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Abstract: A plate-wave energy converter (pWEC) moored in front of a �oating stationary breakwater is considered in this paper.
The pWEC is composed of a submerged �exible plate with piezoelectric layers bonded to both faces of it. Hence the elastic
motion of the plate excited by water waves can be transformed into useful electricity due to the piezoelectric effect. To evaluate the
performance of the breakwater-attached pWEC in terms of wave power absorption and wave attenuation, a hydroelastic model
based on linear potential �ow theory and the eigenfunction matching method is developed with the electromechanical and the
hydrodynamic problems of the pWEC coupled together. The pWEC can be either simply supported or clamped at the edge. A
multi-parameter analysis is carried out with the employment of the present model. Effects of the width, submergence and edge
types of the plate, together with the scales of the breakwater, including its width and draft, on wave power absorption and wave
attenuation, are examined. As the pWEC moves towards a deeper position, the main peaks of the frequency response of the wave
power absorption ef�ciency become lower and narrower. In contrast, its effect on wave attenuation is limited.

1 Introduction

Since the 1790s, many concepts for wave energy conversion have
been proposed [1], the majority of which can be classi�ed into �ve
types: oscillating water column (OWC), overtopping device, point
absorber, oscillating wave surge converter and raft-type device. Nev-
ertheless, only a small range of wave energy converters have been
tested at large scale and deployed in the sea [2]. The cost of power
and survivability are two signi�cant challenges that need to over-
come to increase the commercial competitiveness of wave energy
converters (WECs) in the global energy market.

To enhance the economics of the WECs and meanwhile improve
their survivability, an effective way is to integrate them into coastal
structures, such as breakwaters, jetties and piers or along sections
of the coast, which would provide cost-sharing bene�ts, including
construction, installation and maintenance [3, 4].

So far, most of the studies associated with integrating WECs into
coastal structures have been focused on the OWC, overtopping and
point absorber concepts.

Evans & Porter [5] studied the performance of an onshore OWC
device composed of a thin vertical surface-piercing lip in front of
a vertical wall. Their theoretical studies demonstrated that the inci-
dent wave power could be captured ef�ciently by choosing proper
submergence of the lip and the spacing distance between the lip and
the wall. To investigate the performance of OWCs installed along
a straight coast/breakwater, Martins-Rivas & Mei [6] and Zheng et
al. [7, 8] developed three-dimensional (3D) theoretical models and
revealed that wave power extraction from the coast/breakwater inte-
grated OWCs for a certain range of wave conditions can be signi�-
cantly enhanced due to the constructive coast/breakwater re�ection
effect. He et al. [9] investigated the performance of a pile-supported
OWC breakwater. They found that optimising power take-off damp-
ing for maximum power could lead to both satisfactory power
extraction and wave transmission. Some other studies related to the
integration of OWCs with coastal structures can be found in [10�16].

The hydrodynamic problem for the overtopping device is compli-
cated. Most of the studies related to the integration of that device

with coastal structures have been carried out using numerical sim-
ulation or/and physical model tests. An Overtopping BReakwater
for Energy Conversion (OBREC) was designed to fully utilise tra-
ditional breakwaters and capturing wave energy [17]. Vicinanza et
al. [17] carried out a series of physical tests of a 2-D OBREC model,
discussed the wave loadings and average wave overtopping rate at
its rear and front sides, and proposed a new design method for hor-
izontal force on OBREC upper crown wall. Following their work
[17], more recently, Contestabile et al. [18] completed the analysis
on OBREC geometric parameter variation, with particular interest
to the in�uence of the draft length, the reservoir width and the
shape of the front ramp, and extended the overall knowledge on the
device behaviour. The loading acting on the �at ramp was found
to be greater than the curved ramp in almost all the tests by about
30�40%. Musa et al. [19] analysed the wave �ow over the OBREC
with the utilisation of FLOW 3D software and obtained a similar
trend of the overtopping discharge when compared with the exper-
imental data. Di Lauro et al. [20] performed numerical simulations
based on the model IH2VOF, and studied the hydraulic performance
and stability response of an OBREC device integrated into a vertical
structure. The re�ection coef�cients of the OBREC were observed to
be lower than those computed in front of the traditional breakwater.
Comprehensive reviews associated with the OBREC can be found in
[3, 21].

The integration of point absorbers into coastal structures has also
been the object of recent work. Schay et al. [22] studied the hydrody-
namic performance of a heaving point absorber near a �xed vertical
wall in regular and irregular seas with a Boundary Element Method
(BEM)-based software. Ning et al. [23] proposed an integrated sys-
tem of a vertical pile-restrained �oating breakwater working under
the principle of a point absorber. The experimental test demon-
strated that the system’s capture width ratio was approximately 24%,
whereas the transmission coef�cient was lower than 0.50 with a
proper power take-off damping force applied. More recently, Ning
et al. [24], Zhao et al. [25] and Konispoliatis & Mavrakos [26] stud-
ied an array of point absorbers in front of a breakwater by using
a BEM-based numerical code, physical testing and a theoretical
model, respectively. Instead of focusing on the integration of point
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absorbers into a conventional plane breakwater, Zhang & Ning [27]
considered a novel breakwater with parabolic openings for wave
energy harvesting. Their numerical studies showed that the re�ected
waves from the parabolic opening could travel towards a �xed focus
position, stimulating wave power absorption of the point absorbers.

In addition to the �ve dominant types consisting of rigid bodies,
there are some other WECs made from �exible structures, e.g., elas-
tic plate [28] and bulge wave [29], which may offer improved perfor-
mance/survivability and reduced cost compared with steel/concrete
alternatives.

Zheng et al. [30, 31] proposed analytical models to study wave
power absorption/dissipation of an array of �oating/submerged
porous elastic plates. Assuming the porosity of the elastic plates
works as a simpli�ed power take-off system, a profound potential
of elastic plates was demonstrated for wave power extraction. The
hydroelastics of a porous elastic plate in other circumstances, e.g.,
in two-layer �uids and in front of a vertical wall, was investigated
by some other researchers [32, 33]. In fact, an elastic plate with
piezoelectric layers bonded to both faces of the �exible substrate
can extract energy from ocean waves [28]. Thanks to the piezoelec-
tric effect, the tension variations at the plate-water interface of the
plate WEC (pWEC) can be converted into a voltage, and the wave
power is ultimately transformed into useful electricity. Renzi [28]
developed a coupled hydro-electromechanical model, and evaluated
the wave power absorption of a two dimensional (2D) submerged
offshore stand-alone piezoelectric plate. Recently, this model was
extended by Zheng et al. [34] to study the 3D hydroelastic problem
of a circular stand-alone submerged piezoelectric pWEC. Buriani &
Renzi [35] considered a submerged pWEC attached in front of a
bottom-seated breakwater. It was demonstrated that the performance
of the pWEC could be signi�cantly improved due to the presence of
the breakwater.

By contrast to the traditional bottom-seated breakwaters, �oating
breakwaters have less environmental impact since water and sedi-
ment are permitted to exchange between their seaside and leeside.
Athanassoulis & Mamis [36] investigated a terminator-type piezo-
electric system extracting electric energy from the direct impact of
water waves impinging upon a vertical cliff, which could be formed
by a �oating breakwater. The wave power absorption of a cliff inte-
grated piezoelectric system was reported to be as high as 30� 50%
for appropriate hydro/piezo/electric parameters. Liu & Huang [37]
considered the integration of piezoelectric material with a �oating
vertical �exible membrane breakwater and developed a theoretical
model to study the performance of the system. It was revealed that
the proposed system was suitable only at sites where the variability
in the wave period is low due to the sensitivity of the transmis-
sion coef�cient and the output power density on wave periods. In
this paper, we consider a �oating breakwater integrated piezoelectric
pWEC. A 2D theoretical model is developed based on linear poten-
tial �ow theory and the eigenfunction matching method to study the
hydrodynamic performance of the system in terms of wave power
absorption and wave attenuation. The proposed model is �rst vali-
dated by comparing the present results with published data and then
applied to examine the effect of the width, submergence and edge
conditions (i.e., simply supported and clamped) of the pWEC and
the width and draft of the breakwater on wave power absorption and
wave attenuation.

The rest of this paper is organised as follows: Section 2 outlines
the mathematical model for the hydroelastic problem. Convergence
analysis and validation of the present theoretical model are given in
Sections 3 and 4, respectively. The validated model is then applied to
carry out a multi-parameter study on the performance of the �oating
breakwater integrated pWEC in terms of wave power absorption and
wave attenuation, the results of which can be found in Section 5.
Finally, conclusions are drawn in Section 6.

2 Mathematical model

A pWEC moored in front of a �oating stationary breakwater sub-
jected to regular waves of amplitude A and angular frequency ! is
considered (see Fig. 1). The waves propagate perpendicularly to the

breakwater (i.e., wave crest-line is parallel with the breakwater). The
pWEC is made from a �exible substrate with two piezoelectric layers
bonded to both faces [28, 34]. The thicknesses of the substrate and
the piezoelectric layers are much smaller compared with wavelength
and water depth. Hence the pWEC may be assumed of negligible
thickness in the hydrodynamic problem. The �oating breakwater is
assumed to be strictly constrained that its motion can be neglected,
and it is considered stationary in the present work.

As shown in Fig. 1, Cartesian axes are chosen with the mean
free�surface and front vertical wall of the breakwater coinciding
with the planes of z = 0 and x = 0, respectively, x and z mea-
sured in the direction of wave propagation and vertically upwards,
respectively. The length of the breakwater and the pWEC in the
y-direction is assumed to be far longer than a wavelength so that
the hydroelastic problem can be treated as a 2D one. The sea bed
is at z = �h, and the pWEC with a width l is placed at z = �d.
The width and draft of the breakwater are denoted by l0 and d0,
respectively. The �uid domain is divided into �ve regions (Fig. 1b),
which we will use in the solution process, i.e., 
1, the seaside outer
region (x 2 (�1;�l], z 2 [�h; 0]); 
2a, the region above the
pWEC (x 2 [�l; 0], z 2 [�d; 0]); 
2b, the region below the pWEC
(x 2 [�l; 0], z 2 [�h;�d]); 
3, the region under the �oating break-
water (x 2 [0; l0), z 2 [�h;�d0]) and 
4, the leeside outer region
(x 2 [l0;1), z 2 [�h; 0]).

2.1 Problem formulation

All amplitudes are assumed to be small enough that linear theory
applies, and the �uid is assumed to be inviscid, incompressible and
irrotational. It is further assumed that all motion is time-harmonic
with the angular frequency !; hence the �uid velocity potential and
the displacement of the plate about z = �d may be expressed by

�(x; z; t) = Ref�(x; z)e�i!tg; (1)

and
~�(x; t) = Ref�(x)e�i!tg; (2)

where Re denotes the real part. The functions �(x; z) and �(x) rep-
resent the time-independent parts of the complex velocity potential
and the plate displacement, respectively.

Under the assumptions above, the spatial velocity potential satis-
�es the Laplace equation in the �uid with the boundary conditions

@z� =
!2

g
� on z = 0; x 2 (�1; 0] [ [l0;1) (3)

@z� = 0 on z = �h (4)

@z� = 0 on z = �d0; x 2 [0; l0] (5)

@x� = 0 on x = 0 and l0; z 2 [�d0; 0] (6)

@z�
���
z=�d+

= @z�
���
z=�d�

on x 2 [�l; 0] (7)

where + and � denote above and below the plate, respectively. The
scattered wave �eld consists of outgoing waves only with a �nite
value at jxj =1.

Additionally, the time-independent spatial velocity potential, �,
at the interface of the regions 
2a and 
2b should be coupled to
the plate displacement function, �, in terms of both kinematic and
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