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Abstract: This study focused on optimizing the power generation of a heaving point-absorber wave
energy converter (HPA-WEC) by integrating submerged breakwaters. An optimization analysis was
conducted based on a framework developed in the authors’ previous work, aiming to maximize the
capture width ratio (CWR) by inducing Bragg resonance. Numerical simulations were conducted
using a two-dimensional frequency domain boundary element method (FD-BEM) under irregular
wave conditions. Advanced particle swarm optimization (PSO) was used for the optimization,
with design variables that included the power take-off (PTO) damping coefficient, spring constant,
and position and shape of the submerged breakwaters. The results showed that the CWR almost
doubled when two breakwaters were used compared with the case without breakwaters. The
CWR significantly increased, even with only one breakwater installed behind the WEC. A coastal
stability analysis showed that installing two breakwaters provided the best performance, reducing the
transmitted wave energy by approximately 25%. Furthermore, the CWR reached its maximum when
the distance between the breakwater endpoints equaled the wavelength of the peak wave frequency,
indicating the occurrence of Bragg resonance. This study underscores the potential of submerged
breakwaters in enhancing power generation and coastal stability in the design of HPA-WECs.

Keywords: hydrodynamics; submerged breakwater; heaving point-absorber; wave energy converter;

optimization analysis; numerical wave tank

1. Introduction

The imperative for renewable energy sources has escalated, primarily driven by envi-
ronmental concerns, including global warming. Among the various forms of renewable
energy sources, wind, ocean wave, and solar energies stand out as particularly clean and
vital options. These energy sources are increasingly pivotal in achieving zero emissions,
an essential goal for mitigating the adverse effects of climate change and promoting en-
vironmental sustainability [1]. In particular, ocean wave energy has the highest energy
density [2], and numerous types of wave energy converters (WECs) have been developed
to extract energy from ocean waves [3]. Ocean wave energy acting on WECs is converted
into electrical energy using power take-off (PTO) systems [4].

WECSsS can be classified according to their working principles, such as oscillating water
columns, oscillating body systems, and overtopping systems [5]. This study considered the
point-absorber (PA) concept, one of the oscillating body systems, because the PA can be
scaled from small to large [6]. The PAs are called the WECs, which have relatively small
characteristic dimensions compared with the wavelength, and harvest ocean wave energy
by oscillating the PA body with single or multiple degrees of freedom (DoFs) [7,8]. PAs
can be classified into one-body PAs and two-body PAs according to the viewpoint of the
body geometry [7]. In general, a floating one-body PA generates electrical energy using the
heave motion of the floating body and is called a heaving point-absorber (HPA). The period
of the heave resonance of the floating body and the period of the incident wave must be
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designed to be close to each other to increase the amount of the power production of an
HPA-type WEC. A control strategy, such as a latching control, can be applied to maximize
power production when the resonance period between the floating body and the incident
wave is distant [9].

In nearshore areas, breakwaters can be built to resist wave energy [10]. Kim et al. [11]
highlighted the significance of the crest depth in wave height attenuation around low-
crested structures using a deep neural network model. Hwang et al. [12] examined the
flow patterns, topographic changes, and sediment transport in a coastal area with sub-
merged breakwaters through numerical simulations and field observations, highlighting
the significant influence of incident wave direction on these phenomena, particularly
under high-wave conditions such as typhoons, facilitating the design of efficient SBW
arrangements. In particular, connecting a PTO system to a floating breakwater can reduce
wave energy and produce electrical energy as a WEC [13,14]. Hydrodynamic analyses of
breakwaters are mainly performed in a two-dimensional domain because breakwaters are
installed long and parallel to the shoreline and have a constant cross-section.

Studies on HPA-WECs have predominantly assumed or restricted the WECs to vertical
motion only. Ning et al. [15] examined the heave response amplitude operator (RAO) and
capture width ratio (CWR) of a pile-restrained HPA-type WEC floating breakwater. They
also analyzed the reflection, transmission, and dissipation coefficients. Zhao et al. [16]
conducted a theoretical analysis in the frequency domain based on the linear potential
theory for a pile-restrained HPA-type WEC floating breakwater. They conducted a para-
metric study of the shape of the WEC and the PTO damping coefficient. Shadman et al. [17]
conducted a geometrical optimization analysis of an HPA-type WEC to maximize the cap-
ture width. Reabroy et al. [18] conducted experiments and CFD-based numerical analyses
considering the interaction with an HPA-WEC installed in front of a fixed breakwater.
They performed a comparative analysis of various geometric shapes of WEC. The results
suggested that the Dolphin model had the best power production and hydrodynamic
performance. Zhang et al. [14] conducted a CFD-based numerical analysis on an HPA-
type WEC floating breakwater with various bottom shapes. The results suggested that a
WEC can be helpful with coastal protection. Zhang et al. [19] analyzed the hydrodynamic
performance of an HPA-WEC installed in front of a vertical wall using the eigenfunction
expansion method in the frequency domain. Ahmed et al. [20] performed a time domain
irregular wave analysis on various bulbous-bottomed HPA-WECs and presented new buoy
shapes for optimal HPA-WECs. He et al. [21] conducted an optimization analysis using
the differential evolution algorithm to maximize the power production performance of an
HPA-WEC.

A notable limitation in these studies is the constraint of the WEC to vertical movement.
This simplification neglects potential horizontal and rotational motions of the WEC, which
are crucial for accurately evaluating the performance and stability of WECs in practical
applications. Considering the multiple DoF motions of a WEC, it is essential to account for
a mooring system to ensure station-keeping. Nguyen et al. [22] conducted experimental
research, showing that the mooring-line tension in floating structures is significantly in-
fluenced by the wave direction. In particular, they observed peak tension when the lines
aligned parallel to the wave propagation. Rossell et al. [23] conducted an experimental
study on a circular pipe-shaped floating breakwater, considering vertical and inclined
mooring systems. Guo et al. [24] performed smoothed-particle hydrodynamic (SPH) sim-
ulations to analyze the hydrodynamic performance of a floating breakwater considering
taut, slack, and hybrid mooring systems. These studies suggested that the performance of
a floating breakwater varies, depending on the type of mooring system and the location
of the anchor point. Xu et al. and Qiao et al. [25,26] introduced various mooring-system
designs for floating WECs.

The hydrodynamic performance of a floating structure or a vertical wall is affected by
the submerged breakwater installed in front of the structure. Manisha et al. [27] analyzed
the effects of submerged breakwaters or trenches of various shapes on reducing the wave
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loads acting on a fixed floating bridge. Vijay et al. [28] performed a parametric analysis
of external forces and ascertained the reflection and transmission coefficients acting on
a fixed floating dock by considering the interactions between submerged breakwaters
and the structure. Jiang et al. [29] analyzed the trends in the reflection, dissipation, and
improvement enhancement coefficients caused by double- and triple-submerged break-
waters installed in front of a vertical wall. These studies aimed to reduce the wave loads
acting on the rear of the structure due to reflected waves and dissipated wave energy by
submerged breakwaters. Heo et al. [30] performed an optimization analysis on the shape
and position of a submerged breakwater. The results suggest that the magnitude of the
external forces acting on a fixed floating structure can be decreased compared with when
there is no breakwater. In the existing literature that examines the interaction between
floating structures or vertical walls and submerged breakwaters positioned in front of
them, the floating structures are typically assumed to be fixed in place. In contrast, this
study aims to analyze the interaction between a moving floating body and submerged
breakwaters, with a focus on the resulting hydrodynamic performance. This approach is
crucial for accurately assessing a WEC under realistic operational conditions, where the
floating body experiences motion in multiple DoFs.

Numerous studies have been conducted to enhance the power generation performance
of WECs. However, to the best of the authors” knowledge, the interaction between WECs
and submerged breakwaters has not been extensively investigated. This study introduces a
novel approach using Bragg resonance to enhance power generation by the WEC in the
presence of two submerged breakwaters. The WEC was connected to a simple spring-type
mooring system for station-keeping. Submerged breakwaters were strategically positioned
in front of and behind the WEC to maximize the CWR of an HPA-type WEC and leveraging
Bragg resonance, with the position and shape determined by an optimization analysis. The
optimization analysis was performed by extending the optimization framework established
in the authors” previous study [30]. A two-dimensional frequency domain boundary
element method (FD-BEM) based on the linear potential flow theory was used for the
hydrodynamic analysis, considering the interactions between the WEC and submerged
breakwaters under irregular wave conditions. Advanced particle swarm optimization
(PSO), one of the metaheuristic algorithms, was applied for the optimization analysis [31,32].
The design variables for the optimization analysis were set to the PTO damping coefficient,
spring constant, and position and shape of the submerged breakwaters. Finally, the optimal
values that maximized the CWR were analyzed.

2. Analysis Methods

In this study, the optimization analysis was performed by extending the framework
linking the FD-BEM and the optimization program previously developed by the au-
thors [30]. Figure 1 presents an overview of the calculation framework. The framework
first received input data such as an objective (fitness) function and the boundaries of the
design variables from the user. The optimization program executed the FD-BEM using the
design variables of each particle and calculated the cost function using the output values of
the FD-BEM. The design variables of each particle were updated so that the cost function
converged to the maximum or minimum value as the generations (iteration number) passed
on. The optimization process ended when the objective function satisfied the stopping
criteria or reached the maximum number of iterations. The global best values determined
the optimal values when the framework was terminated.
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Figure 1. Overview of the framework linking the FD-BEM and the optimization program.

2.1. FD-BEM

The linear potential theory—which assumes the fluid in the computational domain
is inviscid, irrotational, and incompressible—was used to solve the two-dimensional hy-
drodynamic problems. The fluid particle motion in the computational domain can be
expressed using the velocity potential as follows [33]:

®(x,z,t) = Re [(])(x,z)e*i‘”t} 1)

where ¢, ¢, w, and Re are the time, complex velocity potential, wave frequency, and the
real part of the complex value, respectively. The governing equation in the computational
domain can be expressed using the Laplace equation as follows:

Vip =0 2)

3
¢ =1+ ¢p —iw)  Zipr, 3)
=1

where ¢; and ¢p are the incident wave potential and the diffraction potential, respectively.

¢r,j is the radiation potential due to the j-th mode of motion (j = 1 for surge, j = 2 for heave,

and j = 3 for pitch). ¢; is the magnitude of the j-th mode. The incident wave potential can

be expressed as follows:

.gH coshk(z+h) ;.

1= 20 coshki ¢ @)

where g, H, k, h, x, and z are the gravitational acceleration, wave height, wavenumber, water

depth, horizontal coordinate, and vertical displacement from the water surface, respectively.

The boundary integral equation can be derived from Green’s second identity using
Green’s function, which is the fundamental solution of the Laplace equation.

1 G\ .. By
Egt>+/r (4)an> dr_/r<c; E)n) dr 5)

where G = 1/(27) - In(1/r) is the two-dimensional Green’s function and r, I', and n are the
distance between the source and field points, the boundary of the computational domain,
and outward normal vector at the boundary elements, respectively.

Figure 2 shows the WEC and two submerged breakwaters. The direction of the
incident wave is the x-axis. The WEC had a rectangular cross-section. The origin of the
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coordinate system was the center of gravity of the WEC, and it was assumed that the
WEC was symmetrical with respect to the water surface. The WEC was connected to a
PTO system and two mooring lines. The mooring lines were assumed to be simple spring
elements with zero pre-tension. Each spring had the same spring constant, and the fairlead
points and anchor points were symmetrical about the z-axis. The submerged breakwaters
were also symmetrical in position about the z-axis and had the same geometry.
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Figure 2. Description of the WEC and two submerged breakwaters.
The equation of motion of the WEC can be expressed as follows [34]:
[~@? (M +M,) — iw(C+ Cpro) + (K+Ku)| ¢ = F ©6)

where M and M, are the structural mass and added mass matrices, respectively. C and
Cpro are the radiation damping and PTO damping matrices, respectively. K and K, are
the structural stiffness and mooring stiffness matrices, respectively. ¢ is the motion vector
and F is the external force vector from the unit wave amplitude. The response amplitude
operators (RAOs) could be calculated by dividing the external force vector by the left-hand
side of Equation (6).

The structural mass and stiffness matrices can be expressed as follows [35]:

m 0 mzg
M=| 0 m —MXg (7)
mze —MXg I
0 0 0
K= |0 pgBwec 0 8)

0 0 08 Jr, o Xo1zdT + pgVzp — mgzg

where m and [ are the mass and moment of inertia of the WEC, respectively. (x¢, z¢) are the
coordinates of the center of gravity. Byygc and V are the width and submerged volume of
the WEC, respectively. 1, is the z-axis component of the normal vector and z; is the center
of buoyancy.

The elements of the added mass and radiation damping matrices in the i-th mode by
the j-th motion could be calculated using the following equations:

Mg =p /FWEc Re(¢r,ij) ndl ©)
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where p is the density of the fluid and Im is the imaginary part of the complex value.

The external forces acting on the WEC could be determined by integrating the hydro-
dynamic pressure acting on the submerged body surface. The external force vector could
be calculated using the Bernoulli equation.

F = ipw| frygpe (1 +90)nedl [r (@1 @p)n=dl fr (914 ¢p) (rsgnz — rzgn) dT | ' (11)

where (ryg, 72¢) are the displacement from the center of gravity to the body element.

In a frequency domain analysis, the force due to the PTO system must be linearized
to validate the superposition principle [36]. The linearized PTO reaction force consists of
two terms. The first term represents the damper, which is proportional to the velocity, and
the second term represents the spring, which is proportional to the displacement. In this
study, the spring term was not considered. Furthermore, the PTO force was calculated
considering only the z-axis velocity, assuming that the x-axis velocity had little effect on the
PTO force compared with the z-axis velocity.

Fpro = —Cproz = iwCproz (12)

where Cprp is the PTO damping coefficient. The time-averaged power produced by the
PTO system and the power contained in the incident wave of the unit crest length could be
calculated as follows [37]:

1
Pwecreg(w) = 5Cpro0 w?|RAO|* A (13)
_ lpgw 2kh 2
Prreg(w) = 175 <1 + sinthh)A (14)

where A is the wave amplitude. The optimal Cprp to maximize Py rc, depending on the
wave frequency, could be obtained by substituting the heave RAO into Equation (13) and
then differentiating it [38].

Cr10apt(@) = \/C(@)? + [(Kas + Kniza) /0 — w{May + Mym (@)} (15)

On the other hand, this study assumed that Cprp had a constant value in each simu-
lation because actual ocean waves are irregular. The capture width ratio (CWR) could be
calculated as follows:

Pwec
CWR = (16)
BwecPr

The mooring system was considered for the station-keeping of the WEC. The mooring
stiffness matrix using a simple spring element could be obtained using the following equation:

cos?f cosfsin@ XfgcosOsint —zsy cos? 0
Ky = Kg sin’ 0 Xfg sin? @ — Zfq COs 0sin 6 (17)
symm. (xfgsin® — zg, cos 0)>

where Kg is the spring constant, 8 is the angle between the x-axis and the displacement
vector from the anchor point to the fairlead point, and (xy¢, z,) is the displacement from
the center of gravity to the fairlead point.

The diffraction and radiation potentials in Equations (9)—(11) could be obtained by solv-
ing the diffraction and radiation problems, respectively. These problems had the following
boundary conditions and could be solved by substituting them into Equation (5) [39].
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where v; refers to the velocity of the j-th mode.
The reflection and transmission coefficients at the radiation boundaries could be
calculated using the following velocity potentials [28]:

i 0
Ke(w) = 255 [, PlraasZotaiz] -1 (19)
1 0
ki) = 35| [, flaa 70021 20

where Kr and Kr are the reflection and transmission coefficients, respectively.
Zo(z) = coshk(z + h)/ cosh kh is the vertical eigenfunction, i.e., N7 = ff’h Z2(z)dz. Accord-
ing to the energy conservation principle, the total energy of the reflected and transmitted
waves and Pyc/P; were constant (K% + K7 + (Pwec/Pr) = 1) [40].

The JONSWAP spectrum was applied as the wave spectrum, and it could be expressed
as follows [41]:

-

2

s(e) = B exp[ -3 (48]

x — exp| 0= wp)?
- &P 202w?
(21)
5 0.06238 (1.094 — 0.019151In 7)

0.230 +0.0336y — 0.185(1.9 + ) !

0.07 when w < wp
0.09 when w > wp

where Hg, wp, and 7 are the significant wave height, peak wave frequency, and peak
enhancement factor, respectively.
Under irregular wave conditions, Pyrc and the theoretical P; could be calculated as

follows [42]:

Pyec = CPTO/O w?|RAO(w) *$ (w)dew (22)
212
_ P& HsTe
Pr==—r (23)

where Tp is the peak period (Tp = 271/ wp).
In addition, frequency-averaged reflection and transmission coefficients could be
obtained using the following equations [43]:

KR = y/mo,r/mo,s (24)
Kr = y/mor/mgs (25)

where m( g and mg  are zeroth moments of the reflected (Sg(w) = IKg(w)[*S(w)) and

transmitted spectra (St(w) = |Kr(w) 12S(w)), respectively. myg g is the zeroth moment of
the wave spectrum.
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2.2. Metaheuristic Algorithm

Metaheuristic algorithms can be applied to obtain the maximum or minimum cost
functions based on the objective function in an optimization analysis with multiple design
variables. Particle swarm optimization (PSO) is a swarm-based algorithm inspired by the
social behaviors observed in bird flocking and fish schooling [44,45]. It is esteemed for
its simplicity in both implementation and coding, requiring only a few parameters such
as the inertia weight, cognitive ratio, and social ratio. These parameters play a crucial
role in influencing the performance of the optimization process. The versatility of PSO
allows for its hybridization with other algorithms, thereby expanding its applicability and
enhancing its performance across a diverse range of optimization scenarios [45]. This
study used advanced PSO, which improves the shortcomings of general PSO, for the
optimization analysis [31,44,46]. Jeong and Koo [32] showed the superiority of advanced
PSO by performing a comparative analysis of various metaheuristic algorithms.

General PSO consists of Np particles for each generation (iteration). Each particle has
Nd design variables and the solution obtained from those design variables becomes the
value of the particle. Each design variable of a particle is called a position and the position
is updated based on the velocity calculated using the best value (personal best value) and
the global best value of each particle. The velocity of the k-th design variable of the j-th
particle of the i-th generation can be expressed as follows [31]:

Vlk] =u Vz‘k—l,j + ¢q randy (Pbest(XfﬂLj) - Xf«ﬂl/]-) + co rand; (Gbest(Xfﬂl) - Xf71/j> (26)

?—1,]‘ are the velocity and
position of each design variable, respectively. Pbest(X;_1,j) denotes the position vector
where the cost function of the j-th particle has the best value until the previous generation
and Gbest(X;_1) denotes the best position vector of the particle with the best cost function
among all particles up to the previous generation. « is the linear decreasing inertia weight

and can be calculated as follows:

where rand denotes a random number between 0 and 1. Vik]. and X

Iter;

m (lxmax - "‘min) (27)

& = Kmax —
where Iter; and Itermayx are the i-th generation and the maximum number of generations,
respectively. a#max and ap,in are the initial and final values of «, respectively. PSO shows
excellent performance when « starts from a value close to 1 and decreases linearly to 0.4 [46].
Accordingly, an amax of 0.8 and an ami, of 0.4 were applied. c; and c; were described by
the sine cosine acceleration coefficients (SCACs) [31] as follows:

_asin( (1o e 5 28

a=osmio\tTT termax + (28)
T Iter]-

=29 cos(2 (1 — Itermax>) +0 (29)

where d and ¢ were applied as 2 and 0.5, respectively [31].
After calculating the velocity of each design variable using Equation (26), the position
of the next generation could be updated as follows:
k k k
Xij =X, Vi (30)
The opposition-based learning technique was applied to obtain the initial design
variables of each particle of the first generation [47]. A memory mechanism was applied to
omit the positions calculated in previous simulations [48].
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3. Numerical Results
3.1. Validation of the FD-BEM

The two-dimensional frequency domain numerical analysis method (FD-BEM) used
to consider the interaction between a fixed surface-piercing body and a submerged break-
water was validated in the authors” previous research [30]. In this study, this validated
framework was extended to optimize the power generation of an HPA-WEC integrated
with submerged breakwaters. A module to solve radiation problems was incorporated
into the FD-BEM developed in previous research to analyze the floating body motion.
The validity of the FD-BEM for floating body motion was validated by comparing the
heave-added mass and radiation damping results for a rectangular-shaped floating body
with the theoretical results.

Figure 3 compares the hydrodynamic coefficients for a rectangular-shaped floating
body at different ratios of width (B) to draft (d) [49]. In the high-frequency range, slight
differences in the added mass of the floating body were observed, which were believed to be
due to issues such as mesh problems at very small wavelengths. In most frequency ranges
(for w+/B/2g values below 1.5), the overall trends and magnitudes were well aligned.

251

O B/d=2 Theoretical (Vugts, 1968) O B/d=2 Theoretical (Vugts, 1968)

O B/d=4 Theoretical (Vugts, 1968)

O B/d=8 Theoretical (Vugts, 1968)

[ Present study
O B/d=4 Theoretical (Vugts, 1968)
[ Present study
O B/d=8 Theoretical (Vugts, 1968)
— Present study

Present study

Present study

Present study

Figure 3. Comparison of the heave-added mass and radiation damping of a rectangular-shaped
floating body: (a) heave-added mass; (b) heave radiation damping. Vugts, 1968 [49].

Direct validations with other studies on the multi DoF motions of WECs with sub-
merged breakwaters remain limited. Nonetheless, the interaction problem between fixed
floating bodies and submerged breakwaters has been previously verified. The robustness
of the present method was further established through an additional validation using
the radiation problem conducted in this study. This ensures the method’s generality and
applicability to HPA-WEC systems, underscoring the improvements and unique aspects of
our approach.

3.2. Irregular Wave Conditions

Gangneung, on the coast of Korea, was selected for the real sea conditions, as shown
in Figure 4a. The one-year average wave data (14 November 2022 to 13 November 2023)
were obtained from the Wave Information Network of Korea [50,51]. Over the course of
one year, 16,103 wave data were collected at 30 min intervals, with an overall availability of
91.9% of the total 17,520 data. It was assumed that all waves acted consistently in the same
direction. The average significant wave height and peak period were calculated using the
average values of these wave data, and were 0.84 m and 6.33 s (0.99 rad/s), respectively.

The JONSWAP spectrum was applied to generate a wave spectrum [41]. Figure 4b
shows the JONSWAP spectrum with an enhancement factor (y) of 3.3 when the correspond-
ing environmental conditions were applied. The water depth was 34 m and the applied
seawater density was 1025 kg/m3. The direction of all incident waves was the same to
estimate the potential maximum power production. The wave frequencies for the irregular
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wave analysis ranged from 0.83 rad/s to 1.13 rad /s, which represented a range of incident
wave power over 30% of the wave power of the peak frequency. The interval of the wave
frequency was 0.02 rad/s; a total of 16 regular waves were considered. The wave amplitude
for the regular wave analysis was calculated using the following equation [52]:

A =

25(w)Aw (31)

where A is the wave amplitude and Aw is the interval of the wave frequency.
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Figure 4. Wave buoy location and the corresponding JONSWAP wave spectrum: (a) Gangneung, on
the Korean coast; (b) wave spectrum (Hg = 0.84m, Tp = 6.33s, and y = 3.3) [51].

3.3. Optimization Analysis

Figure 5 shows the four cases used for the optimization analysis. In Case 1, there
was no breakwater and it became the standard to compare the results depending on the
presence of the submerged breakwater. Cases 2 and 3 analyzed the situations where a
single breakwater was close to the incident wave direction (front) and far from the incident
wave direction (rear), respectively, based on the WEC. Case 4 was the same as shown in
Figure 2, with two breakwaters symmetrically positioned to the z-axis based on the WEC.

In all cases, the structural properties of the WEC were the same, as listed in Table 1.
The width of the WEC (B rc) was determined to be 0.15 h (5.1 m) according to the diameter
of the WEC, which was in the range of 5% to 10% of the prevailing wavelength [53]. The
draft of the WEC (dygc) was set to 0.3 h (10.2 m). A sufficiently wide resonance bandwidth
should be considered to determine the draft of a WEC [17]. The draft of the WEC was
assumed to be sufficient because this study applied the JONSWAP spectrum, which had a
relatively small resonance bandwidth.

The fairlead points, to which a simple spring-type mooring system was connected to
the WEC, were at both ends of the underside of the WEC. The anchor point was located
on the sea bottom, relatively close to the WEC and one Byrc away from the fairlead
point, so the breakwaters were close to the WEC. The center of gravity of the WEC was
set at the water surface, so the pitch stability was expected to be unstable. Lowering the
center of gravity and raising the fairlead point above the center of gravity increased the
pitch stability.
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Figure 5. Description of the four cases for the optimization analysis: (a) Case 1 (no breakwater);
(b) Case 2 (single breakwater—front); (c) Case 3 (single breakwater—rear); (d) Case 4 (two breakwaters).

Table 1. Structural properties of the floating body.

Description Value
Width (Bywec) 51m
Draft (dwgc) 10.2m
Overall length 204 m
Submerged area (Awrc) 52.02 m?
Center of gravity 0,0)
Mass 53,320.5 kg
Moment of inertia 1,964,727 1<g~m2
Heave stiffness (K») 51,260.9 N/m
Fairlead points (£2.55, —10.2) m
Anchor points (£7.65, —34) m

Table 2 lists the boundaries of the design variables for the four cases. The PTO
damping coefficient (Ks) and spring constant (Cprp) were applied as design variables
for the optimization analysis. Kg affects the natural frequency and stability of a floating
body. Cprp not only affects the power production (heave RAO of the WEC), but also plays
a role in reducing the snap load and load fluctuation acting on the mooring lines [54].
This role of Cprp can influence the stability of mooring systems when used as constraints
in an optimization analysis. In addition, the distance between the breakwater and the
anchor point (x4p), the area of the breakwater (Apw = ARrstivAwec), and the height
of the breakwater (dpy) were set as additional design variables. Apy was related to
the installation cost of the breakwater and was set as Ag,,, which was the ratio of the
breakwater to the submerged area of the WEC.

Case 1 had two design variables and Cases 2 to 4 had five. The total number of possible
simulations was 45,000 (300 x 150) for Case 1 and approximately 65 billion (300 x 150 x
201 x 141 x 51) for the others. Considering the total number of simulations, the number
of particles was set to 100 for Case 1 and 500 for the other cases. The maximum number
of generations (iterations) was set to 500, which was the same in all cases. The objective
function for the optimization analysis was set to maximize the CWR under irregular wave
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conditions, as shown in Equations (16), (22) and (23). Table 3 lists the PC configuration and
the software tool used for the optimization analysis. All analyses were performed using
the same PC and the time required for one simulation was six seconds or less.

Table 2. Boundaries of the design variables for optimization analysis.

Design Variables Lower Limit Upper Limit Step Size
Cpro [Ns/m] 100 30,000 100
Kg [N/m] 100 15,000 100
Xap/Bwec 0.0 20.0 0.1
ARatio(= Aw/ Awec) 1.0 15.0 0.1
dpw /h 0.3 0.8 0.01

Table 3. PC configuration and software tool for simulation (Intel, Santa Clara, CA, USA).

Components Description
CPU Intel (R) Xeon (R) Platinum 8260 (2.40 GHz)
Cores of CPU 48
RAM 192 GB
0S Windows 10
Compiler Intel® Fortran Compiler Classic 2021.8.0 [Intel(R) 64]

Table 4 lists the total simulation time and number of simulations required for the
optimization analysis. Case 1 had two design variables and 100 particles, so all particles
converged to the same design variables within a relatively short simulation time. Cases 2 to
4 used 500 particles for 5 design variables, so the simulation took longer than 30 h. The total
number of simulations in Case 2 was approximately 10,000 more than in Cases 3 and 4,
possibly because the randomly generated first-generation design variables were far from
the optimal values.

Table 4. Total simulation time and number of simulations.

Cases Total Simulation Converged Iteration Total Number of
Time [h] Simulations

Case 1 3.37 152 3354

Case 2 40.29 197 36,939

Case 3 30.46 213 26,504

Case 4 33.65 242 26,938

Table 5 lists the optimized design variables obtained from the optimization analysis
and corresponding parameters. Cprp and Kg exhibited the smallest values in Case 1
and the largest values in Case 4. This was because (referring to Bpyy) the influence on
the movement of the WEC increased as the area of the submerged breakwater increased.
Therefore, the motion response of the WEC was influenced by the position and shape of
the submerged breakwater.

Figure 6a shows the heave radiation damping (Cpp) of the WEC. In the peak wave
frequency range, the value of Cy; in Case 4 was more than twice that of the other cases. Fur-
thermore, in all cases, the optimized Cprp had a larger value than the optimal PTO damping
coefficient value at the peak wave frequency (Cpro,pt(wp)) obtained using Equation (15).
Hence, Equation (15) provided the optimal value for regular waves. Under irregular wave
conditions, Cprp must be obtained from an optimization analysis to maximize the CWR.

Figure 6b shows the heave RAO of the WEC. Resonance of the heave RAO occurred
within the peak wave frequency range for all cases. In addition, Cprp and Kg converged
so that the heave resonance frequency of the WEC and the peak wave frequency became
closer. In the peak frequency range, the heave RAO of Case 4 was the smallest, while the
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other three cases had similar values. The CWR was proportional to the product of the
square of the RAO and Cprp, as shown in Equation (22). Case 4 had the smallest RAO, but
Cpro had a larger value than the other cases, so the produced wave power had the largest
value. In Cases 3 and 4, the resonance of the heave RAO occurred near low frequencies,
which was attributed to the WEC having a low-frequency mode due to reflected waves
from the rear breakwater.

In the presence of the breakwater (Cases 2 to 4), Argti, was the smallest in Case 2,
indicating that its width became relatively thin compared to its height, necessitating an
additional analysis for stability against overturning moments. Cases 3 and 4 converged to
results where the area of the breakwater exceeded 10 times the area of the WEC. As the
installation cost of the breakwater was proportional to its area, adjusting the range of the
breakwater height was required to reduce the installation costs. The optimal values for
dpw all converged to the upper boundary, suggesting that the influence of the breakwater
on water particles became more significant as it approached the water surface [30].

Table 5. Optimal values and corresponding parameters of the submerged breakwaters.

Parameters Case 1 Case 2 Case 3 Case 4
Cpro [Ns/m] 5700 6200 7600 13,700
Optimized Ks [N/m] 7500 7700 8800 12,400
design variables Xab/Bwec ) 17 0.0 0.0
ARatio(FABW/ AWEC) - 2.5 11.6 12.3
dpw/h - 0.8 0.8 0.8
Corresponding Bgw(=Agw/dpw) [m] - 4.78 22.19 20.85
parameters Cpro,opt(wp) [Ns/m] 2825 2796 4241 11,178
x10* 25
3T & —Case 1 —Case 1
- -Case 2 - -Case 2
251 —--Case 3 = 2F ---Case 3
-+ Case 4 o --- Case 4
. £ st
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| = ]
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Figure 6. Heave radiation damping and heave RAO of the WEC: (a) heave radiation damping;
(b) heave RAO (vertical dash line: natural frequency of a freely floating body at 0.87 rad/s).

The optimal values presented in Table 5 resulted from an irregular wave analysis
considering a wave frequency range of 0.83 rad/s to 1.13 rad/s. However, analyzing only
within this range may not have fully accounted for all environmental wave conditions.
Therefore, a numerical analysis covering a broader wave frequency range was conducted
by performing an irregular wave analysis at 0.01 rad /s intervals from 0.1 rad /s to 3.0 rad /s
using the optimal values from Table 5 for comparison.

Table 6 lists the CWR and frequency-averaged reflection (Kg) and transmission (Kr)
coefficients calculated using the optimal values. The numbers inside parentheses represent
the ratios relative to Case 1. In Case 4, the CWR was approximately twice as large as
in Case 1 and approximately 66% greater than in Case 2. On the other hand, it was
approximately 11% larger than Case 3 and the difference was relatively small compared
with the other cases. This was attributed to the significant influence of the reflected waves
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generated from the breakwater when installed behind the WEC (rear). In contrast, the
impact of the breakwater on the WEC were relatively small if it was installed in front of the
WEC. K changed by less than 5% compared with Case 1 because of the presence of the
breakwater, but Kt decreased by approximately 7% and 13% in Cases 3 and 4, respectively.
Case 4 reduced the frequency-averaged transmitted wave energy by approximately 25%
compared with Case 1 because the wave energy was proportional to the square of the wave
height. The above results confirmed that Case 4 yielded the highest power production
and coastal safety. On the other hand, the installation cost was at least twice that of
Cases 2 and 3 because two submerged breakwaters needed to be installed.

Table 6. CWR, frequency-averaged reflection, and transmission coefficients (0.1 < w < 3.0 rad/s)
(the numbers inside parentheses represent ratios relative to Case 1).

Cases CWR Kr I_<T

Case 1 2.95 x 1072 (1.00) 0.484 (1.000) 0.791 (1.000)
Case 2 3.54 x 1072 (1.20) 0.487 (1.006) 0.772 (0.975)
Case 3 5.30 x 1072 (1.80) 0.461 (0.953) 0.734 (0.928)
Case 4 5.88 x 1072 (1.99) 0.499 (1.030) 0.687 (0.868)

Figure 7 shows the power produced by the WEC under irregular wave conditions
according to w, as shown in Equation (32).

dPwEc(w) = Cpro w?*|RAO(w)|* $(w) dw (32)

The power production at the peak wave frequency was the largest in Case 3, but the
CWR in the entire range had the largest value in Case 4 because the resonance bandwidth
was the widest in Case 4. Case 1 had the smallest CWR because there was no means to
amplify the CWR except for Cprp and Ks. Taking the CWR of Case 4 in Table 6 as an
example, the CWR at 0.83 to 1.13 rad /s (5.43 x 10~2) was calculated to be approximately
92.4% of the CWR over the entire range. Therefore, when a large number of simulations are
required (such as for an optimization analysis), sufficiently valid results may be provided
even if the analysis is performed considering only the resonance bandwidth to reduce the
total simulation time.

501
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---Case 3
§30 B === Case 4
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Figure 7. Power produced under irregular wave conditions.
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Figure 8a shows the geometric optimal values for Case 4. The distance between the
ends of the breakwaters (xpp) converged to 62.42 m, which aligned with the wavelength
at the peak wave frequency. Figure 8b presents a scatter plot of the simulation results
obtained from the optimization analysis of Case 4 in terms of xgg. The CWR converged to
its maximum value as xpp approached the wavelength of the peak wave frequency (Ap).
This was believed to occur because the surface wave met a type of Bragg condition because
of the WEC and the two submerged breakwaters, resulting in a substantial amplification of
Bragg-scattered waves. Generally, the condition for Bragg resonance is when the distance
between the centers of periodic bodies (or bottom ripples) is proportional to half the
wavelength [55].

XBragg = nA/2 forn=1,2,--- (33)

On the other hand, the Bragg condition changed so that xpp matched Ap because of
the changes in the flow field caused by the presence of the WEC. This could be indirectly
confirmed using Figure 8b, where the CWR rapidly decreased when xgp/Ap > 1. The CWR
increased when xpp/2 approached the anchor point. However, it would be impossible to
install in practice because in this situation, Bgyy was extremely thin.

From the above results, it was elucidated that maximizing power production in
an HPA-WEC design requires the PTO damping coefficient and spring constant to be
determined to approach the heave resonance frequency of the WEC within the peak wave
frequency range. Furthermore, a method was proposed to induce a type of Bragg resonance
by installing submerged breakwaters in front of and behind the WEC, with the distance
between their ends matching the wavelength of the peak wave frequency. On the other
hand, for a realistic design, factors such as installation costs and stability criteria like the
overturning moment and buoyancy should also be considered during the design phase.
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Figure 8. Illustration of the distance between the ends of breakwaters and scatter plot of the CWR:
(a) illustration of xpp; (b) scatter plot of the CWR.

4. Conclusions

Numerous studies have been conducted to enhance the power generation performance
of WECs. However, to the best of the authors’ knowledge, the interaction between WECs
and submerged breakwaters has not been extensively investigated. In this study, we
performed an optimization analysis to maximize the power generation of an HPA-WEC by
installing submerged breakwaters both in front of and behind a WEC. This approach could
significantly improve the performance of WEC systems and enhance coastal stability. These
findings contribute to the scientific understanding of optimizing submerged breakwaters
for HPA-WEC applications.

The design variables were the PTO damping coefficient (Cprp), spring constant (Ks),
submerged breakwater position, and shape. The optimization results demonstrated that
varying Cprp and Kg along with adjusting the position and shape of submerged breakwa-
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ters significantly influenced the WEC’s motion response and the power produced. Cpro
and Kg exhibited the smallest values in the case of no breakwater (Case 1 in the text) and
the largest values in the case with two breakwaters (Case 4 in the text). In all cases, the
optimized Cprp had a larger value than the optimal PTO damping coefficient value at the
peak wave frequency (Cpro,opt (wp)). This underscores the necessity of determining Cpro
using an optimization analysis under irregular wave conditions. Furthermore, Cprp and Kg
converged so that the heave resonance frequency of the WEC and the peak wave frequency
became closer. This convergence highlighted that in HPA-WEC designs, maximizing power
production requires the determination of Cprp and Kg to approach the heave resonance
frequency of the WEC within the peak wave frequency range.

The optimization results also revealed that the CWR increased nearly twice for two
breakwaters (Case 4 in the text) compared with the case without a breakwater (Case 1
in the text). On the other hand, even when there was a breakwater behind the WEC
(Case 3 in the text), the CWR increased by approximately 80%. A WEC should be designed
considering the importance of the CWR and submerged breakwater installation costs. In
terms of coastal stability, Case 4 was the best and the magnitude of the transmitted wave
was reduced by approximately 13% (the energy of the transmitted wave was reduced by
approximately 25%).

In addition, the CWR converged to the largest value when the distance between the
breakwater endpoints equaled the wavelength of the peak wave frequency. This was
attributed to a type of Bragg resonance where the surface wave acting on the WEC was
amplified. In the basic design stage for HPA-WECs, power generation and coastal stability
could be increased by considering two breakwaters.

The findings of this study provide valuable insights into the design and optimization
of an HPA-WEC. It was confirmed that tuning the PTO damping coefficient and spring
constant to align the heave resonance frequency of the WEC with the peak wave frequency
range is crucial to maximize power production. Furthermore, the study demonstrated that
the implementation of two submerged breakwaters could significantly enhance the CWR
through the induction of Bragg resonance, with the optimal configuration being the distance
between the breakwater endpoints matching the wavelength of the peak wave frequency.
These results suggest that incorporating two breakwaters during the initial design phase of
HPA-WECs could improve both power generation and coastal stability. In practical design
applications, installation costs and stability criteria should be thoroughly evaluated and
the optimization analysis methods presented in this study should be effectively utilized to
inform the design process.

The limitations of this study and future recommendations can be summarized
as follows:

e  Design variables: The study exclusively utilized rectangular shapes for the WEC and
submerged breakwaters. Future optimization analyses should consider a variety of
shapes to identify more efficient structural configurations.

e  Nonlinearity: This study was conducted in a frequency domain based on the linear
potential flow theory. Future research should include nonlinear analyses in the time
domain to account for nonlinear boundary conditions and external forces.

e  Stability of the breakwater: Stability criteria, including considerations of self-weight,
buoyancy, and overturning moments acting on the submerged breakwater, should be
integrated as constraints in the optimization analysis.

e Applications: This study focused solely on the power production of a WEC. For
practical applications, an analysis of the levelized cost of energy (LCOE) should
be conducted, taking into account the manufacturing, installation, operation, and
maintenance costs of the WEC.
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