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A B S T R A C T   

Integrating multi-type Wave Energy Converters (WECs) enables wave energy to be extracted from multiple 
harvesting manners simultaneously, which presents a more competitive energy conversion technology. In this 
study, an Oscillating Water Column (OWC) and an Oscillating Buoy (OB) are combined to devise a hybrid WEC 
system that serves as a floating breakwater. The two devices are aligned in line with the incident wave direction, 
where the OB is deployed upstream from the OWC. A series of physical experiments are conducted to understand 
the working principle of the hybrid WEC system. After a fully non-linear time-domain model is validated by the 
measured data, the comparisons of the hybrid system and its respective isolated devicesare emphasised. Then, 
the hydrodynamic dependence of the hybrid system is comprehensively tested. The results indicated that the 
hybrid system design provides higher energy conversion as well as better wave attenuation performance 
compared to the isolated OWC and OB devices. Additionally, the OB outperforms the OWC in terms of wave 
energy conversion. The OWC-OB gap resonance has a negative impact on wave energy extraction but has a 
negligible effect on wave attenuation. The OWC with a deeper draft and symmetric wall performs better both in 
terms of wave energy extraction and wave attenuation in long-period waves. The overall conversion efficiency 
decreases with the increase of the OB draft, but the transmission coefficient follows an opposite trend. The PTO 
dampings of the OB and the OWC dominate the overall conversion efficiency and the transmission coefficient, 
respectively.   

1. Introduction 

Renewable Energy is one of the promising alternative solutions to 
tackle climate change and contribute to building a more sustainable 
world due to its cleaner nature [1]. International Renewable Energy 
Agency (IRENA) ‘s “Global Renewable Energy Development” report has 
anticipated that the utilisation ratio of renewable Energy and total en-
ergy sources, including natural gas, nuclear, oil, renewables and coal, 
will reach 30%–45% in 2015–2040, and 50%–70% in 2050 [2]. Ocean 
wave energy, as one of Offshore Renewable Energy (ORE) resources, has 
many attractive advantages, i.e. high energy density, large reserves and 
low negative environmental impact [3]. In order to store utility-scale 
electricity from wave energy, more than one thousand concepts of 
wave energy converters have been issued by means of patents [4]. Based 
on different working principles, wave energy converters (WECs) can be 

mainly categorised into the following three types, i.e. Oscillating Water 
Column (OWC), Oscillating Buoy (OB) and Over Topping (OT) device 
[5], among which the OWC and the OB devices gradually receive more 
attention due to their geometric simplicity. 

OWC devices generally consist of chamber structures and water 
columns inside these chambers. The water column trapped inside the 
chamber will move up and down when subject to waves, pushing the air 
inside and outside the chamber. The oscillatory air is then utilised to 
drive a Power Take-Off (PTO) system (usually an air turbine) to generate 
electricity [6]. Various geometric types of OWC devices have been 
proposed and investigated in terms of wave energy conversion. He et al. 
[7] analytically studied the optimisation strategy of a pile-supported 
OWC device based on linear potential flow theory. Theoretical results 
showed that the maximum wave energy extraction is achieved by 
defining PTO damping as two-level constants. Ning et al. [8] introduced 
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a dual-chamber OWC device which consists of two concentric cylindrical 
shells and found that the internal shell accelerates the rotation velocity 
of the air turbine. Gomes et al. [9] adopted the Boundary Element 
Method (BEM) to validate the availability of a moored Spar-buoy OWC. 
Compared to a fixed OWC, the motion responses of the floating OWC 
would suppress the wave energy extraction. Zhou et al. [10] presented a 
small-scale physical test on the harvest performance of a Tension Leg 
Platform (TLP)-type OWC. The measured results were compared to a 
second-order time-domain numerical model based on the perturbation 
expansion. Sheng [11] assessed the annual energy production of a 
Backward Bent Duct Buoy (BBDB) type OWCs under irregular wave 
cases. Besides, some prototype OWCs have also been field-tested, such as 
the U-type OWC in Italy (100 W) [12], the bottom-fixed OWC in South 
Korea (500 kW) [13], the Oceanlinx Mk3 in Australia (2.5 MW) [14], 
and so on. 

OB devices are generally composed of a floater with single degree of 
freedom (SDOF) or multiple degrees of freedom (MDOF) motions, which 
drives a PTO and power is thus generated. Madhi et al. [15] demon-
strated the feasibility of designing an OB device with heave only motion 
for high wave energy extraction. Madhi also found that a floater with an 
asymmetrical wedge bottom can enhance the energy capture efficiency 
due to reduced radiated waves downstream from the device. Later, 
Zhang et al. [16] compared the hydrodynamic performance of a floater 
with three different bottom shapes i.e. flat bottom, triangular-baffle 
bottom and Berkley wedge bottom. Windt et al. [17] numerically 
investigated the scaling effects of a hemispherical floater named 
Wavestar [18] by establishing computational fluid dynamics 
(CFD)-based numerical wave tank. It was found that the discrepancy 
between the numerical simulation and a corresponding experiment 
result was mainly caused by the fact that the numerical model did not 
include the mechanical components in the simulation, e.g. friction 
caused by bearings. The Edinburgh Duck WEC [19] which utilises the 
pitch mode to extract wave energy, demonstrated the maximum power 
capture efficiency could be as high as 90% by optimising the 
cross-sectional dimension [20]. Subsequently, Wu et al. [21] applied a 
real-time latching control scheme to further improve the performance of 
the Duck WEC in irregular waves away from the resonant period. The 
optimal control scheme can increase the average capture efficiency by 
around 70% within tested wave periods. A buoyant and hinged flap 
designed for extracting nearshore wave energy can be classified into two 
categories: Oyster which has the top edge piercing through the wave 
surface [22] and WaveRoller which is a fully submerged device [23]. 
Folley et al. [24] derived the linear expression for the wave energy 
extraction of the Oyster device, showing that there is an appreciable 
enhancement for wave energy extraction when the wave energy losses 
from offshore to nearshore are limited. Cheng et al. [25] adopted a fully 
non-linear BEM to study the slamming phenomenon by simulating a flap 
free fall into the water, indicating that the slamming loads would lead to 
additional fatigue damage to the PTO system. Some field tests of 
full-scale OB prototypes have been completed, such as the Wavesswing 
in the UK (25 kW) [26], the Seabased in Sweden (30 kW) [27], the 
40South Energy H24 in Italy (50 kW) [28], and so on. 

However, the commercial-scale promotion of OWC or OB WECs is 
still impeded by the high construction cost. The integration of multi-type 
WEC technologies provides a potential solution to reduce the construc-
tion cost and, at the same time, to optimise the configuration space. 
Zheng and Zhang [29] presented an analytical investigation of an OB 
device hinged to the seaward wall of a fixed OWC. The interaction be-
tween the OB and the OWC devices broadened the capture bandwidth, 
however, the maximum overall power generated was found to be lower 
than the case where the two devices extract power individually. Cui 
et al. [30] further generalised a two-dimensional (2-D) plane-coordinate 
model to a three-dimensional (3-D) cylindrical coordinate model by 
using the linear eigenfunction matching method and investigated the 
coupling effect between a cylindrical OB and a cylindrical OWC. Zheng 
et al. [31] introduced a new parameter called ‘H-factor’ to compare the 

wave energy extraction performance of hybrid and single-type WECs, 
which shows that the multi-peak power extraction is induced by the 
beneficial hybrid effect. Nguyen et al. [32] combined the floating hor-
izontal and submerged vertical flaps which have superior energy per-
formance in short-period and long-period waves, respectively. The 
results revealed that the hybrid WEC device could extract wave energy 
with a maximum efficiency of 70% and simultaneously suppress the 
movement of the attached platform. Gunawardane et al. [33] performed 
a numerical study of a hybrid device combining a pendulum-type WEC 
and a pendular WEC. The results illustrate that the effective wave energy 
extraction of the hybrid device covers a broad frequency bandwidth. 

On the other hand, WECs attenuate the incoming waves through 
wave reflection, energy extraction, wave breaking and viscous turbu-
lence. Thus, WECs can be regarded as effective breakwaters with low 
transmission by optimising geometric dimensions. He et al. [34] inte-
grated asymmetric OWC chambers into the fore-end and the back-end of 
a box-type floating body and obtained the relationship between the 
wave energy conversion in the chamber and the transmission coefficient 
downstream. Following this WEC-breakwater concept, He et al. [35] 
further measured the spatial non-uniformity of the internal water mo-
tion which is coupled with the motion of the floating breakwater. Zhao 
et al. [36] examined the hydrodynamic behaviour of a multi-chamber 
OWC-breakwater experimentally and concluded that the 
multi-chamber device has a broader frequency bandwidth for both 
power capture efficiency and wave transmission coefficient. Reabroy 
et al. [37] performed numerical and experimental tests to simulate the 
hydrodynamic dependence of a heaving OB WEC integrated with a 
breakwater on viscous turbulence phenomenon, showing the vorticity 
around the body bottom would induce the boundary layer separation 
and enhance wave energy dissipation. Ning et al. [38] implemented an 
analytical model based on the matching eigenfunction expansion 
scheme to compare the dual-pontoon and single-pontoon WEC-break-
water systems. It is demonstrated that the effective frequency bandwidth 
can be extended by increasing the gap distance between pontoons. In 
order to further improve the hydrodynamic performance in long-period 
waves, Guo et al. [39] adopted the same method to validate the 
favourable performance of a WEC-breakwater system combing three 
floaters with multiple Degree-of-Freedom (DoF) motion. Krishnendu 
and Ramakrishnan [40] analysed the power extraction and wave 
attenuation capabilities of a dual sphere WEC device based on experi-
mental studies, finding that the occurring period of the maximum wave 
energy extraction is longer than that of the minimum transmitted co-
efficient. Cheng et al. [41] analysed numerically the hydrodynamic 
performance of a π-type floating breakwater integrated with an OWC 
device in which a heaving floater is installed to strengthen the internal 
water motion. It is demonstrated that the addition of the floater in the 
OWC chamber can enhance both the wave energy extraction and the 
wave attenuation in long-period waves. 

The foregoing literature review suggests that several single-type 
WEC-breakwater systems have been proposed and investigated by 
means of analytical, numerical and experimental methods. However, 
related studies on multiple types WEC-breakwater systems are still 
scarce which would accelerate the future application of WEC devices. So 
far, the works on the hybrid WEC device mainly focused on wave energy 
extraction, whereas no sufficient attention has been paid to wave 
attenuation, especially for their mutual relationship. The objective of 
this paper is to validate the designed concept of a hybrid WEC- 
breakwater system combining an OWC and an OB deployed at the 
facing-wave side of the OWC experimentally The experimental work 
also aims to provide validation data for a fully non-linear time domain 
numerical model which can be used for further study. 

More precisely, the characteristics of the wave transmission coeffi-
cient, wave reflection coefficient, gap resonance, floating body motion 
and wave power efficiency for the hybrid system are compared to typical 
isolated OWC and OB devices. The dependence on the designed pa-
rameters (i.e. respective geometric dimensions, gap distance and wave 
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conditions) is also examined. This will provide a guideline for the 
configuration of such systems that enable wave energy technologies to 
be economically competitive with traditional power plants. The rest of 
this study is organised as follows. The description of experimental pro-
cedure is described in Section 2. Section 3 establishes a fully non-linear 
numerical model to simulate the physical design. In Section 4, the 
experiment result is presented and discussed. Finally, conclusions are 
drawn in Section 5. 

2. Experiment method 

2.1. Experimental configuration and data acquisition 

The physical experiment was conducted in a wave-current flume 
with a dimension of 40 m length × 0.8 m width × 1.4 m depth at the 
Jiangsu University of Science and Technology. The flume is equipped 
with a piston-type wave-maker and a slope type wave beach to generate 
incident waves and dissipate the transmitted waves, respectively. Based 
on Froude scaling laws, a geometric scale ratio of 1:20 was adopted to 
manufacture experimental models with 10 mm thick Perspex sheets. In 
the present study, a hybrid WEC-breakwater system is considered by 
deploying an OB model in front of an OWC model. A schematic of the 
experiment is illustrated in Fig. 1 and photos of the OWC and OB devices 
installed in the flume are demonstrated in Fig. 2. 

Both models have a width of 0.78 m which is slightly narrower than 
the width of the flume to avoid tank sidewall reflection, i.e. the exper-
iment is close to a 2D test. The OWC model is fixed by six vertical steel 
frames clamped to the tank sidewalls, in which its chamber width and 
height above the calm water surface are b = 0.25 m and ho = 0.2 m, 
respectively. The OB model was restrained by two slide rails, and only 
heave motion is allowed. Here, each constrained slide rail was made of a 
linear guide and a sliding block, as shown in Fig. 3, and the friction 
coefficient between them was about 0.03 which is sufficiently small so 
that its effect on the OB motion is negligible. The hydrodynamic 

performance of the hybrid WEC system is also compared to the isolated 
OWC and OB experimentally. 

The coupled performance between the OWC device and the OB is 
systematically examined by executing a multi-parametric sensitivity 
measurement. For example, three sets of gap distances (lg = 0.125 m, 
0.225 m and 0.6 m) between the OB and the OWC devices were selected 
to study the gap resonance and the wave reflection by the front wall of 
the OWC and the lee side of the OB. Three sets of wall thickness ratios (i. 
e. w1:w2 = 1:5, 1:1 and 5:1) were considered, with the total wall 
thickness kept constant, i.e. w1+w2 = 0.3 m. Three sets of wall drafts (d1 
= d2 = 0.15 m, d1 = 0.15 m and d2 = 0.20 m, and d1 = d2 = 0.20 m) are 
designed to analyse the water exchange among the chamber, the gap and 
the outside domain. It is numerically demonstrated by Zhang et al. [16] 
that both the maximum wave height and its occurring period in the gap 
are related to the body draft. Hence, three different OB drafts (i.e. db =

0.10 m, 0.15 m and 0.20 m) are considered. As waves interact with the 
WEC-breakwater system, two PTO systems are modelled by a small 
circular orifice on the roof of the OWC chamber and an aerodynamic 
damper located above the OB, respectively, to extract wave energy. The 
optimal PTO damping for the OWC device can be obtained by adjusting 
the opening ratio α, which is defined as the ratio of the orifice area Ao 
and the water-plane area Aw in the chamber [34]. Consequently, three 
opening ratios (α = 0.393%, 0.769% and 1.272%) are considered to 
investigate the impact of PTO system with different level of damping. 
The detailed geometric dimensions of the hybrid OWC-OB model are 
summarised in Table 1. 

As shown in Fig. 4, the aerodynamic damper used for the PTO system 
of the OB device is composed of a tunable nozzle, an air cylinder and a 
piston rod. The reciprocating motion of the piston rod compressing and 
expanding the air in the cylinder is expected to produce the PTO 
damping force. Thus, through this manner, the extracted wave energy by 
the OB heaving motion can be perfectly absorbed by the aerodynamic 
damper. In addition, a series of PTO damping coefficients can be 
considered in the experiments by tuning the nozzle at the top of the 

Fig. 1. Schematic of the experimental setup for the hybrid WEC-breakwater system combining an OB and an OWC device.  
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damper. The optimal PTO damping for the OB device was obtained by 
comparing the capture efficiency among different damping coefficients 
for a given wave period. The end of the piston rod was connected to a 
tension sensor which was bonded onto the upper plate of the OB device 
by using a strong adhesive. The aerodynamic damper was fastened to the 
fixed steel frame to match the heaving motion between the OB and the 
air cylinder. The damping force was recorded in real-time by the tension 
sensor, and the OB motion was measured by a non-contact optical 
Qualysis tracking system. Then, the PTO damping coefficient was esti-
mated by fitting the non-linear relationship between the measured 
damping force and the OB heaving velocity. 

The centre location of these models was 20 m away from the wave- 

maker, as described in Fig. 1. Five wave gauges were deployed upstream 
(WG1 and WG2), in the OWC-OB gap (WG3), in the OWC chamber 
(WG4) and downstream (WG5) to measure the variation of the water 
surface elevation at different locations. Two pressure gauges (PG1 and 
PG2) are installed near the orifice to measure the pneumatic pressure in 
the chamber. Wave periods ranging from T = 0.7 s–2.7 s were selected 
for a constant wave height Hi of 0.1 m, which corresponds to full-scale 
waves with periods ranging from 3.1 s to 12 s and a wave height of 2 
m. The constant water depth is set as hw = 1.0 m for all cases. 

2.2. Data analysis 

The analysis of the measured data includes the wave attenuation and 
the wave energy extraction for experimental models. Here, the wave 
attenuation is denoted by the transmission coefficient and the reflection 
coefficient. The transmission coefficient Kt and the reflection coefficient 
Kr are expressed as 

Kt =
Ht

Hi
(1)  

Kr =
Hr

Hi
(2)  

where Hr is the reflected wave height which is determined from the data 
of WG1 and WG2 using the two-point separated method proposed by 
Goda and Suzuki [42]. Ht is the transmitted wave height measured by 
WG5. 

To investigate the characteristics of the water motion in the OWC-OB 
gap and in the chamber, a wave coefficient Cη describing the response 
relative to the incident wave is defined as follows 

Fig. 2. Photos of the hybrid OWC-OB WEC-breakwater system.  

Fig. 3. Photos of the slide rails installed on the OB surface.  

Table 1 
Geometric dimensions of the OWC-OB system in the physical experiments.  

Gap distance 
lg (m) 

Front wall 
draft d1 (m) 

Back wall 
draft d2 (m) 

Front wall 
thickness w1 (m) 

Back wall 
thickness w2 (m) 

Chamber 
width b (m) 

Opening ratio 
α (%) 

OB draft 
db (m) 

OB width 
c (m) 

PTO damping bpto 

(Ns2/m2) 

0.125 0.15 0.15 0.15 0.15 0.25 0.769 0.15 0.30 1.9 × 103 

0.225 0.15 0.15 0.15 0.15 0.25 0.769 0.15 0.30 1.9 × 103 

0.600 0.15 0.15 0.15 0.15 0.25 0.769 0.15 0.30 1.9 × 103 

0.125 0.20 0.20 0.15 0.15 0.25 0.769 0.15 0.30 1.9 × 103 

0.125 0.15 0.20 0.15 0.15 0.25 0.769 0.15 0.30 1.9 × 103 

0.125 0.15 0.15 0.15 0.15 0.25 0.769 0.10 0.30 1.9 × 103 

0.125 0.15 0.15 0.15 0.15 0.25 0.769 0.20 0.30 1.9 × 103 

0.225 0.15 0.15 0.05 0.25 0.25 0.769 0.15 0.30 1.9 × 103 

0.225 0.15 0.15 0.25 0.05 0.25 0.769 0.15 0.30 1.9 × 103 

0.125 0.20 0.20 0.15 0.15 0.25 0.769 0.15 0.30 1.0 × 103 

0.125 0.20 0.20 0.15 0.15 0.25 0.769 0.15 0.30 2.5 × 103 

0.125 0.15 0.15 0.15 0.15 0.25 0.393 0.15 0.30 1.9 × 103 

0.125 0.15 0.15 0.15 0.15 0.25 1.272 0.15 0.30 1.9 × 103  
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Cη =
Δη

Hi
(3)  

where △η is the maximum difference of wave elevation in the gap or the 
chamber. 

The wave energy is extracted by the OWC and OB devices. According 
to the working principles of the OWC, the average pneumatic power Ep 

(OWC) from the wave motion in the OWC chamber can be calculated as 

Ep(OWC) =
Aw

nT

∫ t+nT

t
p(t)⋅

dη(t)
dt

dt (4)  

where n is the number of wave period, dη/dt is the first-order time de-
rivative of the water surface elevation at location WG4, and is the 
average pneumatic pressure which is written as 

p(t)=
1
2
(p1(t)+ p2(t)) (5)  

where p1(t) and p2(t) are the pressure measured at PG1 and PG2, 
respectively. 

The average power absorbed Ep(OB) by the OB is written as 

Ep(OB) =
1

nT

∫ t+nT

t
Fpto⋅

dζ
dt

dt (6)  

where dζ/dt is the heaving velocity of the OB. The heaving displacement 
time series of the OB was recorded by tracking a light-emitting diode 
located on the OB in a real-time manner. Measured data was later 
averaged over a time interval of 7 wave periods (t = 8T–15T, for long 
waves, the interval is shorter (ranging from 4T to 8T) as the secondary 
reflection from the wavemaker happens too fast.). The motion ampli-
tude ζ0 is defined to be half of the averaged maximum motion height. 
The Response Amplitude Operator (RAO) RAO = ζ0/Hi is a non- 
dimensional motion parameter related to incident wave height and is 
used to discuss the optimal configuration. 

The PTO damping force Fpto acting on the OB is assumed to be 
quadratically related to the motion velocity of the OB as follows 

Fpto = bpto

⃒
⃒
⃒
⃒
dζ
dt

⃒
⃒
⃒
⃒
dζ
dt

(7)  

where bpto is the PTO damping coefficient. It is worth noting that air 
compressibility is not considered in Eq. (6). It is found by Ref. [43] that 
the effect of the air compressibility on the PTO damping force is rela-
tively small when the quadratic damping coefficient bpto is less than 5 ×
103 N2/m2 (about 1.3 × 107 N2/m2 for the prototype device). Thus, the 
maximum PTO damping coefficient of 2.5 × 103 N2/m2 (about 1.0 ×
106 N2/m2 for the prototype device) adopted in this study is appropriate. 
On the other hand, the stiffness coefficient of the PTO system is set as 
zero, and thus the aerodynamic damper used in the experiment does not 
change the resonant period of the OB. 

Based on the input mechanism of wave energy flux, the input wave 
energy per unit wavefront can be expressed as 

Ew =
1
8
ρwgH2

i cg (8)  

where ρw is the water density. cg is the group velocity, and is determined 
by 

cg =
ω
2k

(

1+
2kh

sinh 2 kh

)

(9)  

where k is the wavenumber calculated by the dispersion equation [44]. 
ω is the wave frequency. 

The energy conversion efficiency of the OWC and OB can be given, 
respectively as 

R1 =
Ep(OWC)

Ew⋅B
(10)  

R2 =
Ep(OB)

Ew⋅B
(11) 

Thus, the overall conversion efficiency of the hybrid OWC-OB device 
is written as: 

R=R1 + R2 (12)  

3. Numerical model 

A three-dimensional (3-D) time-domain wave tank was developed in 
this section to investigate the design numerically. . The mathematical 
model developed by Cheng et al. [41] for simulating a floater embedded 
in an OWC chamber with a shared PTO system is generalised here to 
model the hybrid WEC device. The time-domain approach is based on 
fully non-linear potential flow theory in the mixed Eulerian-Lagrangian 
frame and is briefly summarised in this section. 

3.1. Numerical procedure 

Two Cartesian coordinate systems, including a space-fixed oxyz co-
ordinate system and a floater-fixed o’x’y’z’ coordinate system, are 
applied to define the instantaneous wave-structure interaction, as shown 
in Fig. 5. The computational domain has the same dimensions as the 
physical flume and is divided into the water surface SF, the OWC surface 
SB(OWC), the OB surface SB(OB), the flume surface SC and the bottom 
surface SD. Based on the assumption of the inviscid irrotational and 
incompressible, a velocity potential Φ, including incident and scattering 
components, can be introduced and satisfies the Laplace governing 
equation. On the water surface SF, the water particles outside and inside 
the OWC chamber follow the free surface motion and oscillation due to 
pneumatic pressure, respectively. The equation of the water motion can 
be assembled as 

Fig. 4. Photo of an aerodynamic damper.  
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⎧
⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎩

d(x, y)
dt

=
∂(Φs + ΦI)

∂(x, y) − ν(r)[(x, y) − (x0, y0)]

dηs

dt
=

∂(Φs + ΦI)

∂z
− ∇ΦI ⋅∇ηI − ∇ΦS⋅∇ηI − ν(r)ηs

dΦS

dt
=

1
2
|∇ΦS|

2
−

1
2
|∇ΦI |

2
−

∂ΦI

∂t
− g(ηI + ηS) −

Pa

ρw
− ν(r)ΦS on SF

(13)  

where η denotes the water surface elevation. The subscripts S and I are 
the scattering and the incident components, respectively. g is the gravity 
acceleration, ρw is the water density, v(x, y) is the damping coefficient 
imposed on the flume end to prevent reflection from the end of the 
flume. Pa is the air pressure in the chamber above the water surface, i.e. 
Pa = 0 outside the chamber and Pa = pneumatic pressure in the chamber. 
The pneumatic pressure in the chamber has a quadratic relationship 
with the airflow velocity Ua(t) as following 

Pa =
ρa

2

(
1

αCc
− 1

)2

|Ua(t)|Ua(t) (14)  

where ρa and Ua(t) are the air density and the airflow velocity, respec-
tively. Cc is the contraction coefficient which can be determined by the 
Chisholm expression [45]. 

On the OB surface SB(OB), the instantaneous motion condition is 
defined as: 

∂Φ
∂n

=
dζ
dt

⋅nz on SB(OB) (15)  

where nz denotes the unit normal vector along the vertical direction. 
On the flume surface SC, the OWC surface SB(OWC) and the bottom 

surface SD, the impermeable surface condition is expressed as 

∂Φ
∂n

= 0 on  SC,  SB(OWC)  and  SD (16) 

In addition, the initial conditions are defined as the incident wave 
potential and elevation. The above boundary value equations can be 
transformed into an integral equation with unknowns as velocity po-
tential and its spatial derivatives by using Green’s theory [46]. The in-
tegral equation is solved by applying the HOBEM scheme which divides 
all boundary surfaces into eight-node quadratic isoparametric elements. 
The fourth-order Runge-Kutta (RK4) method is used to update the water 
surface condition and the OB heaving motion. Some boundary surfaces 
with large amplitude motion, i.e. the water surface and the OB wetted 
surface, are re-gridded at each time step to avoid the distorted defor-
mation of elements. The intersection line between the water surface and 
the body surface is smoothed by using the five-node fourth-order 

Lagrangian interpolation approach. The detail of the fully non-linear 
numerical procedure used in this paper has been given in Ref. [41]. 

After simulating the characteristics of the flow field, the OB motion is 
obtained by solving the following equation: 

Mζ̈(t)=Fw + Fpto (17)  

where M is the OB mass. The PTO damping force Fpto is expressed as Eq. 
(6). Fw is the fully non-linear hydrodynamic force which is calculated as 
follows 

Fw = − ρwζ̈
∫∫

SB(OB)

ψ1 ⋅ nzdS − ρw

∫∫

SB(OB)

(

ψ2 +
1
2
|∇Φ|

2
+ gz

)

⋅ nzdS (18)  

where ψ1 and ψ2 are auxiliary functions that are obtained by using the 
same solving procedure with velocity potential. The spatial derivatives 
of the velocity potential in Eq. (16) can be solved as follows 
⎛

⎜
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⎜
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⎝
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∂Φ
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∂n

⎞
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⎟
⎟
⎟
⎟
⎟
⎠

(19)  

where ξ and τ are the local intrinsic coordinates corresponding to shape 
functions within a plane element, ranging from − 1.0 to 1.0. 

3.2. Determination of numerical PTO damping for the OB 

The numerical PTO damping force for the OB device in Eq. (15) is 
calculated according to Eq. (7) based on the aerodynamic damping 
principle. To determine the numerical PTO damping coefficient bpto, an 
isolated OB device was tested experimentally. The OB width and the OB 
draft are c = 0.3 m and db = 0.15 m, respectively. The incident wave 
parameters were given in Section 2.1. Fig. 6(a) and (b) show the 
amplitude distribution of the PTO damping force and heaving velocity of 
the OB against wave periods. These y-axis amplitudes in the figures are 
obtained by averaging the maximum values of the time series over an 
interval of 5 wave periods. It can be seen from Fig. 6(a) that the PTO 
damping force increases firstly to the maximum value with increasing 
wave period to a critical wave period, and then decreases afterwards. 
Such a variation of PTO damping force is in agreement with the motion 
velocity, as shown in Fig. 6(b), illustrating that the critical period cor-
responds to the occurrence of the resonant motion of the OB device. The 
PTO damping coefficients can then be calculated according to Equation 
(7) and are demonstrated in Fig. 6(c). Generally, the PTO damping 

Fig. 5. Numerical model of 3-D wave interaction with the hybrid WEC-breakwater system.  
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coefficient is almost constant against wave periods. Therefore, the 
averaged value bpto = 1.9 × 103 N2/m2 is set as the damping coefficient 
in the following numerical simulations. 

3.3. Comparison with experimental data 

A 3-D computational domain is established to reproduce the exper-
iments, where the length, width and water depth were kept the same as 
those of the physical tank. A hybrid WEC-breakwater system consisting 
of an OWC and an OB deployed in front of the OWC device is set as the 
validation model. Here, the OWC wall-thickness w1 = w2 = 0.15 m, the 
OWC draft d1 = d2 = 0.15 m, the chamber width b = 0.25 m, the OB 
width c = 0.3 m and the OB draft db = 0.20 m. The orifice opening ratio 
in the simulations is set to 0.769% and the damping coefficient bpto =

1.9 × 103 N2/m2, respectively. 
The mesh size and the time step were verified by performing the 

convergence tests which are not shown here for brevity, and details can 
be referred to Ref. [41]. The water surface has a mesh size Δx = Δy =
λ/10. The vertical surface of the fluid domain was discretised into 9 
layers. On the body surface, 15 elements and 10 elements are distributed 
along the vertical direction of the OWC and the OB, respectively. Along 
the x- or y-direction, the OWC and the OB surfaces are divided into 20 
elements. For each case, the total simulation time is set to 25 wave pe-
riods with a uniform time step dt = T/60. 

Fig. 7(a) and (b) show the time series of the motion response of the 
OB and the pneumatic pressure in the OWC chamber for wave period T 
= 1.2 s and wave height Hi = 0.1 m. The numerical and experimental 
results present a good agreement, with a maximum phase difference of 
around 2% and a maximum amplitude difference of around 7%. The 
measured data is slightly smaller than the numerical solutions due to the 

inviscid assumption in the numerical model. Fig. 7 (c) demonstrates the 
derived OB heave velocity time history. 

Fig. 8(a)-(c) displays the time series of the wave elevation at different 
locations. It can be found from Fig. 8(a) that the wave elevation at WG 2 
is smaller than the incident wave height Hi = 0.01, which is induced by 
the out-of-phase interference of the incident and the reflected waves. 
The wave elevation gradually decreases from WG3 to WG5, as indicated 
in Fig. 8(b)–(d). This attenuation is associated with the wave reflection 
by the facing-wave side and the energy dissipation by the water motion 
in the OWC-OB gap and the OWC chamber. Fig. 8(c) revealed that more 
higher-order components appeared at the wave elevation in the cham-
ber, especially for the wave troughs (i.e. twin-trough characteristic). In 
addition, the mean location of the wave elevation in the chamber is 
lower than the calm water surface, which is caused by the pneumatic 
pressure in the chamber. These phenomenons were gracefully captured 
by both numerical simulations and physical experiments. 

Overall, the simulated results correlate well with the measured data 
in terms of both the amplitude and the overall trend, illustrating that the 
developed non-linear model can predict the hydrodynamic performance 
of a hybrid OWC-OB system for different wave environments satisfac-
torily and provide a complementary explanation to the experimental 
phenomenon. This successfully validated numerical tool will later be 
used to explore 3D effects like diffraction and oblique waves, which is 
not easy to achieve in the current narrow flume. 

4. Experiment results and discussions 

In this section, experiment results are presented and discussed. The 
comparison between the hybrid system with the isolated OWC and the 
isolated OB device is first reported in section 4.1. The impact of OWC-OB 

Fig. 6. Experimental analysis of (a) aerodynamic damping force, (b) OB velocity and (c) PTO damping coefficient.  
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gap distance, OWC wall-thickness, OWC draft, OB draft and PTO 
damping on the device’s performance is discussed from section 4.2 to 
section 4.6, respectively. 

4.1. Comparison with typical isolated WEC devices 

The hydrodynamic performance of the hybrid system is compared 
with isolated devices in terms of wave energy extraction and wave 
attenuation in this sub-section. The geometric dimensions of the isolated 
OWC and OB are equivalent to the respective devices in the hybrid 
system, as described in Section 2.1. Fig. 9(a)–(c) shows the variation of 
the dimensionless motion amplitude ζ0/Hi of the OB, the mean power Ep 
and the conversion efficiency R against dimensionless wave period T(g/ 
Hi)1/2, respectively. It can be seen from Fig. 9(a) that the heave response 
of the OB device in the hybrid WEC system is larger than that of the 
isolated OB for most of the wave periods selected in this paper, partic-
ularly for the long-period waves. However, there is an opposite trend at 
wave period T(g/Hi)1/2 = 10.51, this is because the wave resonance in 
the gap between OWC and OB occurs at this period, leading to more 
viscous dissipation of wave energy. The approximated resonant period 
Tg developed by Molin [47] for the water piston-type oscillation in the 
gap between two pontoons is obtained as follows 

Tg =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

4π2db + 4πlg
[
1.5 + ln

(
2c
/

lg + 1
)]

g

√

(20) 

The resonant gap period for the hybrid system is Tg = 1.06 s which 
multiplied by (g/Hi)1/2 is written in dimensionless sense Tg(g/Hi)1/2 =

10.49, and hence is consistent with the occurring period of the sudden 
reduction for the motion of the OB in the hybrid WEC system. 

Fig. 9(b) indicated that both the mean power and the effective fre-
quency bandwidth (i.e. the frequency range in which WECs harvest a 

non-negligible amount of wave energy) is enhanced by the hybrid sys-
tem compared with the isolated devices. Additionally, when the wave 
period is longer than the resonant periods of the respective devices, the 
energy extraction of the hybrid system exceeds the sum of the energy 
extracted by the isolated devices. The associated conversion efficiency 
curve as shown in Fig. 9(c) for the hybrid WEC system is much higher 
around the resonant periods which are T(g/Hi)1/2 = 11.99 and 11.31 for 
the OB and the OWC, respectively. These resonant periods can also be 
calculated by the following formulas 

Tb =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
4π2(ρwgBcdb + az)

ρwgBc

√

(21)  

To = −

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

4π2
(
d1 + 0.41

̅̅̅̅̅̅
Aw

√ )

g

√

(22)  

where Tb and To are the resonant periods for the OB and OWC, respec-
tively; where az is the added mass. The occurring periods of the 
maximum efficiency for the three models are found to be smaller than 
those of the maximum generated power. This is because, as indicated in 
Eqs. (11) and (12), the conversion efficiency is proportional to the 
generated power and is inversely proportional to the incident wave 
energy which is amplified with increasing wave period. 

Fig. 10 shows the distribution of the reflection coefficient Kr and 
transmission Kt for the three different physical models. It can be 
observed from Fig. 10(a) that the reflection coefficient for the hybrid 
WEC system is generally smaller than that of the isolated devices in 
short-period waves (T(g/Hi)1/2<14.85) due to additional energy dissi-
pation in the OWC-OB gap, especially around the resonant period T(g/ 
Hi)1/2 = 10.51. The reflection coefficient of the isolated OB is the largest 
among these models, which indicates that the reflected waves comprise 

H
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i

t
d

dt
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i

t

Fig. 7. Time series of the measured and predicted (a) heaving displacement of the OB, (b) pneumatic pressure in the OWC chamber and (c) heving velocity of the OB.  
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components from the facing-wave area and the bottom of the body. In 
long-period waves, the reflection coefficient of the hybrid WEC system is 
smaller than that of the isolated OWC but larger than that of the isolated 
OB. This is because the long-period waves transmit over the front wall of 
the OWC more easily and are reflected by the back wall. Part of the long- 
period wave energy that enters the OWC chamber of the hybrid WEC 
system can be reduced due to the shielding effect of the facing-wave OB. 
As shown in Fig. 10(b), the transmission coefficient of the hybrid WEC 
system is the smallest among the three physical models for the tested 
wave periods, implying that the hybrid system has a better wave 
attenuation capacity due to more effective interaction between waves 
and structures. It is worth noting that the effective width of the OB is 
equal to the sum of the front and back wall thicknesses i.e. c = w1+w2 =

0.3 m, whereas the OWC is found to outperform the OB in terms of wave 
attenuation, which further validates the viewpoint that a dual-pontoon 
breakwater is more advisable compared to a single-pontoon break-
water with the same displacement. 

4.2. Effect of OWC-OB gap distance 

The effect of the gap distance between the OWC device and the OB 
device is studied for the hybrid WEC system with three gap distances (i. 
e. lg = 0.125 m, 0.225 m and 0.6 m). All other variables are kept the same 
as those used in the previous section. Fig. 11(a) and (b) show the heave 
response amplitude of the OB and the wave coefficient in the gap, 
respectively. It is clear from Fig. 11(a) that the heave motion of the OB 
decreases with increasing gap distance in short-period waves and vice 
versa in long-period waves. This means that a narrower gap leads to a 
stronger short-wave reflection, which in turn amplifies the OB heaving 
motion. The sudden decreases of the heave motion occur at wave periods 
T(g/Hi)1/2 = 10.51, 11.91 and 14.70 for lg = 0.125 m, 0.225 m and 0.6 

m, respectively, which are nearly consistent with resonant periods in the 
gap as shown in Fig. 11(b). The gap resonant period increases with 
increasing gap distance, which can be explained by Eq. (20). In addition, 
as the wave period increases, there exist multi-peak values in the wave 
coefficient curves i.e. lg = 0.125 m, which is due to the in-phase inter-
ference between the transmitted waves and the reflected waves in the 
gap. 

Fig. 12(a)–(c) display the conversion efficiency of the OWC, the OB 
and the integrated system, respectively. It is remarkable that the con-
version efficiency of the OWC is diminished with increasing gap distance 
in short-period waves (T(g/Hi)1/2<14) and vice versa in long-period 
waves (T(g/Hi)1/2>14), as shown in Fig. 12(a). Furthermore, the reso-
nant period tends to be longer as the gap distance increases. This is not 
surprising because the water mass in the gap increases with increased 
gap size, resulting in the propagation of short-period waves are blocked 
while long-period waves strengthen the piston-type oscillation of water 
in the gap. It is interesting that the maximum conversion efficiency of 
the OWC for lg = 0.225 m is larger than that for lg = 0.125 m and 0.6 m. 
This is due to the fact that the resonant period (i.e. Tg(g/Hi)1/2 = 12.61) 
in the chamber is close to that (i.e. Tg(g/Hi)1/2 = 12.51) in the gap for lg 
= 0.225 m, and thus the coupled resonant phenomenon between the 
water in the chamber and the gap is induced. Fig. 12(b) reveals that the 
maximum conversion efficiency of the OB in the hybrid system de-
creases with increasing gap distance, with maximum R2 = 0.31, 0.29 
and 0.22, respectively. The slight increase of the OB resonant period 
with the gap distance is attributed to additional added mass in Eq. (21). 
In addition, there are two peaks in the efficiency curve of the OB for lg =

0.6 m, which is because the resonant period of the OB falls into the 
period range of the gap resonance. The variation trend of the overall 
efficiency of the hybrid WEC system as shown in Fig. 12(c) is dominated 
by the OB, suggesting that the OB device contributes more to the total 
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Fig. 8. Time series of the measured and predicted wave elevation at (a) WG 2, (b) WG3, (c) WG4 and (d) WG5.  
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wave energy extraction. The increasing gap distance reduces the 
maximum conversion efficiency but has a weak influence on the effec-
tive frequency bandwidth of the hybrid system. 

Fig. 13(a)-(c) display the variation of the reflection coefficient, the 
transmission coefficient and the wave coefficient in the OWC chamber 
against dimensionless wave periods for different gap distances, respec-
tively. It can be seen from Fig. 13(a) that the reflection coefficients for all 
gap distances have a similar variation trend against wave periods. For 

example, the refection initially decreases with increasing wave periods 
and increases after a certain wave period, then decrease with further 
increasing wave periods, which is different from the monotonic reduc-
tion features for the traditional pontoon-type floating breakwater. 
Meanwhile, the occurring location of the trough values shifts to a longer 
period with increasing gap distance. The reflection coefficient for the 
largest gap distance lg = 0.6 m is the smallest in the short-period wave 
zone Tg(g/Hi)1/2<10.11 and is the largest in the long period zone Tg(g/ 
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R

Fig. 9. Variations of (a) the heaving motion amplitude ζ0/Hi of the OB, (b) the average generated power Ep and (c) the conversion efficiency R with dimensionless 
wave period T(g/Hi)1/2 for three different WEC concepts. 
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Fig. 10. Variations of (a) the reflection coefficient Kr and (b) the transmission coefficient Kt with dimensionless wave period T(g/Hi)1/2 for three different 
WEC concepts. 
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Hi)1/2>20, which would cause the fatigue damage in long-period waves 
and should be analysed. The transmission coefficient is almost un-
changed by the gap distance as shown in Fig. 13(b), revealing that the 
free surface motion can not enhance the wave attenuation capacity of 
the floating breakwater, which is because of the air pressure on the free 
surface remains to be the atmospheric pressure. The wave elevation in 
the OWC chamber generally increases with wave periods for all gap 
distances, as shown in Fig. 13(c). The reason is that the long-period 

waves transmit into the chamber more easily and induce the water 
motion in the chamber. Furthermore, the wave coefficient in the 
chamber decreases with an increasing gap in short-period waves, but the 
opposite is true in long-period waves, which is in accordance with the 
variation of the conversion efficiency of the OWC as shown in Fig. 12(a). 
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Fig. 11. Variations of (a) the heaving motion amplitude ζ0/Hi of the OB and (b) the wave coefficient Cη in the OWC-OB gap with dimensionless wave period T(g/Hi)1/ 

2 for different gap distances. 
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Fig. 12. Variations of the energy conversion efficiency including (a) the OWC R1, (b) the OB R2 and (c) the total system R with dimensionless wave period T(g/Hi)1/2 

for different gap distances. 
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4.3. Effect of the OWC draft 

In this sub-section, three different combinations of OWC drafts, i.e. 
case 1: d1 = d2 = 0.15 m, case2: d1 = d2 = 0.20 m, and case3: d1 = 0.15 m 
and d2 = 0.20 m, are selected to discern the effect of the OWC draft. The 
OWC-OB gap distance is kept fixed value as lg = 0.125 m, and other 
parameters are kept the same with Section 4.2. Fig. 14(a) and (b) shows 
the distribution of the heave amplitude of the OB device and the wave 
coefficient in the OWC-OB gap against wave periods, respectively. It is 
found from Fig. 14(a) that the heaving motion of the OB is almost 

unaffected by the change of the OWC draft in short-period waves, but is 
amplified with increased OWC draft in long-period waves. It should be 
noted that the heave motion amplitude of case2 is similar to that of 
case3, suggesting that the reflection effect is mainly generated by the 
effective facing-wave area and the shielding effect of the multi-parallel 
plane along the propagation direction of waves should be considered. 
As shown in Fig. 14(b), the water in the gap oscillates more strongly with 
simultaneously increasing OWC front and draft wall drafts, especially in 
long-period waves, which is due to more wave energy reflected by the 
OWC wall. However, for case3, the water motion in the OWC-OB gap is 
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Fig. 13. Variations of (a) the reflection coefficient Kr, (b) the transmission coefficient Kt and (c) the wave coefficient Cη in the OWC chamber with dimensionless 
wave period T(g/Hi)1/2 for different gap distances. 
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Fig. 14. Variations of (a) the heaving motion amplitude ζ0/Hi of the OB and (b) the wave coefficient Cη in the OWC-OB gap with dimensionless wave period T(g/Hi)1/ 

2 for different OWC drafts. 

Y. Cheng et al.                                                                                                                                                                                                                                   



Renewable and Sustainable Energy Reviews 169 (2022) 112909

13

smaller than that of case 1 in the wave period range of 10< Tg(g/Hi)1/ 

2<14. This may be attributed to the interference of multi-reflection from 
the OWC front and back walls. 

The distribution of conversion efficiency of the OWC, the OB and the 
integrated system against wave periods for different OWC drafts is 
shown in Fig. 15(a)-(c), respectively. The conversion efficiency of the 
OWC as shown in Fig. 15(a) decreases with increasing OWC draft in 
short-period waves and vice versa in long-period waves. In addition, the 
OWC demonstrates better wave energy extraction in long-period waves 
with a smaller front wall draft and a larger front wall draft. This is due to 
that the front wall with a shallower draft enhances the wave trans-
mission into the chamber which is in contrast to the effect of the back 
wall with a deeper draft. The variation of the conversion efficiency for 
the OB in Fig. 15(b) is similar to that of the motion of the OB in Fig. 14 
(a). Although the peak of the overall efficiency increases with increasing 
OWC draft, the overall efficiency decreases with OWC draft in short- 
period waves as shown in Fig. 15(c), which is mainly dominated by 
the OB. Nevertheless, for case 3, the overall efficiency is basically un-
changed in short-period waves and is improved in long-period waves 
compared with case 1, which broadens the effective frequency 
bandwidth. 

To investigate the effect of the OWC draft on the wave attenuation 
ability of the hybrid WEC system, the distribution of the reflection co-
efficient, the transmission coefficient and the wave coefficient in the 
chamber for different OWC drafts is illustrated in Fig. 16. It is clear from 
Fig. 16(a) that the reflection coefficient increases with increasing OWC 
draft for most wave periods tested in the experiment. This leads to the 
contrary trend of the transmission coefficient as shown in Fig. 16(b). The 
difference in the wave attenuation between case3 and case2 is subtle, 
demonstrating that the effective facing-wave area is the main factor of 

breakwater function. Therefore, it can be recommended that the design 
of the OWC with a smaller front wall draft and a larger front wall draft is 
preferred from the viewpoint of wave energy extraction as well as wave 
attenuation. It can be seen from Fig. 16(c) that the water motion in the 
chamber is weakened with increasing the OWC draft in short-period 
waves, which is due to the amplified reflection effect. In long-period 
waves, the water motion in the chamber becomes stronger due to the 
increase of the resonant period as a result of increased water column 
mass in the chamber, which in turn enhances the wave energy extraction 
indicated in Fig. 15(a). Additionally, the relationship between the wave 
coefficient and the wave period is approximately linear with further 
increasing the OWC draft. 

4.4. Effect of the OB draft 

It is well known that the submerged dimensions affect the hydro-
dynamic performance of a floater significantly because the velocities of 
water particles in waves decrease exponentially along with water depth. 
Three different OB drafts i.e. db = 0.10 m, 0.15 m and 0.20 m, are 
considered in this sub-section. The corresponding displacements are 
0.23 m3, 0.35 m3 and 0.47 m3, respectively. The OWC wall draft is set as 
d1 = d2 = 0.15 m and the other parameters have been given in section 
4.3. Fig. 17(a) and (b) present the distribution of the heave motion 
amplitude of the OB and the wave coefficient in the OWC-OB gap for 
different OB drafts, respectively. It can be found from Fig. 17(a) that the 
heave response decreases with increasing OB draft, which is because the 
wave energy is concentrated near the water surface with the elevation 
range of an incident wave height. Consequently, the OB with a deeper 
draft is subjected to a smaller vertical wave force at the body bottom, 
leading to a smaller heave motion. Meanwhile, the increase of the 
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Fig. 15. Variations of the energy conversion efficiency including (a) the OWC R1, (b) the OB R2 and (c) the total system R with dimensionless wave period T(g/Hi)1/2 

for different OWC drafts. 
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displacement with increased draft enhances the heaving stability of the 
floating body. Similarly, Fig. 17(b) shows that the wave elevation inside 
the gap decreases with increasing the OB draft within the whole range of 
tested wave periods, which is caused by the weaker penetrability of 
waves. It should be concerned that the resonant period of the water in 
the OWC-OB gap is independent on the OB draft, which is contradictory 
to the intuitive derivation from Eq. (20). Actually, when the wave enters 
into the OWC-OB gap, the OWC wall draft generates strong reflected 
waves which superpose with incident waves and affect the water motion 
in the gap together with the OB draft. And thus, the draft definition in 

Eq. (20) in this paper should be modified according to the comprehen-
sive analysis of the OWC and OB drafts. 

Next, the distributed characteristics of the conversion efficiency of 
each device and the total system for different OB drafts are displayed in 
Fig. 18. As shown in Fig. 18(a), as the OB draft increases from db = 0.10 
m–0.15 m, the conversion efficiency of the OWC increases in short- 
period waves, which is because energy transfer from incident waves to 
the OB motion decreases with increased OB draft, leading to more wave 
absorption by the OWC. Conversely, in long-period waves, due to the 
weaker motion response, the conversion efficiency of the OWC decreases 
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Fig. 16. Variations of (a) the reflection coefficient Kr, (b) the transmission coefficient Kt and (c) the wave coefficient Cη in the OWC chamber with dimensionless 
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with increasing OB draft. From 18(b), it can be obtained that the con-
version efficiency of the OB decreases with increasing OB draft, with the 
maximum efficiency R2 = 0.25 for db = 0.10 m, R2 = 0.31 for db = 0.15 m 
and R2 = 0.40 for db = 0.20 m respectively. In addition, the resonant 
period of the OB shifts to a higher value with OB draft, which is also 
known from Eq. (21). By comparing Fig. 18(c) with Fig. 18(b), the 
general trend of the overall efficiency of the hybrid WEC system is 
dominated by the OB for all OB drafts, which suggests that most of the 
wave energy is absorbed by the OB device. It should be considered that 
the tidal variation usually occurs in the real wave field, which would 
change the submerged depth of the OWC and OB devices and influence 
the wave extraction performance. In this regard, the structural design 
with intermediate drafts is more suitable for practical engineering 
applications. 

Fig. 19 presents the reflection coefficient, the transmission coeffi-
cient and the wave coefficient in the chamber for different OB drafts. It is 
emphasised from Fig. 19(a) that the reflection coefficients for both the 
shallower OB draft db = 0.11 m and the deeper OB draft db = 0.20 m are 
larger than those for the intermediate OB draft db = 0.15 m within the 
most range of wave periods. This phenomenon is caused by different 
reasons. For the shallower OB draft i.e. db = 0.11 m, the heave motion 
response of the OB is increased by the free wave loads, which leads to 
scattering waves with larger amplitude. On the other hand, for the 
deeper OB draft i.e. db = 0.20 m, the effective facing-wave area of the OB 
increases and exceeds the wall drafts of the OWC deployed at its leeside, 
enhancing the reflection ability of the OB. It is confirmed from Fig. 19(b) 
that the wave blocking performance of the hybrid system is closely 
dependent to the OB draft. An OB device with a deeper draft is more 
efficient for attenuating transmitted waves. As shown in Fig. 19(c), the 
wave coefficient in the OWC chamber for the deepest OB draft db = 0.20 

is the smallest which is in line with the observation from Fig. 18(a). 

4.5. Effect of the OWC wall thickness 

Three sets of wall thickness ratios (i.e. w1:w2 = 1:5, 1:1 and 5:1) for 
the OWC device are selected with the total wall thickness kept the same, 
i.e. w1+w2 = 0.3 m. The chamber width and the OWC-OB gap distance 
are also fixed as b = 0.25 m and lg = 0.225 m, respectively. Other pa-
rameters are the same as those in Section 4.2. Fig. 20 gives the variation 
of the heave amplitude of the OB and the wave coefficient in the OWC- 
OB gap against wave periods for different wall thickness ratios. From 
Fig. 20(a), it can be concluded that at the initial process of increasing the 
front wall thickness (i.e. from w1 = 0.05 m–0.15 m), the heaving motion 
of the OB is almost unaffected by the wall thickness, which implies that 
the wave reflection is mainly generated by the facing-wave side of the 
front wall. With further increasing the front wall thickness to a critical 
value (i.e. w1 = 0.25 m), the heaving motion of the OB is strengthened, 
especially in long-period waves, which illustrates that the wave reflec-
tion in the OWC-OB gap is perfectly controlled by both the wall bottom 
and facing-wave side. The water motion in the OWC-OB gap also in-
creases with the increase of the front wall thickness, as shown in Fig. 20 
(b). The maximum wave coefficient for the case of w1:w2 = 5:1 is 
obviously increased compared with the case of w1:w2 = 1:5, by up to 
1.15 times, with an identical peak period (i.e. Tg(g/Hi)1/2 = 12.60). 

Fig. 21 displays the effect of the wall thickness ratio on the respective 
conversion efficiency and the overall conversion efficiency. It is revealed 
from Fig. 21(a) that the conversion efficiency of the OWC significantly 
decreased with the increase of the front wall thickness for all tested wave 
periods. This reason is that a thicker front wall of the OWC can more 
effectively interact with water in the OWC-OB gap to block waves 
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transmitting into the chamber. Consequently, more waves are focused in 
the OWC-OB gap, enhancing the conversion efficiency of the OB as 
shown in Fig. 21(b). Whereas the overall conversion efficiency of the 
hybrid system is not very sensitive to the change of the OWC wall 
thickness, as shown in Fig. 22(c). In other words, the wall thickness ratio 
of the OWC device is not the determining factor in the wave energy 
extraction of the hybrid WEC system. 

The distribution of the reflection coefficient, the transmission coef-
ficient and the wave coefficient in the OWC chamber for different wall 
thickness ratios are examined in Fig. 22(a)–(c). It can be observed from 

Fig. 22(a) that the reflection with asymmetric OWC walls is larger than 
the case with symmetric OWC walls, which is due to the amplification of 
the wave reflection from the wall ends and the wall bottom. Fig. 22(b) 
shows that the difference in transmission coefficient among different 
wall thickness ratios is minor in short-period waves, but in long-period 
waves, the transmission coefficient is increased by the asymmetric OWC 
walls compared with the symmetric OWC walls, with a maximum 
increased ratio of 12.91%, which may be because the violent piston-type 
water oscillation in the chamber as shown in Fig. 22(c) results into more 
wave energy dissipation including the viscous energy losses and flow 
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Fig. 19. Variations of (a) the reflection coefficient Kr, (b) the transmission coefficient Kt and (c) the wave coefficient Cη in the OWC chamber with dimensionless 
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separation at the wall edges. 

4.6. Combination of PTO systems 

To investigate the impact of the PTO damping on the OWC and OB 
devices, three PTO damping coefficients for the OB (i.e. bpto = 1.0 × 103 

N2/m2, 1.9 × 103 N2/m2 and 2.5 × 103 N2/m2) are firstly considered 
with a fixed opening ratio α = 0.769% for the OWC device. The front and 
back wall drafts of the OWC are set to d1 = d2 = 0.2 m and other pa-
rameters are kept the same as those in Section 4.3. Fig. 23 illustrates the 
effect of the PTO damping bpto on the motion response of the OB and the 
wave coefficient in the OWC-OB gap. From Fig. 23(a), it is clear that the 
OB motion decreases with increasing PTO damping bpto, which is 
reasonable as a larger PTO damping provides larger resistive force to the 
OB. The smaller OB motion generates radiated waves with smaller 
amplitude, which has a weaker interference on the water motion in the 
OWC-OB gap. As a result, the wave elevation in the OWC-OB gap is 
reduced as shown in Fig. 23(b). 

The distribution of the energy conversion efficiency with PTO 
damping bpto is displayed in Fig. 24. It can be found from Fig. 24(a) that 
the conversion efficiency of the OWC is almost unchanged for different 
PTO damping bpto in short-period waves and decreases with increasing 
bpto in long-period waves. An explanation to such variation trends is that 
in short-period waves, compared with the heaving motion amplitude of 
the OB, the OB draft is large enough so that the reflected waves by the 
OB are insensitive to the OB motion. Conversely, in long-period waves, 
the OB motion amplitude is considerable relative to the OB draft, so a 
larger OB motion can enhance the penetrability of waves entering the 
chamber. Fig. 24(b) reveals that the conversion efficiency of the OB 
reaches the maximum value when the PTO damping coefficient bpto is 
close to 1.9 × 103 N2/m2, with the peak efficiency R2 = 0.36 which 

increased by 16.31% and 12.55% compared to the cases of bpto = 1.0 ×
103 N2/m2 and 2.5 × 103 N2/m2. In practice, three PTO damping co-
efficients bpto = 1.0 × 103 N2/m2, 1.9 × 103 N2/m2 and 2.5 × 103 N2/m2 

are less than, equal to and larger than the optimal PTO damping (1.9 ×
103 N2/m2) of the OB device around the resonant period T(g/Hi)1/2 =

11.99, respectively. This observation is consistent with the single OB 
device by Zhang et al. [16]. It was obtained from their numerical results 
that the maximum conversion efficiency occurs at the resonant period 
when the PTO damping is set as the optimal damping. Fig. 24(c) also 
illustrates that the overall efficiency of the hybrid system is highly 
contingent on the optimal PTO damping of the OB, especially in 
long-period waves. 

Fig. 25 displays the impact of the PTO damping bpto on the wave 
attenuation performance of the hybrid system. In Fig. 25(a), the 
reflection coefficient increases with increasing bpto for most of the wave 
periods considered in this paper. This is because the radiated waves 
induced by the heave motion of the OB can partly cancel the incident 
waves, which results in small reflected waves. Additionally, a larger 
heave motion can boost the wave penetrability so that the wave 
reflection is reduced. The transmission coefficient as shown in Fig. 25(b) 
is almost identical among different PTO dampings, suggesting that the 
overall wave attenuation capacity of the hybrid system is not very sen-
sitive to the adjustment of the PTO parameters for the OB. 

Next, three opening ratios (α = 0.393%, 0.769% and 1.272%) are 
selected to investigate the effect of the PTO damping for the OWC on the 
hydrodynamic performance of the hybrid system. Here, the PTO 
damping for the OB is fixed as the optimal damping bpto = 1.9 × 103 N2/ 
m2 at the resonant period of the OB. Fig. 26 shows the conversion effi-
ciency of the OB, the OWC and the total system as the function of both 
wave period and opening ratio. From Fig. 26(a), it can be found that the 
conversion efficiency of the OWC increases in short-period waves and 
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decreases in long-period waves with an increasing opening ratio. This is 
due to the fact that the short-period wave elevations in the OWC 
chamber are mainly dependent on the air pressure on the water surface 
which decreases with increasing opening ratio, leading to a larger water 
motion in the chamber. However, long-period waves can transmit into 
the chamber, and induce a higher air pressure with increasing PTO 
damping. The maximum conversion efficiency of the OWC is enhanced 
by increased opening ratio, e.g.R1 = 0.05 (α = 0.393%), 0.08 (α =
0.769%) and 0.09 (α = 1.272%). The conversion efficiency of the OB 
decreases with increasing opening ratio, especially near the resonant 

period, as displayed in Fig. 26(b). This is because in this case, the 
resonant period of waves in the chamber is close to that of the OB. A 
stronger water motion in the chamber occurs at the resonant period with 
an increasing opening ratio, causing a higher energy extraction. Hence, 
the wave energy absorption by the OB is reduced according to the total 
energy conservation. It is drawn from Fig. 26(c) that the overall effi-
ciency of the hybrid system is almost unaffected by the PTO damping of 
the OWC, suggesting that the wave energy extraction of the hybrid 
system is primarily determined by the PTO character of the OB. 

Fig. 27 displays the variation of the reflection coefficient and the 
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Fig. 22. Variations of (a) the reflection coefficient Kr, (b) the transmission coefficient Kt and (c) the wave coefficient Cη in the OWC chamber with dimensionless 
wave period T(g/Hi)1/2 for different OWC wall thickness. 
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transmission coefficient for different opening ratios. In Fig. 27(a), the 
reflection coefficient is insensitive to the opening ratio, demonstrating 
that the wave reflection is dominated by the facing-wave area. Fig. 27(b) 
shows that the transmission coefficient increases with increasing open-
ing ratio, especially in long-period waves. The reason is similar to that of 
the conversion efficiency curves depicted in Fig. 26(a), indicating that a 
larger opening ratio induces a stronger water motion in the chamber. 

5. Conclusions 

In this study, the performance analysis of a hybrid wave energy 
converter (WEC) combing an OWC device and an OB device, which also 
serves as a floating breakwater system, is executed systematically via a 
series of hydrodynamic experiments. The two devices were arranged 
along the wave propagating direction, where the OB is placed upstream 
from the OWC. An aerodynamic damper and a circular orifice were 
applied for modelling the PTO systems of the OB and OWC devices, 
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respectively. A corresponding numerical model is developed using the 
fully non-linear time-domain method to provide a numerical tool for 
further study. Considering the intention to enhance both wave energy 
extraction and wave attenuation capacities, comparisons of the hybrid 
system and the respectively isolated devices were emphasised. Then, the 
dimension design, the gap distance and the PTO combination of the two 
devices are optimised by conducting comprehensive parametric tests. 
Through the targeted investigations, the conclusions can be obtained as 
follows.  

(1) Compared to the isolated OWC and OB devices, the hybrid WEC 
concept is preferred since not only higher energy conversion is 
achieved but also stronger wave attenuation is accomplished. 
Additionally, a wider applicable range of wave periods is realized 
by the hybrid system.  

(2) With regards to inter-comparisons of WEC devices in the hybrid 
system, the OB outperforms the OWC in terms of wave energy 
conversion for most of the tested wave periods. This is because, 
for a given wave condition, the shielding effect of the OB reduces 
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wave interaction with the OWC. On the other hand, the wave 
reflection from the OWC strengthens the OB heaving motion. 

(3) Wave resonance in the OWC-OB gap leads to the sudden reduc-
tion of energy conversion due to the more wave energy dissipa-
tion in the gap, however, it has a weak influence on the wave 
attenuation. The maximum conversion efficiency of the OWC 
occurs when the natural frequency of the OWC matches that of 
the gap. 

(4) Deeper OWC drafts have beneficial effects on both energy con-
version and wave attenuation of the hybrid system in long-period 
waves, even though the peak overall efficiency is almost un-
changed. Shallower OB drafts lead to higher wave energy con-
version but have adverse effects on wave attenuation due to the 
reduction of the effective facing-wave area.  

(5) Compared to the asymmetric front and back walls for the OWC, 
the symmetric configuration achieves a better breakwater func-
tion in long-period waves when the total wall thickness is kept 
constant. Nevertheless, the overall conversion efficiency is 
insensitive to the wall thickness ratio. 

(6) Two PTO systems play different roles in the hydrodynamic per-
formance of the hybrid system, where the PTO damping for the 
OB significantly affects the overall efficiency and does not 
contribute much to the transmission coefficient, while the 
opposite is true for the OWC PTO damping. 

These experimental findings from the hybrid OWC-OB WEC-break-
water system help to design the geometry and configuration of such 
systems and also offer a valuable reference for validating the developed 
analytical and numerical models. Some interesting physical phenomena 
induced by the complex hydrodynamic-aerodynamic interaction further 
explain the variation trend of the performance. All experiments in this 
study were conducted based on regular wave conditions. It is worth 
noting that the above conclusions are drawn based on the pseudo-3- 
dimensional experiment and numerical study, i.e. the width of the 
models equal to the width of the tank. Some 3-dimensional effects, 
including 3-dimensional wave diffraction, radiation and oblique waves 

have not been included due to the physical limitation of the flume. As 
suggested by Fig. 7, the numerical simulation method proposed in the 
current study is capable of reproducing the experiment accurately, the 3- 
dimensional simulation will be extended to 3-dimensional to address the 
above mentioned 3-dimensional effects in future works. 
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Nomenclature and acrynon 

A0 Orifice opening area 
Aw OWC water-plane area 
az Added mass 
b OWC chamber width 
bpto PTO damping 
SB(OB) OB surface boundary in numerical simulation 
cc Contraction coefficient for orifice 
cg Wave group velocity 
Cη Wave coefficient 
di OWC device draft, where the subscript denotes the ith draft 
db OB device draft 
Ep(OB) Average power captured by OB 
Ep(OWC) Average pneumatic power 
Ew Incident wave energy flux 
Fw Fully non-linear hydrodynamic force 
FPTO PTO force 
h0 OWC chamber height 
Hi Incident wave height 
Hr Reflected wave height 
Ht Transmitted wave height 
hw Water depth 
k Wave number 
Kr Wave reflection coefficient 
Kt Wave transmission coefficient 
lg Gap distance between the OWC and the OB device 
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M Mass of the OB device 
ξ Local intrinsic coordinate corresponding to shape functions 
p1 Pressure measured at position 1 
p2 Pressure measured at position 2 
Pa Air pressure inside the chamber 
R Energy conversion efficiency 
c OB device width 
SB(OWC) OWC surface boundary in numerical simulation 
Sc Cross-section area of OWC water surface 
SC Numerical domain side surface 
SD Numerical domain bottom surface 
SF Water surface boundary in numerical simulation 
Tb Oscillating buoy natural period 
Tg Gap resonate period 
To Oscillating water column natural period 
Ua Airflow velocity 
wi Device wall thickness, where the subscript denotes the ith wall thickness 
α Orifice opening ratio 
ρa Air density 
ρw Water density 
η Water elevation 
ω Circular wave frequency 
ψ Auxiliary function 
p Average pneumatic pressure 
ζ OB device heave motion 
ζ0 OB device heave motion amplitude 
Φ Velocity potential, where subscript S stands for scatter and I stands for incident wave 
n Number of wave periods 
τ Local intrinsic coordinate corresponding to shape functions 
BBDB Backward Bent Duct Buoy 
BEM Boundary Element Method 
CFD Computational Fluid Dynamics 
HOBEM Higher-Order Boundary Element Method 
MDOF Multiple Degrees of Freedom 
OB Oscillating Bouy 
ORE Offshore Renewable Energy 
OT Over Topping 
OWC Oscillating Water Column 
PTO Power Take-Off 
RK4 Fourth-order Runge-kutta Method 
SDOF Single Degree of Freedom 
TLP Tension Leg Platform 
WEC Wave Energy Converter 
WG Wave Gauge 
PG Pressure Gauge 
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