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a b s t r a c t

The present paper focuses on the determination of optimum layouts for linear arrays of heaving Wave
Energy Converters (WECs) in front of a vertical wall. Optimum layouts maximize the annual averaged
absorbed energy at a given marine site and satisfy spatial constraints. For achieving this goal, we
developed an efficient optimization numerical framework, where a genetic algorithm solver is appro-
priately coupled with a frequency-domain hydrodynamic model, while, furthermore, a numerical wave
model is utilized to determine the local wave climate conditions at the site of interest. The context is
applied for an array of five semi-immersed, oblate spheroidal heaving WECs deployed at five near-shore
sites of mild wave environments in the Aegean Sea, Greece. For each site, different optimization cases are
solved, facilitating the investigation of different aspects of the examined problem. The largest annual
energy absorption ability is observed for optimum layouts, characterized by the placement of the array
close to the wall and the formation of clusters of closely-positioned WECs near the wall edges. Compared
to arrays employed at sites in south-eastern Aegean, optimally-arranged arrays at central Aegean loca-
tions showed reduced energy absorption ability due to milder local wave conditions and/or the existence
of quite limited water depths.

© 2021 Elsevier Ltd. All rights reserved.
1. Introduction

Wave energy presents an abundant, clean source of offshore
renewable energy that can contribute to the satisfaction of the
European Union's energy and climate targets towards electricity
generation decarbonization and climate change mitigation. This
potential contribution has been also unveiled in the recent EU's
Offshore Energy Strategy [1], where the target of 1 GW power
extraction from different ocean energy technologies by 2030 was
set. The significance of thewave energy utilization has led to a rapid
growth of the wave energy technology during the last decades,
including the development and testing of various types of Wave
Energy Converters (WECs) (e.g., Refs. [2,3]). Among these types, the
georgaki), c.michailides@cut.
vidas), chatzi@naval.ntua.gr
heaving WECs (point absorbers) correspond, nowadays, to one of
the two most advanced and technologically mature device types
[4].

Irrespectively of the WEC type considered, the realization of
large-scale commercial competitive solutions requires the deploy-
ment of multiple WECs arranged in arrays (e.g., Refs. [5e7]). The
overall performance of these multi-body arrangements depends
strongly upon the array's layout, as well as upon the characteristics
(water depth and long-termwave resource) of the offshore or near-
shore deployment site, similarly to single-unit WECs (e.g., Ref. [8]).
At near-shore locations, lengthy coastal structures, ensuring the
continuous and safe implementation of port-related operations
and/or other coastal activities, may exist, while the relevant au-
thorities and operators may seek for alternative combined uses of
these facilities in order to attain sustainability and reduce their
carbon footprint. Along these lines, arrays of heaving WECs could
be deployed in front of vertical (wall-type) breakwaters, enabling
the exploitation of both the incident and the scattered from the
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leeward boundary waves. This approach falls also within the wider
framework of integrating WECs with various types of coastal
structures (e.g., Refs. [9e14]) and, thus, it has many advantages,
such as efficient use of the marine space, realization of cost-
efficient solutions through costs sharing and boost of the WECs'
maturity.

The performance of various linear arrays of heaving WECs in
front of a vertical, bottom-mounted wall has been investigated and
assessed in the frequency domain by various researchers. More
specifically, Mavrakos et al. [15] assessed the power absorption
ability of an array of five cylindrical WECs, while assuming a
leeward boundary of infinite length. Under the same assumption,
the performance of a linear, parallel, or perpendicular to the wall,
array of five vertical axisymmetric (cylindrical or conical or semi-
spherical) heaving WECs was investigated in Refs. [16,17]. The ex-
istence of a finite length leeward wall was considered in
Refs. [18,19]. Those studies assessed the hydrodynamic behavior
and the power absorption ability of a linear array of nine cylindrical
and five oblate spheroidal, respectively, heaving WECs. In all the
above investigations, specific array layouts were taken into ac-
count, characterized by equally-spaced WECs situated at pre-
defined, fixed, locations with respect to the wall. Most of these
investigations, however, illustrated the direct dependence of the
array's power absorption ability upon the locations of the WECs
with respect to the wall and within the array. Accordingly, the
determination of optimum array layouts can be considered essen-
tial towards the efficient deployment of heaving WECs in front of
wall-type coastal structures. This, in turn, requires the develop-
ment and application of integrated optimization processes, where
optimum solutions are sought by taking into account the hydro-
dynamics of the multi-body arrangement in the presence of the
wall, as well as the local wave climate of the deployment site.

Up to now, various optimization methods and relevant pro-
cesses have been developed and utilized by various researchers for
the case of isolated (i.e., without the presence of the wall) arrays
[20]. Child and Venupogal [21] studied the effect of the spatial
configuration of WECs arrays in terms of the total absorbed power
by coupling an analytical hydrodynamic model with two different
optimization methods; the parabolic intersection method and the
Genetic Algorithms (GAs). They concluded that superior results
may be obtained using the GAs, although considerably more
computational effort is required. Optimum layouts for arrays of five
WECs were determined in Ref. [22], by developing a genetic algo-
rithm approach that utilizes an analytical hydrodynamic model and
integrates an array cost model. Ruiz et al. [23] compared three
different optimization algorithms for WECs arrays problems,
namely, the covariance matrix adaptation evolution strategy, the
GAs and the glowworm swarm optimization algorithm. The results
showed a slightly better performance for the two latter algorithms;
however, the first algorithm turned out to be significantly less
demanding relative to the computation effort required. Apart from
the traditional evolutionary optimization algorithms, optimum
layouts for isolated arrays have been determined by developing and
deploying advanced approaches, such as the machine learning
approach [24] and the artificial neural networks [25].

In the present paper, we present an efficient Optimization Nu-
merical Framework (ONF) to determine the optimum layout of a
linear array of heavingWECs in front of a vertical, bottom-mounted
wall of finite length. The term “optimum” corresponds to layouts
that maximize the annual averaged energy absorbed by the array at
a marine site of interest, while, simultaneously, satisfying specific
spatial constraints. The developed ONF consists of a GAs optimi-
zation solver, appropriately coupled with a frequency-domain hy-
drodynamic model, which solves the diffraction/radiation problem
of the multi-body arrangement in the presence of the wall, and of a
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numerical wave model that determines the wave climate matrix of
the deployment site. The framework is applied for an array of five
identical, semi-immersed, oblate spheroidal heaving WECs
deployed at five near-shore sites of mild wave environments in the
Aegean Sea, Greece. For each site, three different optimization cases
are assumed and solved, focusing on the determination of the op-
timum array-wall distance and the effect of the available, for
placing the array, wall length on the optimum layouts and the
absorbed energy. Emphasis is also given to the effect of the local
wave climate and the water depth conditions on the maximized
annual absorbed energy.

The remainder of the paper is organized as follows: In Section 2,
the examined constrained optimization problem is numerically
formulated, while Section 3 presents the proposed ONF and pro-
vides a detailed description of its components. In Section 4, the
characteristics of the examined cases are cited, whereas Section 5
includes the results of the present investigation. Finally, in Sec-
tion 6, conclusions are drawn, and an outlook for future applica-
tions is presented.
2. Problem's formulation

A linear array of Q hydrodynamically interacting, semi-
immersed heaving WECs is placed in front of vertical, bottom-
mounted wall of finite length lw and of negligible thickness at a
marine site of finite and constant water depth h (see Fig. 1). The
array consists of identical WECs, which have an oblate spheroidal
shape of equatorial radius (semi-major axis) a and polar radius
(semi-minor axis) b (Fig. 1b). Each WECq, q ¼ 1,…, Q, is assumed to
absorb power through a linear PTO mechanism, which is sche-
matically represented in Fig. 1b as a linear damping system of
damping coefficient bPTOq, q ¼ 1,…, Q. All the WECs of the array are
placed at a perpendicular distance c from the wall and they are
distributed randomly along the length of the leeward boundary
(Fig. 1a). The marine site, where the array and the wall are situated,
is characterized by its local wave climate (i.e., set of sea states),
where each sea state (long-crested irregular waves) is described by
a wave spectrum of significant wave height Hs and peak period Tp
and has an annual probability of occurrence Pr

�
Hs; Tp

�
.

Let the X, Y coordinates of the centers of the WECs in the global
OXYZ coordinate system (Fig. 1a), Xq and Yq≡c, q ¼ 1, …, Q,
respectively, denote the unknown locations of the devices in front
of the wall. We seek to determine the optimum values of Xq, q ¼ 1,
…, Q, and c, or, equivalently, the optimum layout of the WECs in
front of the wall, so that the annual averaged energy absorbed by
the whole array, Eannual, at the examined marine site is maximized,
while, specific spatial constraints are satisfied. By defining Xq, q¼ 1,
…, Q, and c, as the design variables and Eannual as the objective
function to be maximized, the constrained optimization problem
considered herein, is expressed mathematically as:

maxmize Eannual
�
c;X1; :::;Xq; :::;XQ

�
(1)

subjected to the following spatial constraints:

Xq �Xq�1 � 2a; q ¼ 2; :::;Q (2)

�
X1 ¼ lout
XQ ¼ lw � lout

(3a)

or



Fig. 1. Geometry of the examined arrangement and definition of basic quantities: (a) XeY plane; (b) Y e Z plane.
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�
0 � X1 � lout
0 � lw � XQ � lout

(3b)

Xq 2 ½0; lw�; q¼ 1; :::;Q (4)

1:1a� c � 4a (5)

Eq. (2) expresses mathematically the avoidance of overlapping
between two adjacent devices, while Eqs. (3a) and (3b) impose
restrictions on the location of the two outerWECs along thewall, so
that different aspects of the examined physical problem can be
tackled. More specifically, by denoting with lout the parts of lw close
to the wall edges, where only the two outer WECs of the array can
be deployed (Fig. 1a), the application of Eq. (3a) expresses physi-
cally the utilization of a part of the total available wall length lw for
placing the WECs of the array. Alternatively, by applying Eq. (3b),
the two outerWECs are allowed to be situatedwithin lout (i.e., along
a length close to the wall edges), facilitating the formation of op-
timum array layouts within the total available wall length lw.
Continuing with the rest spatial constraints, Eq. (4) ensures the
placement of all theWECs in front of thewall boundary, and, finally,
Eq. (5) impose spatial restrictions on the perpendicular distance of
the linear array from the wall. Specifically, the lower bound of Eq.
(5) expresses mathematically the avoidance of overlapping be-
tween the WECs and the wall, while the upper bound of this
equation ensures that the WECs are not situated far from the wall
boundary. The value of the upper bound has been selected by
considering also the parametric results of Loukogeorgaki et al. [19],
who illustrated that the placement of a linear array of oblate
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spheroidal WECs at c > 3a reduces the array's power absorption
ability.
3. Numerical modelling and solution

In order to solve the constrained optimization problem of Sec-
tion 2 for a given marine site characterized by a specific wave
climate, a suitable ONF consisting of three numerical components
(Fig. 2) is developed and applied. The first component corresponds
to a frequency-domain Hydrodynamic Model (HyM) that solves the
diffraction/radiation problem of the examined multi-body
arrangement in the presence of the wall. Accordingly, it enables
the calculation of the power absorbed by the WECs of the array for
unit-amplitude monochromatic waves and, then, by performing a
spectral analysis it facilitates the computation of the annual aver-
aged energy absorbed by the array for the wave climate of the
examined site. The second component corresponds to a GAs opti-
mization Solver (GAS), which is appropriately coupled in an inte-
grated computational environment with the HyM and solves the
optimization problem. Finally, for estimating the required charac-
teristics of the sea states (Hs, Tp and Pr

�
Hs; Tp

�
) and, thus, deter-

mining the required wave climate matrix of the marine site of
interest, a Numerical Wave Model (NWM) is utilized, representing
the third component of the proposed ONF. In the following sections,
the three numerical components of the developed ONF as well as
the coupling procedure of the HyM with the GAS are described in
detail.



Fig. 2. Outline and components of the developed ONF.
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3.1. Hydrodynamic model

The hydrodynamic analysis of the WECs array in front of the
vertical wall under the action of monochromatic incident waves,
taking into account the hydrodynamic interactions among the
WECs and between the wall and the WECs, is conducted in the
frequency domain and it relies on the Boundary Integral Equation
Method (BIEM), which is numerically realized using the WAMIT
code [26]. The relevant analysis is based on a three-dimensional
linear potential theory, where, the wall is taken fixed at its posi-
tion, while all devices are assumed to undergo small amplitude
oscillations only along their working direction, i.e., along the local
vertical ozq axis (Fig. 1b). Hence, for all WECs, all degrees of
freedom, except the one corresponding to heave, are considered
ideally restricted. Assuming inviscid and incompressible fluid with
irrotational flow, the fluid's motion is described by introducing the
velocity potential. Its complex spatial part is defined as follows
[26,27]:

4¼4I þ 4S|fflfflfflffl{zfflfflfflffl}
4D

þ iu
XQ
q¼1

xq34q (6)

4I ¼
igA
u

cosh½kðZ þ hÞ�
coshðkhÞ e�ikðX cos bþY sin bÞ (7)

where 4I is the velocity potential of the incident waves, 4S is the
scattered potential, associated with the scattered disturbances of
the incident waves from the WECs and the wall, 4D denotes the
diffraction potential, 4q, q ¼ 1, …, Q, are the radiation potentials,
associated with the waves radiated from the WECs due to their
forced motion in heave and xq3 correspond to the complex ampli-
tudes of the WECs' heave motions. Furthermore, u and A are the
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frequency and the amplitude, respectively, of the incident waves,
that propagate at angle b relative to the global OX axis (Fig. 1a), g is
the gravitational acceleration, k is the wave number and i2 ¼ �1.

The velocity potentials 4m (m ¼ D or m ¼ q) satisfy the Laplace
equation in the entire fluid domain, while, furthermore, they are
subjected to the following linearized boundary conditions corre-
sponding to the combined kinematic and dynamic free-surface
condition (Eq. (8)), the bottom boundary condition (Eq. (9)), and
the Neumann boundary conditions on the wetted surface of the
bodies (Eq. (10) and (11)).

v4m

vZ
¼u2

g
4m on Z ¼ 0 (8)

v4m

vZ
¼0 on Z ¼ �h (9)

v4D

vn
¼ 0 (10)

v4q

vn
¼nq3 for q ¼ 1; :::;Q (11)

In Eq. (11), nq3 corresponds to the normal unit vector of WECq in
the vertical direction.

Green's theorem is employed in order to cope with the
boundary value problem of the unknown diffraction and radiation
potentials of all bodies (WECs and wall) and of the WECs respec-
tively. The solution of the problem relies on a three dimensional
low-order panel method [26,27], where dipole panels [27] are
assumed to model the wetted surface of the wall, given that the
thickness of the bottom-mounted boundary is considered to be
negligible.
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Having solved the aforementioned boundary value problem, the
first-order hydrodynamic forcing quantities and hydrodynamic
parameters are calculated as follows:

Fq3 ¼ � iur∬ SqW
nq34Dds; q ¼ 1; :::;Q (12)

Аql �
i
u
Вql ¼ r∬ SqW

nq34lds; q; l ¼ 1; :::;Q (13)

where Fq3 is the heave exciting force applied on the qthWEC, Аql and
Вql are the added mass and radiation damping coefficients

respectively, SqW is the wetted surface of the qth WEC and r is the
water density.

The complex amplitudes of the WECs’ heave motions, xq3, q ¼ 1,
…, Q, are, then, obtained by solving the following linear system of
equations:

XQ
q¼1

h
�u2

�
Mql þAql

�
þ iu

�
Bqlþ BPTOql

�
þCql

i
x3

q ¼ F3
l; l¼1; :::;Q

(14)

In Eq. (14),Mql and Cql are, respectively, the mass matrix and the

hydrostatic-gravitational stiffness coefficients, while BPTOql corre-

spond to the damping coefficients originating from the PTO
mechanism. For a qth WEC, the latter mechanism is modeled as a
linear damping system (Fig. 1b), with constant damping coefficient
bPTOq, actuated from the heave motion of the WEC. Accordingly, in
SJONSWAP
�
u
��Н s; Tp

�¼ð1�0:287lnðgÞÞ 5
16

H2
s u

4
pu

�5exp
	
� 5
4

	
u

up

��4�
g
exp

	
�0:5

	
u�up
sup

�2�
(19)
Eq. (14), BPTOql ¼ bPTOq for q ¼ l ¼ 1, …, Q, whereas BPTOql ¼ 0 for qs l.

Under the action of monochromatic unit-amplitude incident
waves of frequency u, the averaged power, pqðuÞ, absorbed by the
qth WEC of the array follows from:

pqðuÞ ¼ 1
2
bPTOqu

2��xq3��2 (15)

where
���x3q

��� is the amplitude of the complex quantity xq3.

Subsequently to the calculation of pqðuÞ for various u values
representing the frequency components of a spectrum, a spectral
analysis is performed in order to estimate the annual averaged
energy absorbed by the array for the wave climate conditions of the
examined marine site. Initially, for each sea state described by a
spectrum of Hs and Tp, the averaged power absorbed by the linear
array, pðHs;TpÞ, is obtained as follows:

p
�
Hs; Tp

�¼ XQ
q¼1

pq
�
Hs; Tp

�¼ XQ
q¼1

ð∞
0

STMA
�
u
��Нs; Tp

�
pq

0
@u

1
Adu

(16)

where pqðHs;TpÞ, q¼ 1,…, Q, is the averaged power absorbed by the
qth device for the given sea state, STMAðu

��Нs; TpÞ is the spectral
density of the TMA spectrum [28e31], while the symbol “|” is used
to denote given values of Hs and Tp. The integral part of Eq. (16)
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implies summation of the averaged power absorbed by a qth
WEC over the frequency components of the discretised spectrum.

The TMA spectrum is deployed in the present paper in order to
consider through a robust and simple method, limited water depth
conditions, as exist at near-shore locations, where the proposed
arrangement (WECs andwall) can be realized. More specifically, the
TMA spectrum has a finite depth spectral formulation and corre-
sponds to a modified JONSWAP spectrum in shallow waters. For a
given sea state of Hs and Tp, STMAðu

��Нs; TpÞ can be obtained by
multiplying the corresponding spectral density of the JONSWAP
spectrum, SJONSWAPðu

��Нs; TpÞ, with the so-called “limited depth”
function, Fðh;uÞ, that depends upon the depth h and the frequency,
u (e.g., Refs. [30,31]). Hence,

STMA
�
u
��Нs; Tp

�¼ SJONSWAP
�
ujН s; Tp

�
Fðh;uÞ (17)

The function Fðh;uÞ is given by (e.g., Ref. [31]):

Fðh;uÞ ¼

8>>>>><
>>>>>:

0:5
	
u

ffiffiffiffiffiffiffiffi
h=g

q �2

for u
ffiffiffiffiffiffiffiffi
h=g

q
<1

1:0� 0:5
	
2� u

ffiffiffiffiffiffiffiffi
h=g

q �2

for 1 � u
ffiffiffiffiffiffiffiffi
h=g

q
<2

1:0 for u
ffiffiffiffiffiffiffiffi
h=g

q
� 2

(18)

The spectral density of the JONSWAP spectrum SJONSWAPðu
��Нs;

TpÞ, is obtained by applying Eq. (19) [32]:
where up ¼ 2p/Τp, g is the non-dimensional peak shape parameter
equal to 3.3 and s is the spectral width parameter equal to 0.07 for
u�up and 0.09 for u>up.

Given the annual probability of occurrence of each sea state,
Pr
�
Hs; Tp

�
, at the marine site, where the multi-body arrangement is

deployed, the annual averaged energy absorbed by the whole array,
Eannual, is, finally, calculated as:

Eannual ¼ 8;760

0
@X

Hs

X
Tp

Pr
�
Hs; Tp

�
p
�
Hs; Tp

�1A (20)

Eq. (20) expresses mathematically the objective function of the
constrained optimization problem defined in Section 2.
3.2. GAs optimization solver and its coupling with the
hydrodynamic model

The utilized in the present paper GAS corresponds to meta-
heuristic optimization algorithm that relies on an intelligent
search within the finite solution space by mimicking the process of
biological evolution; namely, a population of individuals (i.e.,
candidate solutions of the optimization problem) is evolving in
time according to the “survival of the fittest” rule, implying that the
fittest (superior) individuals can be considered for reproduction in
the generation of the next population. The population successively
approaches an optimum solution, since “good” parents generate
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“good” children. Within this context, a randomized, but well-
structured optimization process is realized within the GAS, as
shown in Fig. 3, where also details about the coupling of the GAS
with the HyM are provided.

Initially, the design variables Xq, q ¼ 1, …, Q and c, the objective
function Eannual(c, X1, …, Xq, …, XQ) (Eq. (20)), the constraints (Eqs.
(2)e(5)) and the size of the population (equal to the number of
individuals) are given as input in the GAS. Moreover, the features of
the GAS operators selected for generating the individuals for each
successive population (i.e., ranking, selection, mutation and cross-
over) are determined and the stopping criteria of the optimization
algorithm are defined. During the GAS execution, each individual of
a population corresponds to a set of values of Xq, q ¼ 1, …, Q and c,
and, thus, to a candidate solution of the optimization problem,
while the size of the population remains constant.

The optimization process starts by creating a constraint
dependent random initial population for the design variables based
on a uniform random sampling over lower and upper bound values
(Eqs. (4) and (5)) and the rest spatial constraints (Eqs. (2) and (3)).
Each individual of the initial population is used as input to the HyM
together with the values of the rest physical quantities required in
the latter numerical model. HyM is executed, the heave responses
of the WECs are obtained and the power absorbed by the WECs for
unit-amplitude waves (Eq. (15)) is calculated. The objective func-
tion, Eannual (Eq. (20)), is, then, quantified for the examined site by
deploying, within the relevant spectral analysis, the corresponding
wave climate matrix (Hs, Tp and Pr

�
Hs; Tp

�
) as obtained from the

NWM. Based on the calculated Eannual values, ranking of the initial
population in descending order follows, starting from the individ-
ual that has the best score (i.e., the highest Eannual value), and the
stopping criteria of the optimization algorithm are checked. These
criteria are related with: (a) a predefined maximum number of it-
erations and (b) an average change of the objective function value
over a number of iterations compared to a predefined tolerance
value. If any of these criteria is not satisfied, a new population of
individuals is generated by deploying specific GAS operators, while
imposing constraints and bounds for the design variables (Eqs.
(2)e(5)). The selection operator is, initially, utilized, where an up-
per percentage of individuals in the ranked population is selected
to survive and continue to the next generation. Among these in-
dividuals, those having the highest ranking are selected as “elite”
and aremaintainedwithin the next populationwithout any change,
while, the rest are selected as “parents”. The “parents” are, then,
used to generate new individuals by: (a) combining the entries of a
pair of “parents” to create fitter offspring (crossover operator of
GAS) and (b) changing randomly a single “parent”, so that diversity
within the population is maintained (mutation operator of GAS).
The above operators ensure that all solution space regions will be
explored, while preventing the algorithm to stuck in local minima.
The individuals of the new population are used as input to the HyM
for implementing hydrodynamic analysis and, thus, calculating
new values of Eannual (Eq. (20)), by deploying once more the wave
climate matrix (Hs, Tp and Pr

�
Hs; Tp

�
) of the examined site. The

individuals of the new population are ranked, and the stopping
criteria are again checked. The iterative process continues until one
of the stopping criteria is satisfied. When this is achieved, the in-
dividual of the last generated population having the best ranking is
assigned as the optimum solution of the examined constrained
maximization problem. In the present paper, GAS is numerically
realized by using the Optimization Toolbox™ R2019b [33] of
MATLAB [34]. GAS is coupled with the HyM within the same
computational environment.
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3.3. Wave numerical model

Wave climate information is not universal and differs around
regions, depending on local bathymetric and climatic conditions.
Therefore, to properly tackle problems related to WECs’ develop-
ment and deployment, long-term accurate realistic wave param-
eter data are necessary. Within this context, this study utilizes the
Simulating WAves Nearshore (SWAN), a spectral phased averaged
model that estimates the wave variance spectrum through space
(latitude, longitude) and time. SWAN incorporates this iterative
solution using different source terms (see Eq. (21)) that allow for
multiple physical elements to be implemented and interact, to
obtain the wave spectra.

Stot ¼ Sin þ Snl3 þ Snl4 þþSds;w þ Sds;b þ Sds;br (21)

In Eq. (21), Stot is the total source term accounting for all physical
processes that generate, dissipate, or redistribute energy, Sin is the
input of energy represented by wind growth, Snl3 and Snl4 represent
triad and quadruplet interactions, responsible for the re-
distribution of frequencies in shallow and deep waters respec-
tively, while Sds are usually dissipation (negative) source terms that
reduce the energy content and alter the wave characteristics. More
specifically, Sds,w is for white-capping, Sds,b is for bottom friction
(influenced by soil composition, etc) and Sds,br is for bottom
breaking.

For applications at near-shore locations, SWAN can resolve
implicitly complex triad interactions (Snl3), bottom friction and
breaking (Sds,b, Sds,br), and refraction effects [35e37]. While other
oceanic model may use explicit solutions for near-shore conditions,
this can often lead to over-estimation of wave parameters, as the
frequency exchanges is “biased” to lower frequencies.

Another important factor that affects the quality of the wave
generated data, are the wave growth physics dependencies upon
the wind [38], hence, the significant impacts that wind drivers have
on wave generation and quadruplet interactions [39e42]. Prior to
any model consideration, the NWM chosen, including SWAN, must
be calibrated and validated, clearly discussing the accuracy and
Fig. 4. Location of: (a) marine sites selected and (b) relevant Greek islands in t
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limitations of the model, with consideration on its applicability
[43].
4. Characteristics of examined cases

The ONF developed in this study is applied for five marine sites
located in the Aegean Sea, Greece (Fig. 4). Sites S1~S3 correspond to
near-shore locations at Siros, Anafi and Antiparos islands of the
Cyclades island complex in the central Aegean, while sites S4~S5
correspond to similar locations at Kasos and Karpathos islands of
Dodecanese situated in the south-eastern Aegean. The selection of
these sites has been mainly based on the results of availability and
accessibility analysis in the Mediterranean and Aegean Seas of
[44,45]. This analysis illustrated the existence of better-than-
expected capacity factors and high accessibility at these marine
areas in the case of near-shore heaving devices’ deployment. Other
factors, such as the existence of a vertical breakwater (e.g., site S1)
or the necessity to build a breakwater (e.g., site S2) were also taken
into account.

For each of the above marine sites, optimum layout configura-
tions are determined for a linear array of Q ¼ 5 oblate spheroidal
WECs (Fig. 1a with Q ¼ 5) of equatorial radius a ¼ 2.0 m and non-
dimensional polar radius b/a¼ 0.85 placed in front of a wall of total
non-dimensional length lw/a ¼ 36. The arrangement is oriented
perpendicularly to the most predominant wave direction, which is
assumed common for all sea states. The WECs’ geometrical char-
acteristics have been selected based on the previous works of
[19,46]. All WECs within the array are taken to have the same PTO
characteristics. Accordingly, in Eq. (14) BPTOql ¼ bPTO for q ¼ l ¼ 1, …,

5. The constant damping coefficient, bPTO, is appropriately tuned, in
terms of maximizing energy absorption at the heave natural fre-
quency, uiso

n3 , of a single, isolated device. Hence, and in accordance
with [47], bPTO is considered to be equal with the heave radiation
damping of a single, isolated WEC at u ¼ uiso

n3 . For the examined

WEC geometry, uiso
n3 is 2.4 rad/s (the corresponding heave natural

period, Tiso
n3 , is 2.6 s), leading to bPTO ¼ 10;322:20 Ns/m [19]. HyM is
he wider area of the Aegean Sea (depths shown are limited up to 150 m).



Table 1
Optimization cases investigated for each of the five marine sites in the Aegean Sea.

Optimization case Non-dimensional design variables to be optimized Non-dimensional values of rest design variables lout/a

OC1 c/a X1/a ¼ 10, X2/a ¼ 14, X3/a ¼ 18, X4/a ¼ 22 and X5/a ¼ 26 10
OC2 Xq/a, q ¼ 2, 3 and 4 Optimum c/a obtained from OC1, X1/a ¼ 10 and X5/a ¼ 26 10
OC3 Xq/a, q ¼ 1, …, 5 Optimum c/a obtained from OC1 10
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applied for non-dimensional water depth h/a equal to 3.5, 4 and 5
for sites S1, S2 and S3~S5 respectively and for b¼ 270ο (Fig. 1a), due
to the perpendicular orientation of the arrangement relative to the
most predominant wave direction, with frequency varying be-
tween 0.05 rad/s and 4.0 rad/s. The latter values correspond also to
the cut-off spectral frequencies utilized in Eqs. (17)-(19) for per-
forming the required spectral analysis.

Following a stepwise process, three optimization cases have
been considered and successively solved for each of the S1~S5 sites
(Table 1). OC1 corresponds to a simple constraint optimization
problem of a single-variable, which seeks to determine the opti-
mum non-dimensional perpendicular distance c/a of the linear
array from the wall. The array is assumed to consist of equally-
spaced WECs distributed at 10 � X/a�26.0 with a fixed center-to-
center distance equal to 4a. For solving OC1, only the spatial
constraint described by Eq. (5) is taken into account. For the opti-
mum c/a value obtained from OC1, OC2 aims at determining the
optimum layout configurations of the array, by utilizing a part of
the total available wall length equal to 16a for placing randomly the
devices. In that respect, Eq. (3a) is applied with lout ¼ 10a and the
rest spatial restrictions are imposed by utilizing Eqs. (2) and (4).
Finally, OC3 seeks to define optimum layout configurations of the
array along the total available wall length. The array is again
assumed to be situated at the optimum non-dimensional distance
of the wall, c/a, as resulted from OC1. Accordingly, the optimization
problem is solved taking into account the spatial constraints
described by Eqs. (2), (3b) and (4). The application of Eq. (3b) allows
the placement of the two outer WECs at any position within
lout ¼ 10a. It is noted that the consideration of OC1~OC3, charac-
terized by a different level of complexity, demonstrates the generic
aspect of the proposed ONF and its ability to handle effectively
different aspects of the examined physical problem.

Regarding the 2nd component of the proposed ONF, GAS is
applied by defining the design variables, Xq, q ¼ 1, …, 5, and c, to
have values up to their first decimal; thus, the WECs’ optimum
locations are determined within a 10 cm grid. Furthermore, aiming
at keeping the computational effort at a reasonable level, while
preserving the required numerical accuracy, the following options
have been assigned to the optimization solver based on a relevant
sensitivity analysis: (a) double vector population type with popu-
lation size equal to 10, (b) adaptive feasible mutation, (c) 0.6
crossover fraction with constraint dependent crossover function,
(d) guarantee of 2 individuals to survive in the next generation as
elite count and (e) termination of the optimization process if the
change in the objective function (Eannual) value over 8 iterations is
less than 0.001 (critical stopping criterion). For each optimization
case of Table 1, multiple different runs have been implemented, in
order to ensure that the global maximum of the physical problem is
correctly predicted by the GAS. Furthermore, a different number of
GAS operator iterations was required for achieving convergence of
the optimization algorithm. The minimum and maximum number
of the required iterations among all examined cases was 9 and 17,
respectively. Regarding the computational effort, by using a stan-
dard PC with 128 GB RAM and Intel® Xeon® Gold 6130 CPU@
2.1 GHz 2.1 GHz (2 processors) the mean computational time for
one iteration (10 runs of the HyM) was approximately equal to
196
140 min.
Finally, the sea states data for the five examined sites were ob-

tained by a hindcast based on the SWAN model, developed spe-
cifically for the Aegean Sea [44]. The model used a two way nesting
for the Mediterranean and the Aegean Seas and provided a
comprehensive resource assessment of metocean conditions for 35
years from 1980 to 2014. The calibration included refined tuning of
the wind growth and white capping elements for the Aegean Sea,
with wind drivers obtained by the Climate Forecast System Rean-
alysis (CFSR) atmospheric dataset [48]. The Aegean Sea domain has
a spatial resolutionz2.0 km for latitude and longitude, while near-
shore and shallow water terms were activated and tuned. Wave
direction was discretised in 25 interval and wave frequencies in 30
bins distributed logarithmically, with the lowest set at 0.0357 Hz
and the highest at 0.5 Hz. A “warm” start configuration was set in
the model to minimize ramping up period in the wave model and
minimize statistical under-estimations.

The hindcast database was also compared with other models
run for the region, and it proved to provide the highest level of
agreement amongst existing studies. Significant wave height biases
were near zero with over-estimation of Hs from 0.01 cm to 0.1 cm,
and a negligible under-estimation in Tp with �0.1 s. The detail
model calibration/validation led to adopting this hindcast database,
since in overall the database not only has the lowest mean annual
biases, but due to its wind scheme parameterisation it has also the
lowest extreme Hs biases, making it reliable to all seasons.

Based on the spatial resolution of the applied NWM, the 35-
years Hs and Tp data for S1, S2 and S3 were obtained at a water
depth equal to 11.5 m, 18.7 m and 19.0 m respectively, while the
corresponding water depths for S4 and S5 were 19.2 m and 27.0 m
respectively. In all sites, non-linear wave interactions, such as triad,
refraction and shoaling have been considered in the application of
SWAN.
5. Results and discussion

The wave climate matrices as obtained from the NWM for the
five examined sites in the Aegean Sea are shown in Tables 2e6,
where for each sea state the corresponding Pr

�
Hs; Tp

�
value is

expressed in terms of percentage (%).
All sites are characterized by amildwave environment, since sea

states of significant wave height up to 1.75 m (S1 and S3) or up to
2.25 m (S2, S4 and S5) show the largest probability of occurrence.
For the sites located in the Cyclades (Tables 2e4), the most frequent
sea states have 3.0 s� Tp �6.0 s (S1 and S3) or 4.0 s� Tp �6.0 s (S2).
On the other hand, for S4 and S5 located in Dodecanese (Tables 5
and 6), sea states with large probability of occurrence are distrib-
uted within a wider Tp range, i.e., at 4.0 s � Tp �8.0 s.

Continuing with the optimization results, Fig. 5 shows sche-
matically the optimum layout configurations of the array in front of
the wall in the XeY plane for sites S1~S5 and for OC1 (Table 1). For
the examined linear array consisting of equally-spaced oblate
spheroidal WECs with fixed positions along a part of the available
wall length, optimum layout configurations for all sites are realized
by placing the array at c/a ¼ 1.1; namely, at the smallest allowable
non-dimensional distance from the wall boundary. This outcome is



Table 2
Wave climate matrix for site S1 based on 35-years hindcast data (water depth 11.5 m).

Table 3
Wave climate matrix for site S2 based on 35-years hindcast data (water depth 18.7 m).
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in accordance with the parametric results of [19] obtained for the
case of monochromatic waves. More specifically, according to that
study, the placement of the aforementioned array close to the wall
boundary induces hydrodynamic interactions between the WECs
and the wall, that enhance the array's hydrodynamic behaviour
and, thus, its power absorption ability, at periods larger than the
heave natural period of the device. In the present investigation, the
most frequent sea states for all examined sites (Tables 2e6) are
characterized by Tp values larger than the WEC's heave natural
period (equal to 2.6 s). The combination of the above advocates that
maximization of Eannual can be achieved by placing the WECs close
to the wall, as it has been verified from the optimum solution ac-
quired in the case of OC1.

The annual averaged energy, Eannual, absorbed by the optimally-
arranged WECs in the case of OC1 is shown in Fig. 6. The largest
Eannual values among all sites, equal to 55.9 MWh and 55.3 MWh,
are obtained for sites S4 and S5, respectively, whereas for sites
S1~S3, situated in central Aegean (Cyclades), the annual energy
197
absorption ability of the corresponding optimum layout configu-
rations is reduced by 40.4%, 14.5%, 18.2%, respectively, compared to
S4. In the case of site S3, the aforementioned reduction is attributed
to the existence of milder local wave climate conditions (Table 4).
However, this does not hold true for site S2, which has a local wave
climate (Table 3) similar to that of S4 and S5. Nevertheless, in the
case of S2, the WECs array is deployed at h/a ¼ 4, contrary to sites
S4~S5, where h/a ¼ 5 has been taken into consideration. This re-
duces the finite depth spectral densities of the incident wave
spectra at the former site, as shown in Fig. 7, where the TMA spectra
for different h/a values are plotted indicatively for sea states with
Hs ¼ 1.75 m and Tp ¼ 4.0 and 6.0 s. Accordingly, the optimally-
arranged array realized in the case of S2 shows a smaller energy
absorption ability. For site S1, the deployment of the WECs at an
even smaller water depth (i.e., at h/a¼ 3.5) alongwith the existence
of a milder local wave climate (Table 2) lead to the smallest Eannual
value among all sites examined herein.

Regarding the second examined optimization case (OC2,



Table 4
Wave climate matrix for site S3 based on 35-years hindcast data (water depth 19.0 m).

Table 5
Wave climate matrix for site S4 based on 35-years hindcast data (water depth 19.2 m).
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Table 1), where the linear array is fixed at c/a¼ 1.1, as resulted from
OC1, and the WECs are enabled to be distributed along a part of the
available wall length (i.e., at 10 � X/a�26), the corresponding op-
timum results are presented in Fig. 8. For all examined sites, opti-
mum layout configurations are realized by placing the middle WEC
(WEC3) close to X/az18 (middle of the wall) and the two outer
WECs (WEC1 and WEC5) at the two edges of the available wall
length (i.e., at X1/a¼ 10 and X5/a¼ 26 respectively, as resulted from
Eq. (3a)). For sites S3 and S4, the positioning of the rest of the de-
vices (WEC2 andWEC4) along the OX axis leads to the formation of
an array with almost equally-spaced devices. For sites S1, S2 and S5,
WEC4 is situated a bit more closely to the corresponding outer
device (i.e., WEC5).

As for the maximized values of Eannual obtained in the case of
OC2 (Fig. 9), the optimally-arrangedWECs located at sites S4 and S5
absorb again the largest amounts of annual energy equal to
55.8 MWh and 55.2 MWh, respectively. For sites S1~S3, the energy
absorption ability of the optimized linear array is reduced,
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respectively, by 40.8%, 14.6% and 18.2%, compared to S4. The above
results are very similar with those obtained for OC1 and, hence, the
relevant discussion made above can be utilized for their physical
interpretation.

The optimization results related to the final examined optimi-
zation case (OC3, Table 1) are presented in Figs. 10 and 11. It is
recalled that for OC3 the linear array is again fixed at c/a ¼ 1.1, as in
OC2; however, the two outer WECs are allowed to be situated
within lout, facilitating the formation of optimum array layouts
within the total available wall length (i.e., at 0� X/a�36). As shown
in Fig. 10, for all sites examined and contrary to OC1 and OC2, the
optimum solutions correspond to a random placement of theWECs
in front of the wall boundary, with unequal center-to-center dis-
tances between adjacent devices. The most distinctive feature of
the optimally-arranged arrays is the formation of two clusters of
closely-positioned WECs. Each cluster consists of either three or
two devices and it is situated close to one of the two wall edges. As
for the annual energy absorbed by the linear array (Fig. 11), the



Table 6
Wave climate matrix for site S5 based on 35-years hindcast data (water depth 27.0 m).

Fig. 5. Optimum layout configurations of the WECs array in front of the wall for S1~S5
and for OC1.

Fig. 6. Eannual absorbed by the optimally-arranged WECs arrays at S1~S5 for OC1.
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largest Eannual values equal to 60.8 MWh and 60.5 MWh are ob-
tained for the optimally-arranged arrays located at sites S4 and S5,
respectively, as in the case of OC1 (Fig. 6) and OC2 (Fig. 9).
Compared to S4, the corresponding Eannual for the rest examined
sites is reduced by 37.3% (site S1), 11.1% (site S2) and 14.9% (site S3)
for the reasons previously explained.

In order to demonstrate the effect of the different optimally-
arranged WEC arrays on Eannual, a comparison of the latter quan-
tity among OC1~OC3 for all examined sites is made. The corre-
sponding results are shown in Fig. 12. For a given marine site, the
consideration of a part of the available wall length for placing the
WECs (OC2) does not introduce any substantial difference on Eannual
compared to OC1. This is attributed to fact that the optimum so-
lutions of OC2 correspond to arrays with almost equally-spaced
devices (Fig. 8), resembling the arrays of OC1, where the WECs
had a predefined uniform distribution along OX. However, when
the two outerWECs of the array are enabled to be situated within a
length close to the wall edges, facilitating the utilization of the total
available wall length for placing the devices and, thus, the reali-
zation of a wider distribution of the WECs along the leeward
boundary (OC3), the annual energy absorption ability of the
optimally-arranged arrays is improved for all examined sites. More
specifically, Eannual is increased by 14.3% (site S1), 13.2% (site S2),
13.1% (site S3), 8.9% (site S4) and 9.4% (site S5), compared to OC1
while the corresponding percentages relevant to OC2 are 15.5%,
13.6%, 13.4%, 9.1% and 9.6% for sites S1~S5 respectively.

Finally, it is interesting to illustrate the contribution of eachWEC
(%) to the maximized Eannual. This is realized with the aid of Fig. 13.
In the case of OC1 (Fig. 13a) and OC2 (Fig. 13b) and for sites S2~S5,
the two outerWECs (WEC1 andWEC5) contribute a bit more to the
total annual energy absorbed by the optimum array layouts
compared to the rest of the WECs. A different trend is observed for
site S1, where a bit larger contribution is observed for WEC3
(middleWEC). For this site, the finite depth spectral densities of the
sea states with Tp ¼ 6.0 s are greatly reduced due to the consider-
ation of h/a¼ 3.5 s (Fig. 7b). Accordingly, and contrary to S2~S5, the
optimized array absorbs a significant amount of energy only for sea
states with 4.0 s� Tp �5.0 s. In this period range, WEC3 shows a
larger heave response compared to the rest WECs (results are not
included here due to space constraints), and, thus, it contributes
more to Eannual. Regarding OC3 (Fig. 13c), the outer WEC of the 2-



Fig. 7. Effect of h/a on STMA for sea states with Hs ¼ 1.75 m and Tp ¼ 4.0 s (a) and 6.0 s (b).

Fig. 8. Optimum layout configurations of the WECs array in front of the wall for S1~S5
and for OC2.

Fig. 9. Eannual absorbed by the optimally-arranged WECs arrays at S1~S5 for OC2.

Fig. 10. Optimum layout configurations of the WECs array in front of the wall for S1~S5
and for OC3.

Fig. 11. Eannual absorbed by the optimally-arranged WECs arrays at S1~S5 for OC3.
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Fig. 12. Effect of different optimum array layouts on Eannual for each examined site.

E. Loukogeorgaki, C. Michailides, G. Lavidas et al. Renewable Energy 179 (2021) 189e203
body cluster (i.e., WEC5, see Fig. 10) for all sites examined con-
tributes a bit more to the maximized Eannual, followed by either
WEC4 (innerWEC of the 2-body cluster, Fig. 10) in the case of S4~S5
or WEC2 (middle WEC of the 3-body cluster, Fig. 10) for sites S2~S3
or, finally, WEC1 (outer WEC of the 3-body cluster, Fig. 10) in the
Fig. 13. Contribution of each WEC of the optimally-arranged arra
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case of S1. It should be noted, however, that for all optimization
cases and sites considered herein, theWECs’ contributions to Eannual
differ slightly among the various WECs of each optimally-arranged
array and the corresponding percentages have values very close to
20%. This, in turn, demonstrates an almost equal contribution of the
5 WEC units of the optimally-arranged arrays to the annual
absorbed energy.
6. Conclusions

In the present paper, we developed an optimization numerical
framework to determine the optimum layout of a linear array of
oblate spheroidal heaving WECs in front of a vertical, bottom-
mounted wall of finite length under the action of perpendicular
to the arrangement long-crested irregular waves. The term “opti-
mum” corresponds to layouts that maximize the annual averaged
energy absorbed by the array, while satisfying specific spatial
constraints. The developed framework is applied for an array of five
WECs deployed at five near-shore sites in the Aegean Sea, Greece,
which are characterized by mild wave conditions. For each site,
three different optimization cases are solved (OC1~OC3), facili-
tating the investigation of various aspects of the examined physical
problem. The main conclusions of this study for the WECs’
ys on Eannual for S1~S5 and for OC1 (a), OC2 (b) and OC3 (c).
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geometrical/operational characteristics and wave climate condi-
tions considered can be summarized as follows:

� For the linear array consisting of equally-spaced WECs at pre-
defined, fixed, positions along a part of the available wall length
(OC1), optimally-arranged layouts for all sites are realized by
placing the array at the smallest allowable non-dimensional
perpendicular distance from the wall boundary (i.e., at c/
a ¼ 1.1). From a physical point, this could be related to the
deployment ofWECs with heave natural period smaller than the
peak periods of the most frequent sea states. When the linear
array is assumed fixed at c/a ¼ 1.1, while the devices are free to
be situated along a part of the available wall length (OC2), op-
timum layouts consist of almost equally-spaced devices,
resembling the array configurations of OC1. However, when the
two outer WECs are allowed to be situated along a length close
to the wall edges, facilitating the distribution of the devices
within the total available wall length (OC3), optimum layouts
are characterized by the formation of two clusters of either two
or three closely-positioned WECs, situated close to each wall
edge.

� For all optimization cases examined, the largest values of the
annual energy, Eannual, absorbed by the optimally-arranged ar-
rays are obtained for sites S4 and S5 in south-eastern Aegean,
with the arrays deployed at S5 showing a slightly reduced (by an
average of 0.8%) annual absorption ability. Compared to S4,
Eannual is reduced by an average of 17.1% in the case of site S3
(central Aegean), due the existence of a milder local wave
environment. For site S2 (central Aegean), a reduction of the
finite depth spectral densities of the incident wave spectra oc-
curs, since the WECs array is deployed at a smaller water depth.
Thus, for this site, an average reduction of Eannual by 13.4%
compared to S4 is realized. Regarding site S1 (central Aegean),
the existence of an even smaller water depth combined with
milder local wave conditions lead to a significant, equal to 39.5%,
average reduction of the energy absorption ability of the cor-
responding optimally-arranged clusters compared to S4.

� By allowing the outer WECs of the array to be situated within a
length close to the wall edges and, thus, enabling the utilization
of the whole available wall length for placing the devices, the
energy absorption ability of the linear array is enhanced. Spe-
cifically, Eannual is increased by an average (among all sites) 12.2%
and 11.8% compared, respectively, to OC2 (free placement of
WECs along a part of the total wall length) and OC1 (fixed, with
an equal spacing, placement of WECs along a part of the total
wall length).

� For all optimization cases and sites examined herein, the five
WEC units of the optimally-arranged arrays show an almost
equal contribution to the maximized annual absorbed energy.

The developed optimization framework is generic and can be
easily applied to various layout optimization problems of heaving
WECs arrays in front of a wall, by appropriately modifying the
spatial constraints. Accordingly, optimum array layouts could be
determined for the case, where theWECs are allowed to be situated
at different perpendicular distances from the wall. The determi-
nation of optimally-arranged arrays consisting of WECs with heave
natural period closer to the peak periods of the most frequent sea
states, the effect of the wave directionality on the optimum layouts’
formation and the annual absorbed energy, as well as the inclusion
of cost-related aspects in the formation of the optimization prob-
lem could also present items for future investigation.
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