnetic flux linkages and inductances were estimated by 2D finite element simulations of the linear
generator [35].

The numerical integration of the coupled systems of differential equations (eq. 1 and eq. 7) was
performed by the commercial code Matlab® usind’@#ler Runge-Kutta scheme. Simulations were

run for 1200 s. Once the equations were solved for buoy displacements and velocities and the
instantaneous power of each unit was obtained, the mean power output was estimated by averaging tt
instantaneous power over the entire length of the simulation (neglecting an initial transient equal to the
upper limit of the convolution integral of the radiation force). Finally, the mean power absorption of
the array was obtained summing the power outputs of each unit.

3. Simulations

Wave farms of four units were simulated considering different configurations, i.e. different
combinations of geometrical layout, distance between WECs and incident wave direction. Each buoy
has diameteb equal to 4n, height equal to 0.8 m and draft equal to 0.4 m. The nominal power of the
linear generator was set equal to 10 kW. The array geometries are shown in Fig. 1. The first layout (a)
represents a line of WECs, the second one (b) a square array and the last one (c) a rhombus arre
consisting of two equilateral triangles.

For each layout, four distances among the units were investigated: 20, 40, 80 and 120 m, i.e. 5, 10, 2
and 30D. The wave direction rose was discretized into 12 direction bins, every 30°. Taking into
account the symmetries of the layouts, two wave directions were simulated for the square array anc
four for the linear and rhombus layouts (Table 1).

For each incident wave direction, 90 sea states were simulated, considering 9 significant wave heigh
(Hs) bins (from 0.25m to 4.25m at intervals of 0.5n) and 10 peak period§{) ranging from 2.5 to
11.5sat intervals of . The power output of the farms was calculated for each sea state to obtain the
so-called power matrix, which contains the average power generated by the array as function of wave
height and period.

4. Results: sensitivity of array performance to design parameters

The performance of a wave farm is commonly measured with the g-factor or interactiong factor
i.e. the ratio between the power output of an array ohits and the power output Nfisolated units
[3]. A g-factor larger than one means that the wave interactions have a positive effect on array power
production and that constructive wave interferences lead to a power gain, as compared with the
production of isolated systems. Conversely, when the interaction factor is lower than one, destructive
wave interferences prevail and the park effect is negative.

Since array performance depends on wave period and much lesser on wave height [9], in this work
the g-factor is calculated on the basis of the maximum power production of the array over the wave
periods of the power production — averaged in the wave height space. Other choices were possible
such as considering the mean g-factor over the wave periods, as in De Andres et al. [11]. However, this
criterion allows to focus on the most significant wave interactions, occurring around the wave period
for which most of the power is produced, as outlined by Babarit [9]. Fig. 2 shows the g-factor of linear
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(upper panel), square (central panel) and rhombus (lower panel) layouts as a function of non-
dimensional distance between the units, for different wave incident directions. Dotted lines connecting
the points are drawn as a guide for the eye only and they do not mean that linear interpolation is
introduced. The thicker horizontal black lime= 1, clearly distinguishes the cases of constructive

(g > 1) and destructiveg(< 1) wave interference.

The results indicate that some array configurations induce constructive wave interference while
others have a negative effect on farm power output, in agreement with experimental results [36-38].
However, it is also evident that the effects of constructive and destructive interactions are generally
limited, as observed in many previous studies. In the worst farm design, corresponding to a linear
layout of very close unitsd(= 5D) perpendicular to wave fronts, the maximum absonbeader is
20% less than four isolated devices. Nevertheless, in all the other cases, the reduction/increase in th
maximum absorbed power with respect to isolated systems is less than 10%.

The results also illustrate the sensitivity of array performance to design parameters, i.e. geometrical
layout, separating distance and wave direction. It can be noticed that the effect of wave direction and
WEC distance depends on array geometry: linear layouts are influenced by both parameters, but not t
the same extent, wave direction being the most important; square arrays are almost insensitive to th
distance between the units and substantially only affected by wave direction and in rhombus layouts
the performance is equally influenced by wave direction and separation distance.

Even if the effect of separating distance depends on array layout, all farm geometries have some
common features, as observed in literatuiiethe behavior of the g-factor with respect to distance is
typically not monotonic, because hydrodynamic interactions depend on the ratio between WEC
distance and wavelength [9, 11i],) there is no optimal spacing between the units, but rather the best
WEC distance should be selected as a function of the incident wave direction [8])ahé effect of
wave interactions is inversely proportional to the distance between the units and it is a few percents
once the separating distance is larger S@ap [13].

4.1 Linear layout

Focusing now on the specific characteristics of each array geometry, it can be noticed that in linear
arrays wave interaction effects are strongest when the separation between the units is vesP small (
and decay rapidly with distance, faster than in other layouts. Strong interactions within linear arrays
with very closed units were already observed by Thomas et al. [39] in an experimental study on a
linear wave farm of 5 heaving floats. In linear wave farms, strong masking effects occur for normal
wave incidence{ = 90°), leading to destructive interferences for all #h@ulated distances. In this
case, even at = 30D, the maximum power absorbed by the array is 10%idian the power output
of four isolated WECs. Conversely, for parallel wave incideigce: (0°) the park effect is negligible
and the single units behave as isolated systems as long as they are separated by0&t. |East
oblique wave attack angles (= 30° andf = 60°), wave interactions can be either positive or
negative, depending on WEC distance. The linear layout which maximizes the g-factor is at § = 30°
(i.e. wave fronts at 30fo the row of devices) and separation distance leguive buoy diameters
(20 m). This configuration would allow to increase theximaum power output by 12% with respect to
the isolated systems. However, when the units are separated bysdnlstrong destructive
interferences occur for incident angles betwe@hand90°. Therefore, as real wave climates are
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rarely unidirectional and positive wave interactions are much more limited than negative effects, it
seems more advisable to design a linear wave farm in order to limit destructive interactions (mainly the
normal wave incidence case) than to maximize positive effects. In this perspective, the optimum
distance of separation of the units should be betwe@ndid 20D, because in this range the negative
effects (a8 = 90°) are much smaller (10% with respect to 20%) andtgpawer gain can be achieved

for all the incident wave directions betwe&hand 60°.

4.2 Sguare layout

In square layouts the effect of the separating distance is negligible and the influence of the incoming
wave direction is lower than in linear arrays, as already noticed by De Andrés et al. [11]. Due to the
angular discretization by 30° intervals, only two layout orientations are possible, considering the
double symmetry of the array geometry.

In first case g = 0°) the wave farm consists in two lines of WECs patalh wave fronts. In this
configuration, the mutual interactions among the units have a negative effect on array power
production, even at quite large separating distasice 80D). However, the interaction factor is rather
constant with respect to WEC distance, with an average value of 0.97. Previous experimental works on
rectangular arrays refer to larger wave farms. For a rectangular array of 12 closely dpac) (
heaving WECs, Weller et al. [37] found an average g-factor of 0.85, relatively constant over the entire
range of tested frequencies. Stallard et al. [40] reported a mean interaction factor varying with wave
period from 0.86 to 1.13, for a square array of 9 closely spated2pD) heaving floats. It was
observed both in numerical [13] and experimental studies [37, 40] that in a rectangular layout, even if
the front units benefit from the waves radiated/diffracted by the rear units, this is not enough to
compensate for the decrease in power absorption of the units in the back.

In the second casg & 30°), the devices are arranged in four staggered raw)a none of the
units is shadowed by any other along the direction of wave propagation. This configuration allows to
increase the maximum power absorbed by the array for all the separating distances, from 5 to 30 time:
the characteristic length of the WECs. However, in all the simulated square layouts the park effect is
very small: forg = 30° the maximum benefit by constructive wave interaics 6% (withd = 10D)
while for f = 0° the maximum reduction in the absorbed power is 8fth(d = 20D). A similar
result was reported in the experimental study of Stratigaki [41] on a 5x5 rectangular array of heaving
WECs. The author found an increase in power production of 13% for a staggered layout with respect
to a rectilinear layout. Concluding, in square arrays the distance between the units should not be a mail
issue and the farm design should rather focus on layout orientation, trying to ensure that the units are
somewhat staggered in the direction of wave propagation

4.3 Rhombus layout

Rhombus layouts are equally influenced by wave direction and separation distar®es Bri.e.
wave direction perpendicular to two sides of the rhombus, constructive wave interactions are achievec
for separating distances up 30D with a maximum gain of 7% at = 20D. This is the best
orientation of the rhombus array because it allows to minimize destructive interferences (the devices
are nearly unmasked) and to benefit from constructive interferences due to the radiated waves.
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It is noteworthy to compare the rhombus layoutfct 0° with the square array f@ = 30°. The
g-factors of these configurations exhibit a very similar pattern: they are always higher than one and
they have a convex shape. However, in the staggered square the positive effect is much smaller an
decays faster with distance. Looking now at the arrangement of the devices with respect to incoming
waves, it turns out that both the layouts are staggered in the direction of wave propagation but only the
square layout is staggered in the direction normal to incident waves. This result could suggest that
wave interferences are more beneficial when pairs of devices are aligned along the same wave fron
(rhombus array witl# = 0°) so that the two units are in phase with each other

With respect to f = (0°the other rhombus orientations are more affectedidike effects, because
they have at least one pair of units aligned with the incident wave direction. When d,=all @ife
rhombus arrays exhibit a gain in power production around 5% with respect to four isolated units.
B =90°is the worst case in terms of g-factor because paios of devices are parallel to wave
direction. For this wave attack angle, the park effect is negative forlbetR0D (4% power loss) and
d = 30D (3% power loss). f = 300r 8 = 120° are better solutions because they have just ome pai
of devices aligned along the incident wave direction. In the first case, i.e. wave direction aligned with
the shortest diagonal, the performance of the array is lower because due to the short distance betwee
the two units parallel to wave direction masking effects are stronger. To conclude, in the design of
rhombus arrays, care must be taken to avoid masking effects, due to the alignment of the devices witt
the direction of wave propagation, as resulting from the experiments by Stratigaki [41]. Particularly,
the = 90° layout orientation resembling the square array With 0° should be avoided, because
two lines of WECs are aligned perpendicular to wave fronts, leading to two masked units. Finally, it is
interesting to notice that the rhombus array is the only one characterized by an optimum distance
among the unitsd = 10D, regardless the orientation of the layout.

5. Application to real wave climates

5.1 Method

The power matrices of the different array configurations (i.e. combinations of layout geometry,
WEC distance and wave direction) were used to identify the optimal wave farm designs for four
locations off the Italian coasts. More specifically, the aim was to find out the most productive wave
farm configuration, i.e. the one providing the highest annual energy output (AEO), at each study site.
For this purpose, it was considered that each array layout can be deployed with different absolute
orientations (with respect to north). According to the array’s simulations computed with different
incident wave angles (30 apart, see Section 3), six geographical deployment orientation are possible
for linear and rhombus layouts and three for the square one (Fig. 3). Each oriented layout was alsc
simulated considering four different distances between units, thus leading to 60 wave farm designs for
each site.

The annual electricity production of a wave energy converter is estimated by multiplying the
expected power output of a sea state (defineHbY¥,, pairs) by its occurrence (in hours) and then by
summing over all the sea states. The same procedure is typically used for wave farms, assuming onl
one direction of propagation of the incident waves. In this work, instead, wave directionality is taken
into account, assuming 12 directions of wave propagation, as explained above. As a result, the abov
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procedure was modified to account for wave directionality: for wave each direction, the probability of
occurrencéV C (i, j) of the sea staté, j) was multiplied by the corresponding power mab(i, j),

taking into account the direction of wave propagation with respect to the oriented layouts. Then, the
annual energy production of the farm was obtained by summing the energy production over all the
twelve wave directions. As an example, the annual energy production of a square Jayoignted

with an anglex with respect to north (see Fig. 3) was calculated b

Ny Nt

AEO(Sy) = Z z PMy(i, DIWC, (1, )) + WCopo4q(L,)) + WC1g0o4a (i, J) + WC270044 (L, )]
i

+ PM300(i, H[W 300440, )

+ WCso4q(l,)) + WC120044 (0, J) + WCis0010 + WCa1004a + WCyyp0, (0 ))

+ WCs00044 (i, ) + WC330044(0, )]

whereNy andN; denote the number of wave height and wave period bins.

5.2 Wave climate characterization

Recent assessments of wave energy potential in the Mediterranean Sea have shown that among tf
Italian seas some promising areas exist for wave energy exploitation [42-44]. The study sites selectec
for the present study (Alghero, Mazara, Ponza, La Spezia) are the four most energetic Italian locations
where wave recording buoys are deployed. Most of them are located in the Tyrrhenian Sea, due to the
longer fetches (Fig. 4), while Alghero is in the North-West of Sardinia, exposed to winter storms from
Lion’s gulf. The average annual wave power is 9.1 kW/m at Alghero, 4.7 kW/m at Mazara del Vallo,
3.7 kW/m at Ponza and 3.5 kW/m at La Spezia [45]. For each location, Fig. 5 shows annual sea state
occurrences (left panel) and wave direction occurrences (right panel) based on 15 years of wave
measurements of the Italian wave metric network [46]. Red numbers indicate the percentage of annua
events falling into each wave direction bin, accordingly to the discretization of the wave direction data.

Wave climate data show that the prevailing sea states are characterized by relatively small waves
At Alghero and Mazara del Vallo, sea states with waves lower than 1 m (characterized by power levels
in the range 2 — 4 kW/m) account for 60% of the year, while at the other locations, they account for
70%—-80% of the time [42,43]. The peak period with the highest probability of occurrence is between
4.5 and 5.5 s at all locations. This means that the natural period of oscillation of a point absorber
should be around 5 s in order to maximize the power output for the Italian wave climate. The
occurrence matrix of Alghero is the most disperse with several extreme events, while Ponza is
characterized by the most concentrated occurrence matrix.

Regarding energy distribution among sea states, at Alghero and La Spezia the available wave
energy is split between two clusters of sea states. Moreover, at Alghero a relevant part of the annua
energy is associated with highly energetic but rare events: more than 40% of the available resource i
due to sea states with 4% of probability of occurrence. Differently, at MaledrVallo and Ponza the
energy distribution is unimodal and the resource is more concentrated, in terms of both wave period
and wave height. These differences in wave energy distribution are important for the performance of a
wave energy converter and explain most of the differences found in the power production of a single
unit among the study locations.
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With regard to the directional occurrence of sea states, it can be noticed that the wave climate is
fairly unidirectional at Alghero and La Spezia, bidirectional at Mazara del Vallo and multidirectional
at Ponza. Alghero is dominated by waves coming from West and North-West quadrant, while at La
Spezia most of the events are due to winds blowing from South and South-West. At Mazara del Vallo,
the most frequent events come from West and South-East while at Ponza many directions are
probable, from North-West to South-West.

5.3 Results

Figs. 6, 7 and 8 show the annual energy productibtinear, square and rhombus arrays,
respectively, as a function of WEC distance, for different layout orientations and for four isolated
WECs (black dashed line). Each plot refers to a different location: (a) Alghero, (b) Mazara del Vallo,
(c) Ponza and (d) La Spezia. The results clearly indicate that it is possible to find several array
configurations, which perform slightly better than four isolated devices, at all the study sites. More
specifically, the percentage of wave farms characterized by a g-factor higher than one is 47% at
Alghero and La Spezia, 50% at Mazara del Vallo and 51% at Ponza, considering all the studied
configurations. Therefore, even in bidirectional and multidirectional wave climates, such as Mazara del
Vallo and Ponza, respectively, there exist a large number of arrays configurations which can absorb
more energy than four isolated devices. This result differs from the current view (based on theoretical
studies in unidirectional waves) that only in unidirectional, or almost unidirectional wave climates,
constructive wave interactions would be possible [13, 24, 25] and it shows the importance of site-
specific array optimization.

The results show that constructive wave interference can be achieved by all the layout geometries a
long as the arrays are deployed with the appropriate orientation. However, rhombus layouts can more
easily benefit from constructive interaction effects: 57% of the rhombus arrays are characterized by
higher power absorption that four isolated WECSs, against 48% of linear layouts and 42% of square
layouts.

Separating distance seems to be a key factor in achieving constructive interactions. Almost all the
curves arrange in a convex shape, with a significant drop in energy production for WEC spacing larger
than 20D. The highest power gain is achieved when the distance among the units falls in the range
between 10 and 20 buoy diameters. An exception is represented by the linear layout, which has the
highest productivity for very close units (i.e. 5 diameters of separation distance). Conversely, all the
rhombus and square layouts are characterized by destructive wave interferences when the units ar
very close.

The results allow to find the wave farm configurations which maximize the annual energy
production at each study site. Optimal designs are reported in Figure 9, together with the expectec
values of power gain, with respect to the isolated WECs. The figure also reports the array
configurations minimizing the absorbed power and the associated values of power loss. The results ar
divided by array geometry because it is likely that the choice of the layout geometry is constrained by
other issues related, for example, to the mooring system, the sea area use, the environmental impact.

At Alghero, the array design maximizing the annual energy production corresponds to a rhombus
layout with a WEC distance of 20D. The rhombus should be oriented so that the devices are arrangec
in two rows perpendicular to the prevailing wave direction (i.e. 300°) and staggered along the direction
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of the incoming sea (i.e. orientation R60). Assuming a single wave direction equal to the prevailing
one, this orientation would correspond to the 0° case of Fig. 2c, i.e. the optimum rhombus
orientation in unidirectional seas. Notably, the best performance is not provided by the linear array,
even if the wave climate is nearly unidirectional. This is due to the fact that in a staggered grid, the
first row benefits from constructive interactions due to the waves radiated by the units behind and the
second row, which is nearly unmasked, benefits from radiation, as well [10]. Finally, it is worthwhile
to notice that the wave farm design R60 witk- 20D is a robust solution, with respect to small
changes in layout orientation and WEC distance, which are quite probable due to model uncertainties
and inaccuracies in array deployment. In fact, if the layout orientation is modifiedd5y(i.e. R30 or

R90) or the distance among the units is changett 1D, the layout still benefits from positive wave
interactions.

At Mazara del Vallo, Ponza and La Spezia, the highest energy production is obtained by a linear
layout and very close unitgl € 5D). In all the three sites, the line of WECs should be oriented at 60°
to the dominant direction of wave propagation. This agrees with the results obtained in unidirectional
seas, showing that the 60° incidence (correspondig=%30° case in Fig. 2a) is the most efficient
wave direction in linear layouts. Differently from Alghero, now the optimum array designs are not
robust with respect to perturbations of the wave attack angle. Especially at Ponza and La Spezia the
wave farms perform quite poorly when the wave direction changek3b$y with respect to the
optimal direction. This is due to the fact that linear arrays are the most sensitive to wave direction,
particularly for small separating distances.

Finally, it is important to focus on the values of energy gain and loss associated to the designs,
which maximize and minimize, respectively, the annual energy output. It is evident that the effect of
wave interactions on absorbed power is quite low, as already observed in previous studies on smal
wave farms [13]. The best arrays designs lead to an energy gain of about 1% at Alghero, and about 39
in the other locations and the worst array designs lead to a decrease in energy production of 5% at L.
Spezia and 6% in the other sites. As a result, the difference in the annual energy output between th
best and worst array configuration is rather small, between 7% and 9%, depending on the deploymen
location. Moreover, it is worthwhile to consider how the results change if trdsidhce among the
units is not taken into account (as suggested by Bogarino at al. [10], such short distance is not likely to
occur, due to mooring, operation and maintenance issues). Allowing only for distances higher than
10D, the maximum gain in energy production reduces#o the maximum loss to 3% and the overall
park effect to 5%, considering all the deployment sites and all the studied configurations.

6. Discussion and conclusions

In this work the effects of wave interactions in arrays of point absorbers, hypothetically deployed at
some lItalian locations, has been investigated. The analysis has fully taken into account real wave
conditions, particularly intra-annual wave direction variability. In this way, a site-specific optimization
has been carried out for the selected Italian locations and new insights have been provided for wave
farm design in real wave climates. The main findings of the work can be summarized as follows:

* Array performance is affected by both the arrangement of the units within the array (i.e. layout
geometry and distance among the units) and the direction of incoming sea, as already observec

(e.q. [11, 12]). The effect of wave direction and WEC spacing depend on park geometry: linear and
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rhombus arrays are influenced by both wave direction and separating distance while square layout:
are mostly affected by wave direction.

In unidirectional seas, wave farms should be deployed according to the following indications:
WEC lines should stay at 30° with respect to wave fronts, square arrays should avoid the alignment
between wave direction and square sides and rhombus layout should be oriented so that the twi
rows are parallel to wave fronts.

The distance among the units plays a key role in array performance. Too close or too spaced units
can hardly benefit of constructive wave interferences, as already observed by Singh and Babarit
[14]. The optimum distance is between 10 and 20 buoy diameters.

Array configurations which allow to increase the energy production with respect to isolated units,
are possible both in theoretical unidirectional wave fields and in real multidirectional wave
climates. More specifically, it is possible to design a four WECs farm off the Italian coasts, which
performs better than four isolated devices, taking advantage of constructive wave interferences.
This result is of utmost interest for WEC array designers and contradicts the present view that
destructive interactions would be prevailing in real wave climates [13, 24, 25] thus showing the
importance of site-specific array optimization.

The optimum array designs for the studied locations are the following: a rhombus layout with
WEC distance equal to 20D at Alghero and a linear layout with 5D spacing at the other locations.
In all the sites, the layouts should be oriented by aligning the most productive wave farm
orientation with the prevailing wave direction. In other words, the optimum array orientation can
be assessed as if the waves were coming by one direction, equal to the prevailing one.

The optimum wave farm designs lead to power gains from 1.5 % (at Alghero) to 3.4 % (at Mazara
del Vallo). More generally, the effects of constructive and destructive wave interactions are quite
limited as noticed in previous analysis in unidirectional seas (Babarit, 2013). The difference in
energy production between the most and least favorable configuration ranges between 3% and 9%
depending on array geometry and deployment location. This difference further decreases if WEC
distances lower than 10D are not considered, due to likely mooring constraints [10]. In that case,
the difference in energy production between the best and worst array design drop to 5%, at
maximum.

In conclusion, for the selected Italian locations, the effect of wave interactions on energy
absorption is not expected to be a main issue, as long as the devices are separated by at least
buoy diameters and that the layouts are oriented to achieve the maximum energy absorption for the
prevailing wave direction.

In this work, the maximization of the annual energy production was considered as the main goal.
However, arrays design is not a single objective optimization problem. Hydrodynamic and electric
interaction between park units have also an important effects on power fluctuations. As well as power
magnitude, power variance also depends on park geometry, distance of separation between units ar
incoming wave direction. Previous studies (e.g. [15, 47]) showed that except for the linear layout
parallel to wave fronts, all other wave farm designs allow to significantly reduce power fluctuations.
Other issues that must be considered are the mooring system layout [8], installation and maintenanc
costs, electrical configuration [23], environmental impact and occupation of the ocean area [48].
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Finally, it is important to stress that the results of the present work refer to a small array. According to
previous studies (e.g. [10, 12]), constructive wave interactions would not be probably attained in larger
wave farms.
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Table 1. Simulated wave directions (°) of each geometrical layout.
Equivalent wave directions, in terms of array power production are reported in parenthesis.

Linear Square Rhombus

0° (180°) 0° (90°, 180°, 270°) 0° (60°, 180°, 240°)
30°(150°, 210°, 330°)  30°(60°, 120°, 150°, 210°, 240°, 300°, 330°) 30°(210°)

60°(120°, 240°, 300°) 90°(150°, 270°, 330°)
90° (270°) 120°(300°)
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Figure 1. Simulated array layouts: (a) linear, (b) square and (c) rhombus.
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Figure 4. Location of the study sites.
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Figure 5. Wave climate of the study sites: (a) Alghero, (b) Mazara del Vallo, (c) Ponza and (d) La Spezia. Left plots
show sea state occurrences (%) and right plots report wave direction occurrences (%). Red numbers in rose plots indicate
the percentage of annual events falling into each wave angle bin.
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Wave farms are simulated in the time domain by a hydrodynami c-€l ectromagnetic model
The effects of design parameters on array performance are investigated

A site-specific design optimization is carried out for different Italian wave climates
Wave interactions are negligible if WECs are separated by at least 10 buoy diameters

Arrays should be oriented to maximize the power production for the dominant wave direction





