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The European Union, in its Framework Strategy for A Resilient Energy Union, as described

in the “Clean Energy for all Europeans” package of measures, marked its energy

priorities for transition to a low-carbon, secure and competitive economy. Following

this direction, the paper deals with the exploitation of one of the most significant and

extensively available energy sources, that of nearshore waves. More specifically the paper

emphasizes in the optimal design of Overtopping Breakwater for Energy Conversion

systems, known as OBREC, using a novel and very effective, meta-heuristic optimization

technique, the Harmony Search Algorithm. The proposed methodology is based on

the combined application of wave propagation equations that simulate the compound

wave field near coastal structures where the waves are subjected to the combined

effects of shoaling, refraction, diffraction, reflection—total and partial—and breaking, with

an optimization algorithm, aiming at the identification of the optimal dimensions of an

OBREC reservoir. In order to demonstrate the effectiveness of the methodology, the port

of Heraklion in the island of Crete in Greece, is used as a case study. The results of

the application are very promising and strongly support the statement that the proposed

methodology provides a new concept in the design of OBREC systems.

Keywords: optimization, OBREC, waves, renewable energy, breakwaters

INTRODUCTION

The excessive use of conventional energy resources has resulted in significant reduction of their
availability, posing a constant and increasing effect on climate. The utilization of Renewable Energy
Sources (R.E.S) is essential in order to meet contemporary energy needs. Research in the ocean
wave energy exploitation has received attention over the past decade and development on this
field is evolving, with noteworthy studies presented and experimental Wave Energy Converter
systems (WEC’s) designed and improved in order to provide a reliable and sustainable alternative
to the energy equilibrium. A wide variety of wave energy technologies exists, resulting from the
different ways that energy can be absorbed and also depending on the water depth and on the
location (shoreline, nearshore, offshore) (Falcao, 2010). Offshore wave conditions provide a larger
energy content, yet the energetic amount of the nearshore wave conditions is more exploitable
(Zhongxian et al., 2013).
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Offshore wave energy converter devices can be characterized
as systems placed on water depths >25m. As previously
mentioned, the advantage of this type of systems is the larger
wave energy exploitation potential because of the energetic
content of offshore waves. For this purpose, floating devices are
constructed, connected with wire ropes that are anchored in the
sea bed. An essential disadvantage for this type of converters is
the grid connection.Wave energy converters that are constructed
nearshore, in depths smaller than 25m are usually fixed to the
sea bottom ensuring the required stability during operation. A
common device type is the Oscillating Wave Surge Converter
(OWSC), where a flap device exploits the nearshore horizontal
wave motion for electricity production that is delivered to the
grid (Folley et al., 2004). The produced energy is less, since the
directional spreading of the wave climate is restricted nearshore
and also phenomena as wave breaking, refraction, diffraction and
shoaling alter the energetic wave content. The shoreline wave
energy converters pose a great advantage since the produced
energy can be transferred to the grid more easily but also the
device is founded in a protected environment against storm
conditions. Furthermore, easier installation and maintenance
classifies them as attractive systems. The Oscillating Water
Column (OWC) is a typical shoreline wave energy converter
type that consists of a partly submerged hollow structure that
is open on top. The principle of this converter system is the air
compression due to the oscillating motion of incoming waves
inside the device that acts like a piston, operating an air turbine
that is placed lower and drives an electrical generator. The
disadvantage of this converter type is the lower energetic wave
content that can be partly compensated by selection of wave
concentrated locations for the placement of the device.

An important wave energy converter device category is based
on the principle of wave overtopping. In this case, a collector
accumulates the water from breaking waves into a reservoir
and a low head turbine exploits the stored water for the
purpose of electricity production. The OvertoppingWave Energy
Converters (OWEC’s) can be used in offshore (Wave dragon,
Kofoed et al., 2006) as well as in nearshore locations (Gravas
et al., 2012; Vicinanza et al., 2012, 2014; Buccino et al., 2015).
The combination of wave energy converter systems with coastal
structures, such as breakwaters and seawalls, forms an attractive
system that provides the necessary protection to the coastal
regions together with energy production (Vicinanza et al., 2014,
2019). The most recent full-scale device of OWEC embedded
intro a rubble mound breakwater has been installed at the port
of Naples (Italy) in 2015 (Contestabile et al., 2016).

In conclusion, the exploitation of wave energy can lead to
significant energy production levels, forming an efficient option
for Europe (for example in the present study case the annual
energy performance for an indicative energy breakwater length
of 100m, is estimated to be order of 2,000 MWh). The use
of renewable energy resources can form an important tool for
covering part of the energy needs. Over the past years, the wave
energy conversion technology has developed continuously. The
offshore devices that have been already tested can convert a larger
energy amount compared to the nearshore systems. However,
several operational issues, demand further need for research. The

overtopping wave energy converters pose significant advantages,
as they are able to be integrated in existing coastal structures,
minimizing the cost while maintenance is easier. These devices
can lead the way into the exploitation of the wave energy
potential, offering important energy profits even though the
energy supply is not continuous. The construction of this type
of structures is of order of 10% more expensive than the
conventional type breakwaters. The main additional cost is the
cost of maintenance, due to the unfriendly marine environment.
In addition in islands (i.e., as in Crete and the small islands
of the Aegean sea), the cost of energy production using oil, is
3–6 times more expensive than in the continent, making an
OBREC to be an advantageous solution (considering also that it
is a renewable environmentally friendly method). Furthermore,
increased protection is also provided as the existing coastal
structures are strengthened against sea level rise. Regions with
strong wave potential can accommodate this type of devices,
while proper design can lead to efficient energy exploitation.
The present study proposes an optimization methodology that
provides the optimal dimensions of a wave energy converter
device named as Overtopping Breakwater for Energy Conversion
(OBREC) in order to maximize the generated energy amount.

DESCRIPTION OF OVERTOPPING
BREAKWATER FOR ENERGY
CONVERSION SYSTEMS

The Overtopping Breakwater for Energy Conversion system,
known as OBREC, exploits wave overtopping in order to produce
electricity. An illustration of the device is presented in Figure 1.
The converter is being placed in the front of a breakwater
and consists of a specially designed reservoir, accumulating the
overtopping water. The energy is generated using a low-head
turbine, which exploits the difference in water levels between the
reservoir and the mean sea level (MSL), creating the necessary
head difference to generate flow and run the turbine. In the
end, in the rear side of the breakwater, water flows back into
the sea at MSL. The front side of the reservoir shares the
same inclination with the breakwater, to minimize energy losses.
Wave overtopping inflow is calculated by a proper equation,
based on the characteristics of the device. OBREC can be even
placed on existing breakwaters with relatively low cost. The
device combines the advantages of energy exploitation from
renewable sources with the protection of the area, against wave
energetic conditions.

Critical design parameters are the crest freeboard Rc (m), that
describes the height between the upper point of the sloping plate
of the front reservoir and MSL, and the reservoir width Br (m),
both illustrated in Figure 2. These two parameters should be
selected in conjunction, allowing maximum wave overtopping
inflow, and forming along with the length of the device, the
suitable capacity of the reservoir, based on the prevailing wave
conditions of each area. Furthermore, the length of the sloping
plate, ultimately affects the behavior of the incoming water, as
it determines Rc. Finally, careful design is required to avoid
overtopping at the rear side of the structure.
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FIGURE 1 | OBREC illustration (Source: Iuppa et al., 2016).

FIGURE 2 | Depiction of OBREC parameters.

The aim of OBREC devices is to maximize the amount of
wave overtopping inflow in the reservoir, creating a sufficient
water column height, in order to produce energy. The efficiency
of the device is proportional to the amount of water that enters
the tank as well as to the hydraulic height of the water above
the water turbine, Hk. The latter comprises the water column in
the reservoir, denoted as h1 and the water column inside the pipe
above the water turbine, denoted as hs. The elevation of the water
turbine must be at least at the level of MSL or above, ensuring
water flow.

Kaplan turbine is the most efficient option for such small
head systems as OBREC, as it can maintain a high efficiency of
the device in the varying wave field. To maximize the generated
energy amount, careful design of the reservoir must precede for
the proper and combined selection of the dimensions of crest
level Rc and the width of the reservoir Br , per m length of the
device, allowing maximum inflow and ensuring the necessary
hydraulic load.

The wave overtopping equation that is used in this study,
q, applies in the case of smooth steep low crested structures,
according to EurOtop Manual (2007):

q
√

g ·H3
m0

= 0.2 · exp(−2.6 ·
Rc

Hm0
) (1)

where: q defines the mean wave overtopping inflow (m3/s/m),
Hm0 defines the incident wave height (m) and Rc defines the crest
level (m).

The range of implementation of this equation is described by
the following inequalities:

1.0 < α < 4.0 & 0.5 < Rc/Hm0 < 3.5 (2a and 2b)

The above inequalities refer respectively to the slope of a
breakwater, measured in rad, and to the dimensionless relative
wave height, which is defined by the ratio Rc/Hm0. According
to the EurOtop Manual, the reliability of the above equation
is expressed considering that the factor (−2.6), which appears
in Equation (1), is a stochastic variable that follows a normal
distribution with mean (−2.6) and standard deviation σ = 0.35.

The power of the water turbine is given by the
following equation:

Pk,el = nhydro · ρ · g · qk,s ·H(W/m) (3)

where ρ = 1,000, is the water density (kg/m3), g = 9,81, is the
gravitational acceleration (m2/s) qk,s, describes the inflow and
in this problem is identified with wave overtopping inflow, q
(m3/s/m), Hk, defines the hydraulic height of water above water
turbine (m) and nhydro, defines the hydraulic efficiency of the
water turbine.
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The hydraulic efficiency of the OBREC device, nhydro, is
defined as the proportion of the hydraulic power and the wave
power and indicates how much percentage of wave power can
be harvested every times the wave is acting on that structure. It
is described by the ratio (Kofoed, 2000; Lander, 2012): nhydro =
Phydro
Pwave

. Phydro defines the power of collected waves and Pwave
defines the initial wave power that runs in the breakwater,
calculated by the following respective equations:

Phydro = ρ · g · q · Rc (W/m) (4)

Pwave =
ρ · g2

64 · π
· (H2

· Tp)(W/m) (5)

The hydraulic efficiency of devices such as
OBREC usually ranges between 10 and 30%
(Kofoed, 2000; Lander, 2012; Musa et al., 2016).

OBJECTIVE—PROBLEM CONFIGURATION

Introduction
The proposed methodology aims to identify the optimal
combination of crest height and width of OBREC reservoir, in
order to maximize its performance, through an optimization
methodology. Initially, wave data from the case-study area
of application, the city of Heraklion in the Greek island of
Crete, will be presented. Then the structural features of the
OBREC device and the breakwater are being defined (energy
breakwater OBREC). Afterwards, the configuration of the
optimization model is developed, through the identification of
the objective function, the decision variables and the constraints
of the problem.

The optimization problem is solved using a specially designed
optimization software based on Harmony Search Algorithm
(HSA). This software was selected after being extensively tested
on benchmark optimization problems and was considered
adequate and efficient enough to meet the non-linearities of the
OBREC design problem. Finally, further analysis and evaluation
of the exported results from the program will be performed,
aiming to find the overall optimal solution.

Case-Study Area: The Port of Heraklion,
Crete
Crete’s energy supply system is isolated from the mainland and
presents significant energy supply problems due to the limited
coverage of the island’s electricity needs especially during the
summermonths and the so far limited introduction of Renewable
Energy Sources (RES). At the same time, the ongoing impacts
of climate change, calls for the need to redesign the harbor
structures, as well as the effort to cover the area’s energy needs
in accordance with the principles of sustainable development.
Heraklion, because of its wave and wind field, is the ideal location
to examine the performance of OBREC device in a breakwater
(see Table 1).

It becomes apparent that apart from its contribution to the
energy requirements of the area, OBREC will contribute also
to the protection of the port, whose needs are growing due to
climate change. The prevailing winds that affect the behavior

TABLE 1 | Significant wave height, peak period, and frequency of appearance

offshore the Heraklion port and in front of the breakwaters.

Wind speed

(m/s)

Frequency of

appearance

(%)

Deep water

Hos

(m)

Nearshore

Hs

(m)

Tp
(s)

NW waves

4.40 6.368 0.47 0.46 3.646483

6.70 8.707 1.114 0.97 5.552599

9.35 2.796 1.86 1.58 6.789673

12.30 0.725 2.44 2.04 7.453164

15.50 0.095 3.08 2.65 8.062796

18.95 0.029 3.77 3.30 8.632966

22.6 0.002 4.49 3.99 9.165787

26.45 0.000 5.264 4.81 9.669

30.55 0.000 6.081 5.85 10.155

Total 18.722

N waves

4.40 5.449 0.47 0.46 3.646483

6.70 4.954 1.11 1.02 5.552599

9.35 2.081 1.66 1.68 6.290233

12.30 0.924 2.18 2.10 6.904918

15.50 0.212 2.75 2.69 7.469707

18.95 0.064 3.36 3.28 7.997936

22.6 0.006 4.01 3.91 8.491563

26.45 0.000 4.689 4.72 8.958

30.55 0.000 5.416 5.48 9.408

Total 13.690

NE waves

4.40 0.864 0.479 0.448 3.646483

6.70 0.263 1.11 0.97 5.552599

9.35 0.076 1.62 1.40 6.205843

12.30 0.027 2.13 1.81 6.812281

15.50 0.002 2.69 2.29 7.369493

18.95 0.000 3.29 2.81 7.890635

22.6 0.000 3.92 3.80 8.37764

26.45 0.000 4.594 4.14 8.838

30.55 0.000 5.306 4.86 9.282

Total 1.232

of the energy breakwater are N, NW, NE directed. OBREC
performance is examined for all representative significant wave
heights created by the aforementioned wave directions and for a
wind strength range of 3–11 Beaufort (Bf). This leads to a total
number of 27 wave conditions for which the optimal dimensions
of OBREC are sought.

Design Characteristics of OBREC System
The breakwater, in which the OBREC device will be placed,
follows the principles of a conventional breakwater with
inclined slopes. The optimization can be achieved through
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the construction of a smooth, impermeable, low steep crested
structure, which is described by water overtopping inflow
Equation (1). The breakwater slope is defined as 1:2, a value
that is expected to contribute to the optimal functioning of the
structure. The dimensioning of the breakwater is based on the
worst expected significant wave height that prevails in the study
area, Hs = 6.081m and accounting for shoaling and refraction
phenomena, the design is ultimately carried out for a wave height
of Hs = 5.294m. The crest height is set at 5.80m while its
width at 5m. The construction of a smooth impermeable layer of
reinforced concrete on the open sea side is proposed for assisting
wave climbing. The armor layer of the energy breakwater is made
of artificial rocks and its construction depth is set at 10 m.

A pre-selected water turbine of Kaplan type is considered
and it is placed at a level of +0.05m above MSL. The size and
efficiency of the turbine of the energy breakwater remains stable
and does not interfere into the results produced by the present
study. The height of the water turbine column is set at 0.40m,
while the water column above the water turbine is set at 0.40m,
ultimately forming the elevation of the bottom of the reservoir
at a level height of +0.85m, counting from MSL. The water
flows out through a tube with a small inclination in the level of
MSL. Finally, the construction of a “nose” is proposed at the back
of the device, in order to increase water input in the reservoir
and to reduce the number of waves that overtop in the rear
side of the structure, up to 50–60%. Figure 3 forms a graphical
demonstration of the described energy breakwater OBREC.

In the following paragraphs the nearshore wave
transformation simulation model and the harmony
search optimization algorithm used in this application are
briefly presented.

Nearshore Wave Transformation Model
Linear wave propagation is simulated by applying a mild-
slope model (Copeland, 1985; Watanabe and Maruyama, 1986),
derived without the assumption of progressive waves. The
model is based on the hyperbolic-type mild slope equation
and is valid for a compound wave field near coastal structures
where the waves are subjected to the combined effects of

shoaling, refraction, diffraction, reflection (total and partial) and
breaking. The module consists of the following pair of equations
(Copeland, 1985; Watanabe and Maruyama, 1986):

∂η

∂t
+

c

cg
∇
cg

c
Qw = 0

∂Uw

∂t
+

c2

d
∇η = νh∇

2Uw (6)

where η is the surface elevation, Uw the mean velocity vector
Uw = (Uw, Vw), d the depth, Qw = Uw hw= (Qw, Pw), hw the
total depth (hw= d+η), c the celerity, and cg the group velocity.
The term νh is an horizontal eddy viscosity coefficient introduced
in order to include breaking effects based on the formulation of
Battjes (1975):

νh = 2d

(

D

ρ

)1/3

(7)

where D is the dissipation of wave energy expressed as:

D =
1

4
Qbf ρ gH2

m (8)

whereHm is the maximumwave height, ρ the water density, f the
wave frequency, and Qb the probability for a wave to break at a
depth, expressed as (1–Qb_/(lnQb) = (Hrms/Hm)

2 according to
Battjes and Janssen (1978). The mean square wave height Hrms

is calculated from Hrms = 2 (<2η2 >)1/2, with the brackets
denoting a time-mean quantity.

The present model is a linear one, and it is not capable of
describing waves in the swash zone, i.e., wave propagation on dry
bed (‘negative’ depth). The water depth from the rundown point
(i.e., depth equal to R/4; R is the runup height) and up to the
runup point (i.e., depth equal to -R) is considered to be constant
and equal to R/4.
The model is adapted for applications based on the following:

• The input wave is introduced at a line inside the computational
domain according to Larsen and Dancy (1983) and Lee and
Suh (1998).

FIGURE 3 | Graphical demonstration of a typical energy breakwater OBREC.
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• A sponge layer boundary condition is used to absorb the
outgoing waves at the four sides of the domain (Larsen and
Dancy, 1983).

• The presence of vertical structures is incorporated by
introducing a total reflection boundary condition (Uw = 0 or
Vw = 0).

• Partial reflection is also simulated, by introducing an artificial
eddy viscosity coefficient νh. The values of νh are estimated
from the method developed by Karambas and Bowers (1996),
using the reflection coefficient values given in the literature.

The numerical solution is based on the well-documented explicit
second order finite difference staggered scheme using a mid-time
method (Watanabe and Maruyama, 1986).

Using the wind data for the specific area from the Greek
Metereological Service and applying the JONSWAP wave
predictionmethod, the significant wave heights, the peak periods,
and the frequencies of appearance of offshore waves were
deduced (Liapis and Pantelidou, 2014). Table 1 shows the results
of the JONSWAP method (deep water wave significant height
Hos, offshore the Heraklion port) and the numerical model (Hs

in front of the breakwater).
The computational domain covers a nearshore area of 4,000×

1,800m. The grid spacing is dx= 2.0m and the time step 0.025 s.
The offshore wave input is taken from Table 1.

HARMONY SEARCH ALGORITHM

The Harmony Search Algorithm (HSA) is a metaheuristic
optimization method inspired by music harmony. It was first
introduced by Geem (2000) in his Ph.D. thesis. This algorithm
is based on a stochastic random search technique whose natural
corresponding system is the process for the search of a better
harmony by musicians. The Harmony Search Algorithm was
inspired by the way a musician plays within a music group.
During rehearsals or a concert, a musician has three choices:

i. To play the known—basic melody of the musical piece. This
melody is known as the “theme” and it characterizes every
piece. It is obviously known and already in the memory of
the musician.

ii. To play something similar to the basic melody. To slightly
change the “theme” enriching the piece with notes never
played before.

iii. To start an improvisation by selecting new note sequences
that will form a completely new music material.

TABLE 2 | Optimal solution for OBREC device scenario 4.

Objective function Value (W/m)

Pk,el 1854.87

Decision variables Value (m)

X1 (Rc) 1.19

X2 (Br) 2.33

X3 (h1) 0.34

The Harmony Search Algorithm is a stochastic meta-heuristic
method based on the sequential production of possible solutions.
It belongs to the category of “neighborhood meta-heuristics” that
produce one possible solution per iteration. This procedure is
completely different from that of the population methods that
produce a number of possible solutions in every iteration (e.g.,
genetic algorithms).

Every possible solution consists of a set of values of the
decision variables of the function that needs to be optimized.
Each one of these sets of values is called a “Harmony.” During
the optimization process, a number of “harmonies” equal to the
“Harmony Memory size” are stored in the “Harmony Memory”
(HM), a database that includes the produced set of solutions. The
algorithm ends when the predefined total number of iterations
has been achieved.

The simplicity, the fast convergence and the ease of
programming of the algorithm have contributed in the spreading
of the applications of HSA in various fields. HSA applies the three
following procedures in every iteration. Procedure “b” is used
(in a percentage) only if procedure “a” is activated. Option “c”
is applied every time procedure “a” is not selected:

a) HSA is choosing any value from HS Memory. This process
is defined as Memory Consideration and it is very important
because it ensures that good harmonies (values that give good
results) will be considered through the solution. Moreover,
these “good” harmonies will be the material (similar with
parents in Genetic Algorithms) for the creation of new, even
better harmonies. In order to use this process effectively,
Harmony Memory Considering Rate (HMCR) was defined.
This index will specify the probability that a new harmony
will include a value from the historic values that are stored
in the Harmony Memory. If this rate is too low, only few
elite harmonies will be selected. As a result HSA will converge
slowly. Of course an HMCR value of 1.0 is not recommended
because the exploration of the entire feasible range will be
obstructed and optimization will fail. Typical values of HMCR
are always >70%.

b) Every component of the new harmony chosen from HM, is
likely to be pitch-adjusted. For example a Pitch Adjusting
Rate (PAR) of 10%, indicates that algorithm will choose
neighboring values for the 10% of the harmonies chosen from
HM. The new harmony will include the value xnewi which
will be:

Xnew
i = Xi ± Random·bw (9)

where, xi is the existing pitch stored in HM, Random is a
random number between 0 and 1, and bw is the bandwidth
of the adjustment.

c) The third choice is to select a totally random value from the
possible value range. Randomization occurs with probability
(100-HMCR)% and increases the diversity of the solutions.
Although pitch adjustment has a similar role, it is limited in a
local area. Randomization can drive the algorithm to explore
the whole range and attain the global optimality.
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The contribution of the authors of this paper to the development
of the Harmony Search Algorithm as a widely recognized,
highly credible optimizationmethod for the solution of hydraulic
engineering related problems is significant as expressed through
a number of publications (Kougias and Theodossiou, 2011, 2013;
Kougias et al., 2012, 2014, 2016; Theodossiou and Kougias, 2012;
Theodossiou et al., 2016; Antoniou et al., 2017).

OPTIMIZATION MODEL

The aim of the present study is to maximize the energy that is
produced from OBREC. Because of this, the objective function of
the problem is defined as:

Pk,el = max (10)

which takes its final form after further elaboration of Equation 3:

Pk, el =
X1 · 64 · π

H2 · Tp
· ρ ·

√

g ·H3 · 0, 2 · exp

(

−2, 6 ·
X1

H

)

·

(

X3 + hs
)

(W/m) (11)

The decision variables are included in both the objective function
(Equation 11), and the constraints (Equation 13), in order to be
determined by the optimization software. The decision variables
of the problem are defined as the crest height Rc (m), X1 = Rc
and the width of reservoir Br (m), X2 = Br . In addition, a third
decision variable is used which represents the height of the water
in the tank, X3 = h1. Its presence is necessary as it appears on the
objective function and indicates the water height in the reservoir
in every scenario. Also, through X3, the width of the reservoir
is being calculated manually, after the programme results. HSA
programme calculates the values of the decision variables X1, X3.
The problem is formed based on the cross-sectional surface area
of the reservoir of OBREC per current meter length, as shown
in the graphic representation of Figure 3. According to that, the
width Br (m), will be calculated through the cross-sectional area
of the reservoir per current meter length and hence will result
from the well-known equation of trapezoid area, which after
conversions ends up in the following equation:

Br =
A

h1
+

h1

2tana
(m) (12)

The constraints defining the problem are:

a) X1 > X3 b) X2 =
A

X3
+

X3

2tana
c) X1≥X3 + 0, 85 (13)

The HSA software has been executed for all the prevailing wave
conditions in the area of study, emerging a total of 27 different
size scenarios of the OBREC device. Each scenario presents the
geometric shape of the reservoir that maximizes the power of the
turbine, for the steady wave condition that has been introduced
as input to the programme. Therefore, the results are not final
and must be further processed by analyzing the behavior of the

reservoir of each scenario in all wave conditions annually, so as
to assess the real behavior and performance of OBREC.

An indicative calculation of the programme is presented
in Table 2 for the OBREC device scenario 4 (considering the
corresponding representative significant wave height for a NW
prevailing wind of 6 Bf scale).

From the output results it was concluded that in any scenario,
the dimensions of the reservoir are determined in order to
allow maximum water storage. Therefore, in the problem it is
considered that the cross-sectional area of the reservoir equals
the wave overtopping inflow per meter and per second.

ANALYSIS OF THE SCENARIOS

The behavior of OBREC reservoir must be tested for all the
representative wave conditions that describe a full annual cycle
in the area of study. Because water overtopping inflow coincides
with the cross-sectional area A of the reservoir that stores the
overtopping water per meter and per second, q = A holds in
any case. So, this can be compared every time with the required
water amount in order to fill the area of the reservoir for each
scenario, defined as Afull. In each representative wave of the
prevailing wind conditions, if the area filled by the incoming
water is greater than Afull, it means that the cross-section of the
reservoir overflows and subsequently Afull is used in the objective
function in the place of q. Otherwise, the q value is used. Figure 4
presents the results of this application for wave scenario 4 that
represents a NW wind condition of 6 Bf.

The process described above investigates the behavior of each
OBREC device scenario in all waves induced by the prevailing
wind conditions. However, in order to calculate the annual
performance of OBREC in every scenario, wind occurrence
frequency should also be taken into account, so that in the
end, the cumulative performance per meter of length of the
structure could be calculated. Also, an application of the annual
performance of a total of 100m length energy breakwater will be
presented, for which the results of the energy performance over
an annual cycle for each scenario of the OBREC reservoir will
be assessed in order to select the optimal solution. The annual
energy performance is calculated by the equation:

Poutput = ngen · Pk,el · f · 24 · 365 (MWh) (14)

where:

• ngen, defines the performance of the electric generator. The
value selected here is ngen = 0.45, as a realistic and expected
value of performance.

• Pk,el, defines the power of the water turbine.
• f, defines wind frequency (%).

Figures 5A,B, present the annual energy performance for all
the different scenarios of the OBREC device, as well as the
corresponding annual energy performance for the indicative
energy breakwater length of 100 m.

It should be noted that apart from each scenario’s
performance, the extra energy that can be produced because
of the swell wave phenomenon can also be taken into account.
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FIGURE 4 | Analysis results of the indicative OBREC device scenario 4.

FIGURE 5 | (A) Annual energy performance for every OBREC device scenario per current length. (B) Annual energy performance for every OBREC device scenario

for an energy breakwater of 100 m length.

FIGURE 6 | Annual energy performance for all OBREC device scenarios.

Swell wave is defined as a wave that is not generated due to
weather phenomena observed over time, but due to former wind
conditions in the region, sometimes even days before, or even

in another area. No adequate data exist yet to estimate the extra
energy that can be generated by this phenomenon, however
experimental tests have emerged that OBREC might render

Frontiers in Energy Research | www.frontiersin.org 8 August 2019 | Volume 7 | Article 80

https://www.frontiersin.org/journals/energy-research
https://www.frontiersin.org
https://www.frontiersin.org/journals/energy-research#articles


Kralli et al. Optimal OBREC Design Using HSA

about 20% more energy in each scenario, due to swell waves.
Figure 6 presents the overall final results of the annual energy
production for all the OBREC device scenarios for an energy
breakwater length of 100 m.

ASSESSMENT OF SCENARIOS AND
OPTIMAL SOLUTION

The first criterion will assess the resultedOBREC device scenarios
for an energy breakwater length of 100m based on their
maximum annual energy efficiency. According to Figure 6 and
based on this criterion only, the optimal scenario is 4, with an
annual performance of 2404.60 MWh. A group of solutions will
also be considered acceptable at this point, whose results have
little deviation from the maximum performance of the device
scenario 4. This group is formed by the scenarios that show
annual performance >2,000 MWh. The selected scenarios based
on this first criterion are shown in Table 3.

In order to select the optimal solution, further processing will
be conducted, based on two simple but significant criteria that
can effectively assess all scenarios. This methodology could lead
to different scenarios, ones that did not appear to be good choices
or were not initially selected based on the first criterion, to be
assessed as optimal solutions.

Initially, criterion Eff is being defined as
annual energy performance

reservoir capacity .

This ratio determines a simplified concept of efficiency of
the device. However, it is a significant parameter that shows
the importance of the energy generated by the device, based
on its capacity. Thus, high values of Eff show that each
reservoir scenario produces a significant amount of energy, given
its capacity.

In the present study emphasis is given on the generated
energy, without using data related to transport, storage and
distribution of this energy amount. So, a full economic evaluation
has not been conducted at this stage and could be the suggested
as future research on the topic. However, it becomes apparent
that the optimal solution is not necessarily the one that provides

the maximum energy amount, if it could be possible to design
a smaller, but more efficient reservoir, thus reducing the overall
cost. Since some costs are constant, any financial difference
will emerge from the circumferential length of the reservoir
cross-section in each scenario. Given the selected length of 100m
of the structure, the feature that changes the capacity of the
reservoir is the circumference of its cross-section. The colored
part, defined as LOBREC, is what varies in each scenario’s reservoir
(Figure 7) and changes the cost of its construction.

The combination of LOBREC parameter with the Eff index will
further assess the accepted scenarios based on the first criterion
while it is possible to highlight some others. What will determine

TABLE 3 | OBREC device solutions based on maximum annual energy

performance criterion.

Dominant optimal solution Annual performance (MWh) Rc (m) Br (m)

Scenario 4 2404,60 1.53 2.33

Good alternative solutions Annual performance (MWh) Rc (m) Br (m)

Scenario 5 2140.14 1.53 2.08

Scenario 23 2135.65 1.43 1.79

Scenario 13 2126.52 1.11 2.31

Scenario 24 2077.82 1.61 2.14

Scenario 14 2023.09 1.51 1.70

Scenario 15 2005.80 1.66 2.13

Scenario 22 2003.98 1.15 1.93

TABLE 4 | Final optimal solutions.

Dominant optimal solution Annual performance (MWh) Rc (m) Br (m)

Scenario 4 2404.60 1.53 2.33

Good alternative solutions Annual performance (MWh) Rc (m) Br (m)

Scenario 13 2126.52 1.11 2.31

Scenario 22 2003.98 1.15 1.93

Scenario 23 2135.65 1.43 1.79

FIGURE 7 | Definition of LOBREC (based on: Contestabile et al., 2015).
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the optimal scenarios will be the comparatively high values of
ratio Eff, combined with comparatively smaller length values
of LOBREC.

By applying these criteria in all considered different OBREC
device scenarios, the results showed that the alternative solutions
that combined higher prices of the Eff criterion, with smaller
values of index LOBREC and with high annual energy performance
values, are amongst the same scenarios that were selected during
the first stage of the assessment.

However, scenarios 4, 13, 22, 23, as shown inTable 4, are those
whose behavior is deemed most optimal according to all three
criteria, forming the final acceptable group of optimal scenarios.
The performance of all the final selected scenarios is expected to
be high.

CONCLUSIONS AND PROPOSALS

The proposed methodology highlights a group of good
alternative, “efficient” and acceptable OBREC device scenarios
combined with the derived optimal solution, whose energy
performance is considered satisfactory. According to Eurostat
data, the proposed optimal scenario 4, can meet the needs
of approximately 687 households. Also, due to swell wave
phenomenon, the estimated performance of OBREC may raise
even by 20%. Finally, it was observed that in cases of N and
NW winds, that are the most frequent in Heraklion, OBREC
performance maximized in all scenarios, ensuring the proper
exploitation of wave energy of the area.

For further optimization of OBREC systems, a careful
selection of electrical equipment is proposed. Also, the selection
of the appropriate pipe diameter is necessary, based on
the dimensions of the reservoir. Alternatively, the device
can include more than one tubes in the reservoir. The
number of the tubes that will operate should depend on the
incoming amount of overtopping water. Finally, the increased
requirements of installation and maintenance of the device are
a dominant prerequisite in order to ensure high performance of
the system.

The proposed wave energy converter, OBREC, is an option
with high estimated energy performance, while considered
as an economically sustainable solution, where its cost is
covered by the benefits of its operation both as a work of
protection, and as an energy producing device. The proposed
methodology aims to highlight the great contribution of
optimization to the improvement of the performance of
OBREC device. The integration of optimization techniques
in the design of OBREC system is absolutely necessary in
order to ensure in all cases proper operation and high
energy performance.
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