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A B S T R A C T   

Floating offshore multi-purpose structures have recently attracted much attention worldwide in terms of sharing 
costs, enhancing efficiencies and reducing environmental impacts. In this paper, hydrodynamic experiments are 
conducted to examine the accessibility of wave energy absorption by a dual-pontoon floating breakwater inte-
grated with hybrid-type wave energy converters (WECs). The main structure and the air chamber between the 
two pontoons are designed as an Oscillating Buoy (OB) and an Oscillating Water Column (OWC), respectively. 
Two power take-off (PTO) systems, including a hydraulic system and a Wells turbine, are selected to extract wave 
energy from structural motion and chamber airflow. To investigate the hydraulic-pneumatic complementary 
effects, PTO damping coefficients of two systems are adjusted both individually and synchronously. Besides, the 
hydrodynamic comparison among different geometrical parameters, are further studied. The breakwater- 
integrated hybrid WEC system led to a larger optimal pneumatic damping for the OWC while the optimal hy-
draulic damping for the OB is not affected. Additionally, the internal air pressure is acting as a resistive force to 
pontoons, hence the pontoon motion is smaller, and part of the kinematic energy from pontoons is extracted by 
the OWC. Correspondingly, the wave attenuation capacity is enhanced by multiple harvesting manners, espe-
cially for long-period waves.   

1. Introduction 

Mitigating global warming and environmental pollution derived 
from the utilisation of fossil energy, has been targeted by European 
Commission which declares at least 40% cuts in greenhouse gas emis-
sions (from 1990 levels) and 32% share for renewable energy in the 
2030 Climate and Energy Framework [1]. Marine Renewable Energy 
(MRE) provides an alternative solution to promote energy transition 
from fossil energy to clean energy and achieve a sustainable develop-
ment plan. Wave energy as one of MRE resources, has motivated wide 
attention due to its high energy density, lasting consistency and minimal 
negative ecological impact [2]. The available power per unit of wave 
crest is estimated at 37 kW/m and 33 kW/m for the U.S. North Pacific 
and North Atlantic coasts, respectively [3]. Thus, significant strides have 
been taken towards the development of wave energy conversion (WEC) 
technologies [4]. Ocean Energy Europe (OEE) claimed that the cumu-
lative global wave energy installations have consistently grown to 12.7 
MW since 2010 and will increase by 3.8 MW in 2022 [5]. 

Oscillating Water Column (OWC) and Oscillating Buoy (OB) WECs as 
two dominant devices at this stage because of their geometric and me-
chanical simplicity. An OWC s device often consists of a partially sub-
merged hollow-hull structure with openings at both ends. Usually, air is 
trapped between the water surface and a Power Take-Off (PTO) system. 
The trapped air is exhaled and inhaled through the PTO system (e.g. air 
turbine coupled to a generator) when subject to waves, power is then 
generated [6]. Many experiments and numerical studies about OWC 
have been carried out in the past decade. For example, He and Huang [7] 
developed an OWC device with two different shapes of orifices to 
simulate the nonlinear PTO mechanism and reconstructed the instan-
taneous spatial profile of the free-surface in the chamber based on a 
two-point measurement method. Konispoliatis and Mavrakos [8] ana-
lysed the array of floating OWCs based on the linearised potential flow 
theory and calculated the wave loads. The simulated results suggest that 
the number and distance of OWCs at the location of the wave front 
significantly affect the power capture efficiency. In 2015, Ning et al. [9] 
numerically studied the hydrodynamics of a coastal OWC based on the 
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Higher-Order Boundary Element Method (HOBEM). The model results 
revealed the dynamic patterns of the air pressure and free-surface 
elevation inside the chamber. One year later, to further validate this 
theoretical finding, Ning et al. [10] followed up with an experimental 
investigation and found the opening ratio of the OWC plays a decisive 
role in the maximum conversion efficiency. Ning et al. [11] later pre-
sented a cylindrical dual-chamber OWC with an inner chamber and an 
outer chamber. It was found that the coupled effect between two 
chambers shifts resonant frequencies and expands the effective fre-
quency bandwidth. Molina et al. [12] investigated the air turbine 
characteristics of a separate OWC on which the aerodynamic power 
depends. Portillo et al. [13] implemented a numerical linear turbine of 
the bent-duct OWC based on linear wave theory in the frequency domain 
and conducted a parametric sensitivity analysis in both backward and 
frontward configurations. The results illustrated that the frontward 
configurations presented a better performance under the tested 
conditions. 

OB device typically comprises a pontoon or floater with a certain 
degree of freedom, fitted with a translational PTO to generate power in 
the direction of motion. Windt et al. [14] utilised the Computational 
Fluid Dynamics (CFD) method to study the scaled-down Wavestar WEC 
[15] and found that the hydrodynamic scaling effect on the total load of 
WEC with a hemispherical bottom can be ignored. Based on the 
Boundary Discretisation Method (BDM), point-absorbing WECs with 
different shapes of the vertical axis symmetry, including parabolic, cy-
lindrical and conical, were numerically investigated by Zhang et al. 
[16]. Renzi et al. [17] applied the mathematical theory to explain the 
motion of the Oyster as a flap-type absorber accurately. Goggins and 
Finnegan [18] established the optimal structural geometry configura-
tion for the Atlantic marine energy test spot and derived the optimal 
configuration for devices with different radius. Wang et al. [19] com-
bined an OB in the heave mode and a perforated wall using the linear 
potential flow theory. This design not only widened the capture width 
ratio of the OB, but also enhanced the energy extraction of the combined 
system. Robertson et al. [20] summarised the operating principles of 
different OB architectures, including single-body OB, two-body OB and 
multi-body OB, and developed an empirically calculable and easily 
implemented wave-to-electricity model to quantify energy production 
performance. 

The relatively high Levelized Cost of Energy (LCoE) and Net Present 
Value (NPV) of wave energy compared to other energy sources (i.e. 
offshore wind energy) continue to hinder further large-scale commercial 
promotion [21]. To reduce this high LCOE, several solutions have been 
proposed, among which the integration of multi-type WEC technologies 
is a viable option to optimise its hydrodynamic performance and 
configuration design. Fonseca et al. [22] measured the air pressure, 
mooring forces and buoy’s motion of the OWC spar-buoy. The tested 
result revealed that shutting down the chamber reduces the damping 
effect induced by the air turbine but amplifies the motion of the model. 
Cui et al. [23] proposed a hybrid cylindrical OWC-OB at a 

three-dimensional analytical model, where an OB is hinged to the wall of 
an OWC, and modelled the conversion efficiency of the device layouts 
and incident wave directions. It is concluded that the OWC-OB hybrid 
system outperforms the isolated WECs in terms of the effective fre-
quency bandwidth. Wang and Zhang [24] developed a theoretical model 
via the eigenfunction matching schemes. The mixed WECs comprise a 
torus OB and a concentric cylindrical system was studied. Cheng et al. 
[25] deployed a small-size OB at the centre of the free surface within the 
OWC chamber and investigated the hydrodynamics of the concept based 
on HOBEM. The resonant motion of the OB device inside the chamber 
enhances the maximum capture efficiency and the frequency band-
width. Following this investigation, Cheng et al. [26] deployed an OB 
upstream from an OWC, and tested their respective wave energy 
extraction experimentally. Nguyen et al. [27] introduced dual-mode 
WECs attached to a large floater, which showed the complementary 
function for wave energy extraction from a floating auxiliary plate and a 
submerged vertical plate across the wave periods range investigated. 

By optimising the geometric design i.e. attaching WECs to floaters, 
WECs with an acceptable wave-attenuation performance can be 
considered as effective breakwaters. These multi-target and multi- 
function concepts further broaden WEC’s commercial market. Mus-
tapa et al. [28] reviewed the integration of different type WECs and fixed 
breakwater. Zhao et al. [29] further emphasised the research priority of 
floating breakwater integrating with WECs. He et al. [30] proposed an 
analytical model to investigate a pile-supported breakwater-type OWC. 
Theoretical results showed that, with optimal PTO damping, the device 
demonstrated excellent energy conversion efficiency and transmission 
performance. Based on the identical analytical method, Guo et al. [31] 
designed a novel OWC breakwater, which is equipped with a front-wall 
oscillating in pitch mode. It is shown that the pitching front wall 
extensively broadened the frequency bandwidth and the narrower 
front-wall width contributed to the energy conversion performance. 
Howe et al. [32] tested a floating breakwater integrated with the mul-
tiple OWCs, and indicated that device-to-device interaction exerts a 
constructive or destructive effect on energy extraction depending on 
incident wave frequencies. Zhang et al. [33] created a CFD-based nu-
merical flume and examined the OB breakwater with different bottom 
shapes. The triangular-baffle bottom buoy was considered as the most 
efficient and effective configuration in terms of coastal protection and 
energy conversion. Zhao et al. [34] treated a multi-chamber WEC as a 
floating breakwater and compared the performance of 
OWC-breakwaters with different numbers of air chambers. The physical 
study showed that the hydrodynamic interactions between 
multi-chambers enhance wave energy extraction and wave attenuation 
in long waves. Cheng et al. [35] compared the hydrodynamic coefficient 
of the single-pontoon OB and dual-pontoon OWC numerically and 
experimentally. It is demonstrated that the performance of the 
OWC-breakwater integrated system with the asymmetrical pontoon 
drafts is better than that of the OB-breakwater. 

Existing hydrodynamic studies primarily focus on the WEC- 
breakwater integrated systems with a single-mode PTO system or mul-
tiple WECs isolated from each other. The wave radiation and resonance 
in the gap between the WECs tend to have a significant interference 
effect. The hydrodynamic performance of a WEC-type breakwater with a 
multi-mode PTO system is less explored. The motivation of this paper is 
to propose a dual-pontoon WEC-type breakwater with a hydraulic- 
pneumatic complementary PTO system, which incorporates energy 
extraction principles of both OBs and OWCs. The experimental com-
parisons among a WEC-breakwater with a hydraulic, a pneumatic and a 
hybrid PTO system are discussed comprehensively. Furthermore, the 
performance dependence on the designed parameters is also examined, 
aiming to optimise the configuration of WEC-breakwater integration. 
The outcome of the current study has the potential to further improve 
power extraction and reduce LCoE for such kind multi-purpose renew-
able energy platforms. 

The paper is organised as follows: Section 2 describes the 

Fig. 1. Schematic sketch of the WEC-floating breakwater integrated system.  
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experimental setup and the tested data analysis i.e. the heave body 
motion, the wave surface variation, the hydrodynamic coefficients, and 
the energy conversion efficiency. Section 3 establishes a computational 
fluid dynamic (CFD) model to investigate the proposed concept 
numerically. In Section 4, the results will be presented and followed by a 
discussion. 

2. Experiment description 

2.1. Model design 

A novel dual-pontoon floating breakwater combining an OB and an 
OWC is proposed in the current study, as shown in Fig. 1. An air chamber 
is formed between the two pontoons, and can be regarded as an OWC 
device without alternating the geometry of the floating breakwater. An 
air turbine is installed on the top nozzle of the chamber and is driven by 
the internal oscillating airflow. The floating breakwater is restrained by 
a vertical pile, and thus only heaving motion is released to drive a hy-
draulic PTO system through the OB working mechanism. Thereby, the 
incident wave energy can be extracted in the form of air pressure energy 
and the floater kinetic energy by the above-mentioned two PTO systems. 

On the other hand, the coupled interaction between the two WEC de-
vices could change the wave energy absorption, which may affect the 
wave attenuation capacity and the wave energy conversion efficiency. 
The interaction between the two WECs depends on design parameters 
like spacing between the two pontoons. The current study aims to find 
an optimal design configuration that provides the best energy extraction 
and wave attenuation performance. 

2.2. Experimental layout 

Scaled experiments of the WEC-type floating breakwater system 
were performed in the 40 m (length) × 0.8 m (width) × 1.4 m (depth) 
wave flume at the Jiangsu University of Science and Technology, China, 
as shown in Fig. 2. A piston-type wavemaker is installed at one end of the 
flume. At the other end of the tank, a slope-type wave beach is employed 
to absorb the incoming waves. During the test, resistance-type wave 
probes were deployed inside the flume at multiple locations during the 
test to measure wave elevations and OWC response. An optical motion- 
tracking system was adopted to measure the heave response of the 
pontoon. Finally, the pressure inside the air chamber and force acting on 
the hydraulic PTO were recorded via a differential pressure transducer 
and a load cell, where the pressure transducer is calibrated in the range 
of ±500 Pa, while the load cell is calibrated to 15 kg. Signals are 
sampled at 100 Hz. 

A scale factor of 1:20 based on the Froude scaling law was chosen for 
the experiment, considering the physical size of the flume. The dual- 
pontoon structure was made by 0.01-m thick Perspex sheets. The 
model was deployed in the working zone of the flume as shown in Fig. 3 
i.e. 25 m away from the wavemaker, to maximise the effective test time 
window (Within which the measurements are less likely to be contam-
inated by reflection from the beach and the wavemaker.). The wave 
period range conducted in experiments was from Tw = 0.7 s–2.1 s, with a 
fixed incident wave height of Hi = 0.1 m. The water depth was set to h =

Fig. 2. Photos of (a) wave flume and (b) dual-pontoon WEC-floating breakwater integrated system.  

Fig. 3. Experimental setup of dual-pontoon hybrid-type WEC system.  

Table 1 
Model parameters of the WEC-type floating breakwater.  

Pontoon 
draft df (m) 

Pontoon 
width b (m) 

Chamber 
width lc (m) 

Opening 
diameter do 

(m) 

PTO damping 
bpto (Ns/m) 

0.15 0.15 0.25 0.025, 0.035, 
0.045, 0.055 

90, 150, 200, 
300 

0.10 0.15 0.25 0.025 150 
0.20 0.15 0.25 0.025 150 
0.15 0.15 0.15 0.025 150 
0.15 0.15 0.35 0.025 150  
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1.0 m. 
In order to reduce the energy loss induced by the lateral gaps be-

tween the breakwater and the flume side walls, the breakwater length, 
perpendicular to the wave propagating direction, was set to 0.78 m. Two 
pontoons have identical dimensions and three drafts, i.e. df = 0.10 m, 
0.15 m, and 0.20 m were considered. The width of the two pontoons, b 
= 0.15 m, was kept the same for all the tests. Three sets of different 
chambers width between the two pontoons were considered, i.e. lc =
0.15 m, 0.25 m and 0.35 m. The breakwater is supported by two slide 
rails installed above the two pontoons, and an aerodynamic damper 
representing the PTO system of the OB WEC was attached to the pontoon 
top to absorb the heave kinetic energy of the breakwater (see Fig. 3 for 
details.). The aerodynamic damping coefficient can be changed by 
adjusting the damping nozzle, and the corresponding working principle 
has been described in Ref. [35]. The PTO system for the OWC WEC was 
represented by an orifice on the roof of the chamber between pontoons 
and extracted wave energy from the water column oscillation in the 
chamber. The PTO damping coefficient of the OWC device was deter-
mined by the orifice size. In order to explore the complementary effect 
between the two PTO systems, different combinations of aerodynamic 
damping coefficients, i.e. bpto = 90 N/m, 150 N/m, 200 N/m, 300 N/m 
and orifice opening diameters, i.e. do = 0.025 m, 0.035 m, 0.045 m, 
0.055 m are selected. The details of the experimental model are sum-
marised in Table 1. 

2.3. Data analysis 

Four wave gauges (i.e. WG1 to WG4) indicated in Fig. 3 were placed 
along the wave propagating direction to measure water-wave elevation. 

The wave attenuation performance of the integrated system as a floating 
breakwater is weighed by the wave reflection and transmission co-
efficients defined as following 

Kr =
Hr

Hi
(1)  

Kt =
Ht

Hi
(2)  

where Kr and Kt denote the reflection and transmission coefficients, 
respectively. Hr is the reflected wave height obtained by separating data 
of WG1 and WG2 using a two-point approach [36], and Ht is the 
transmitted wave height measured directly by WG4. The OWC response 
in the chamber is denoted by wave coefficient Ko 

Ko =
Ho

Hi
(3)  

where Ho is the height of the oscillation of the free surface inside the 
chamber and was recorded by WG3. 

The period-averaged extracted power by the OB [33] and the OWC 
[7] can be calculated via 

Ep1 =
1

nT

∫ t+nT

t
bpto⋅

⃒
⃒
⃒
⃒
dζ
dt

⃒
⃒
⃒
⃒

2

dt (4)  

Ep2 =
1

nT

∫ t+nT

t
Aw⋅

̅̅̅̅̅̅̅̅̅̅

2|P|3

ρaCd

√

dt (5)  

where subscripts 1 and 2 denote the OB and the OWC devices, respec-

Fig. 4. Mesh generation in CFD simulation.  
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tively. ζ is the heaving displacement of the floating breakwater, Aw is the 
water-plane area of the chamber, ρa is the air density. P = (P1 +P2) is the 
average air pressure in the chamber, in which P1 and P2 are measured by 
pressure gauges PG1 and PG2. Cd is the pneumatic damping coefficient 
of the OWC device, which is calculated based on the opening ratio α of 
the orifice [37] 

Cd =

⎡

⎢
⎢
⎣

1

α
(

1
0.639

̅̅̅̅̅̅
1− α

√
+1

) − 1

⎤

⎥
⎥
⎦

2

(6) 

Thus, the overall wave conversion efficiency R of WEC devices is 
expressed 

R=R1 + R2 (7)  

where R1 = Ep1/Ew and R2 = Ep2/Ew denote the energy conversion effi-
ciency of OB and OWC devices, respectively. Here, the input energy Ew 
of incident waves is calculated through linear wave theory 

Ew =
1
4
ρwgA2

i
ω
k

(

1+
2kh

sinh 2 kh

)

(8)  

where ρw is the water density, g is the gravity acceleration, k is the wave 
number and ω is the circular frequency. For waves without considering 
the current effect, the wave number and the wave frequency satisfy the 
following dispersion relationship 

ω=
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
gk tanh kh

√
(9)  

3. Numerical validation 

To assist the understanding of the hydrodynamics, a viscous-flow 
numerical model is established by using the software STAR-CCM+

based on the Finite Volume Method (FVM). In the model, the 

Fig. 5. Time series of the measured and simulated wave elevations at (a) WG 1, (b) WG 4 and (c) WG 3.  

Fig. 6. Comparisons of the wave elevation in heaving and stationary chambers.  
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computational domain was divided into three parts, i.e. wave-making 
zone, interacting zone and wave-dissipating zone. The WEC-type 
floating breakwater is established in the interacting zone, and its 
heaving motion is realised by using a dynamic meshing scheme. Two 
PTO systems corresponding to the OB and OWC devices are taken into 
account by using a linear mechanical damping coefficient and a pneu-
matic model, respectively. Different from most of the previously 

mentioned numerical simulations for single WEC devices, the present 
model can be applied to investigate the complementary effects of the 
hydraulic-pneumatic hybrid PTO system for multi-type WECs. 

3.1. Numerical model 

A three-dimensional wave flume was developed numerically to 
consider the viscous flow field which can be described by the mass and 
the momentum conservation equations 

∂ui

∂xi
= 0 (10)  

ρw
∂ui

∂t
+ ρwuj

∂ui

∂xj
= −

∂p
∂xi

+Fi +(μ+ μt)
∂

∂xj

(
∂ui

∂xj

)

+
∂τij

∂xj
(11)  

where μ and μt denote the flow viscosity and the eddy viscosity, 
respectively. The subscript i, j = 1, 2 and 3 denotes the space coordinate 
(x, y, z). ui is the velocity component of the fluid, p is the fluid pressure, Fi 
is the excited force during numerical simulations. ρw is the water den-
sity. τij is the Reynold stress tensor, and is solved using the shear stress 
transport (SST) k-ω turbulence equations. 

The water-wave surface motion is captured by the Volume of Fluid 
(VOF) method in which a multi-phase flow model including the water, 
air is applied to update the interface between phases. The volume ratios 
of the water, air denoted by υ1, υ2, are calculated by 

∂υi

∂t
+(u1, u2, u3) ⋅∇υi = 0 (12)  

υ1 + υ2 = 1 (13) 

The length, width and height of the total numerical wave flume was 
defined as 8λ (λ is the wavelength), 0.8 m and 2 m. The wave generation 
is realised by imposing velocity inlet at one end, whereas the wave ab-
sorption at the other end is achieved by applying the forcing method, 
which is also applied in the wave-making zone to absorb the reflected 
and radiated waves from the floating breakwater. The velocity inlet 
condition is defined as fifth-order Stokes waves [38]. The flume top is set 
as the pressure outlet boundary condition, and other impermeable 
boundary conditions, i.e. flume bottom, lateral walls and body surfaces, 
are assigned as no-slip wall conditions. The entire computational 
domain is discretised by a series of control volumes, and the coupled 
problem between the hydrodynamic and aerodynamic behaviours of the 
hybrid-type WECs are solved using a second-order implicit 
pressure-based solver [39]. The physical variables are interpolated by 
means of a quadratic-upwind kinematics algorithm. The governing 
equations are solved using a second order pressure-based solver with 

Fig. 7. Time series of the measured and simulated motion response of dual- 
pontoon heaving breakwater. 

Fig. 8. Efficiency contour of the isolated dual-pontoon (a) OB and (b) OWC as function of PTO dampings. The colour code represents the efficiency with yellow 
denoting high efficiency and dark blue denoting low efficiency. 
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implicit and unsteady formulations, where the time step is set as 
Tw/1000 according to the converged tests. All numerical solutions 
satisfy the converged conditions, and all the residuals read less than 
0.001. 

3.2. Dynamic mesh scheme 

In order to ensure numerical accuracy, the meshes discretising the 

numerical flume were selected with hexahedral cells which were equally 
distributed by 20 and 80 cells per wave height and per wavelength at 
least. Mesh was further refined inside the air chamber in order to capture 
the spatial variation of the OWC. A trimmed mesher is adopted to 
generate meshes near the water-wave surface, body surface and the 
transitional zone from fluid to body, as shown in Fig. 4. The floating 
breakwater was subtracted from the whole computational domain, and 
then was defined as the heave motion. The pontoon structures were 

Fig. 9. Efficiency contour of (a) the OB and (b) the OWC within the hybrid-type WEC system as a function of pneumatic dampings.  

Fig. 10. Variations of the efficiency of (a) the OB, (b) the OWC and (c) the overall system with wave periods and opening diameters.  
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enclosed by some prismatic layers using a trimmed mesher solver to 
avoid the mesh distortion caused by the heave motion. An overset dy-
namic mesher is adopted to update the water and structure motions, in 
which the complex water-air domain is divided into some simple sub- 
regions. The flow is independently simulated in each zone and can be 
overlapped between adjacent sub-regions. The coupled interaction is 
interpolated according to the category of meshes including active, 
inactive and acceptor meshes. Thus, the meshes in the domain always 
maintain good quality as time progresses. 

3.3. Validation with experimental data 

The numerical model of the proposed device was simulated to 
compare with experimental results. The model parameters, including 
geometrical sizes, PTO coefficients and wave conditions, were kept the 
same as those in the physical experiment. More specifically, the input 
parameters are given as df/Hi = 1.5, b/Hi = 1.5, lc/Hi = 2.5, do/Hi = 0.25 
m, bpto/(ρwg1/2Hi

5/2) = 15, Tw(g/Hi)1/2 = 11.88, h/Hi = 10, where Hi =

0.1 m. Fig. 5(a)–(c) displays the time series of the water-wave elevation 

Fig. 11. Variations of (a) the reflection coefficient, (b) the transmission coefficient, (c) the heaving amplitude and (d) the wave coefficient with wave periods and 
opening diameters. 

Fig. 12. Efficiency contour of (a) the OB and (b) the OWC within the hybrid-type WEC system as a function of hydraulic dampings.  
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at WG1, WG4 and WG3. It can be observed from these figures that the 
numerical solutions correlate well with the measured elevations. Some 
interesting phenomena are clearly captured by both the CFD model and 
experiment tests. For example, the water-wave elevation upstream from 
the breakwater has a reduction when time exceeds 4s, as shown in Fig. 5 
(a). This is because the reflected waves by the breakwater interact with 
the incident waves, leading to partial standing wave groups. It is seen 
from Fig. 5(b) that the transmitted wave height is significantly smaller 
than the incident wave height with a transmission coefficient Kt = 0.37, 
indicating the favourable wave-attenuating capacity of the breakwater. 
It is remarkable from Fig. 5(c) that there are obvious nonlinearities, i.e. 
climbing-ladder shape on the water-wave elevation curves in the 
chamber, especially for wave crests and troughs. In order to explain this 
phenomenon, the water-wave elevation in the chamber of the heaving 
breakwater is compared with that of a stationary breakwater with the 
same dimensions, as shown in Fig. 6. It can be illustrated that the heave 
motion of the breakwater enhances the water column motion in the 
chamber significantly by three times. On the other hand, the phase 
difference between the heave motion of the pontoon and the internal 
water column would also affect the air pressure in the chamber.In 
addition, the average value of the water-wave elevation is higher than 
the calm-water surface, which means that the heave motion of the 
breakwater reduces the air pressure in the chamber when heaving up-
wards and increases the pressure when heaving downwards. 

Fig. 7 shows the time series of the heave motion of the breakwater 
regarded as an OB device. It is clear that the numerical solutions agree 
well with the experimental data, further demonstrating that the 
designed experiments can provide accurate assessment, 

4. Experimental analysis 

After comparing with numerical solutions, a series of experiments 
are conducted to investigate the complementary effects of the hydraulic 
and pneumatic PTO systems, the quantitative difference between sta-
tionary and heaving OWCs and the sensitivity of geometrical parame-
ters. The hydrodynamic performance of the WEC-type floating 
breakwater is mainly assessed based on the reflection coefficient, the 
transmission coefficient, the wave power conversion efficiency and the 
effective frequency bandwidth. 

4.1. Hydrodynamic performance of isolated PTO systems 

In order to discern the complementary effect between the hydraulic 
and pneumatic PTO systems for the OB-OWC hybrid WEC system, the 
wave energy conversion efficiency of a dual-pontoon floating break-
water, respectively, treated as an isolated heaving OB and a fixed OWC is 
tested. The breakwater draft is set as df/Hi = 1.5. The pontoon width and 
the chamber width between the two pontoons are b/Hi = 1.5 m and lc/Hi 
= 2.5, respectively. The efficiency contour of the two isolated WEC 
devices as the function of the PTO damping coefficient is shown in Fig. 8 
(a) and (b). Through Fig. 8(a), It can be easily found that the maximum 
efficiency of the isolated OB device occurs at Tw(g/Hi)1/2 = 11.88 which 
is the resonant period of the OB, and corresponds the optimal PTO 
damping coefficient in the range of bpto/(ρwg1/2Hi

5/2) = 15–20 As the 
wave period increases, the optimal PTO damping coefficient of the OB 
increases which is due to the in-phase motion of the OB with wave 
propagation. Fig. 8(b) indicated that the energy conversion efficiency of 

Fig. 13. Variations of the efficiency of (a) the OB, (b) the OWC and (c) the overall system with wave periods and hydraulic dampings.  
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the fixed OWC increases with increasing the opening diameter of the 
orifice, and is smaller in short-period waves and long-period waves, 
which is associated with the high reflection by the front pontoon in 
short-period waves and the high penetrability over the back pontoon in 
long-period waves. It is worth noting that although the maximum effi-
ciency at do/Hi = 0.45 is lower than that at do/Hi = 0.55, it follows an 
opposite trend for the effective frequency bandwidth of R > 0.1. 

4.2. Hydrodynamic performance of dual PTO systems 

4.2.1. Effects of the pneumatic damping 
In this sub-section, the complementary effect of the hydraulic- 

pneumatic hybrid PTO system is examined. Firstly, different pneu-
matic damping coefficients i.e. do/Hi = 0.25, 0.35, 0.45 and 0.55 are 
selected with a given hydraulic PTO damping bpto/(ρwg1/2Hi

5/2) = 15. 

Fig. 14. Variations of (a) the reflection coefficient, (b) the transmission coefficient, (c) the heaving amplitude and (d) the wave coefficient with wave periods and 
hydraulic dampings. 

Fig. 15. Efficiency contour of (a) the OB and (b) the OWC within the hybrid-type WEC system as a function of pneumatic and hydraulic dampings.  
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Other geometrical parameters are kept the same as those stated in Sec-
tion 4.1. Fig. 9 displays the efficiency contour of the OB and OWC de-
vices within the hybrid WEC system. It can be found that the wave 
energy harvested by each individual sub-device of the OB-OWC hybrid 
system is smaller than that harvested by the isolated OB and the OWC 
device, as shown in Fig. 8. It is reasonable that the motion of the pon-
toons is negatively related with the pneumatic pressure in the chamber 
between pontoons. Additionally, the maximum efficiency occurs do/Hi 

= 0.25 for the OB and OWC devices in the hybrid WEC system. Fig. 9(a) 
indicated that the resonant period Tw(g/Hi)1/2 = 11.88 of the dual- 
pontoon OB is not sensitive to the variation of the pneumatic PTO 
damping. However, compared with the isolated OWC in Fig. 8(b), the 
optimal opening diameter of the orifice in the hybrid WEC system shifts 
to the smaller value, as shown in Fig. 9(b). As the opening diameter of 
the orifice increases, both the maximum efficiency and the effective 
frequency bandwidth decreases. Furthermore, the efficiency curves of 

Fig. 16. Variations of the efficiency of (a) the OB, (b) the OWC and (c) the overall system with wave periods and hydraulic dampings.  

Fig. 17. Comparison of (a) the efficiency and (b) the transmission coefficient for different designs.  
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the OB, the OWC and the overall system with different wave periods and 
opening diameters are given in Fig. 10(a)–(c). From Fig. 10(a), it can be 
observed that the effect of the pneumatic damping on the wave energy 
conversion efficiency of the OB is mainly concentrated in the short- 
period wave region. In Fig. 10(b), the reduction in the energy conver-
sion efficiency of the OWC device with increasing opening diameter is 
caused by the fact that the heave motion of the pontoons can strengthen 
the water motion in the chamber and enhance the wave transmission 
into the chamber, and thus the wave energy extraction is matched with a 
larger pneumatic damping for a fixed cross-section area of the water 
surface in the chamber. The pneumatic damping values are inversely 
proportional to the opening diameter of the orifice [11]. 

The variations in the transmission coefficient, the reflection coeffi-
cient, the heave motion and the wave coefficient in the chamber with 
nondimensional wave periods are shown in Fig. 11(a)–(d), respectively. 
From Fig. 11(a), it can be found that the reflection coefficient is almost 
unchanged by the opening diameter in the long-period wave region but 
increases with the opening diameter in the short-period wave region. 
This can be attributed to the reduction of the heave motion of the 
pontoons and waves are easily reflected by the facing-wave side. Fig. 11 
(b) shows that the variation trend of the transmission coefficient with 
the opening diameter is different for short-, moderate- and long-wave 
regions. In the short-wave region, the transmission coefficient de-
creases slightly with the opening diameter, whereas it follows an 
opposite trend near the resonant period. In summary, the wave atten-
uation capacity of the hybrid system is insensitive to the variation of the 
pneumatic damping of the OWC. 

It can be observed from Fig. 11(c) that for most of the wave periods 

tested in this paper, the heave response of the dual-pontoon floating 
body increases with increasing the pneumatic damping. This behaviour 
can be explained by the reason that the oscillating water response de-
creases with increasing the pneumatic damping, and the viscous drag 
force on the internal surface of the chamber is reduced which leads to a 
larger heaving travel of the pontoons. Therefore, for a given hydraulic 
PTO damping coefficient, the wave extraction of the OB in the hybrid 
system is enhanced by pneumatic damping, which is consistent with 
Fig. 9(a). In Fig. 11(d), the wave elevation in the chamber increases with 
increasing the opening diameter due to the reduction of the air pressure 
on the water plane inside the chamber. 

In brief, although the wave energy extractions of both the OB and 
OWC in the hybrid WEC system are enhanced with a decreasing orifice 
diameter, the causations are different. For the OWC, the increase in ef-
ficiency is due to the internal water motion in the chamber leading to a 
larger optimal pneumatic damping, while for the OB, it is because of the 
reduction in the viscous drag force. 

4.2.2. Effects of the hydraulic damping 
Next, the orifice diameter was given as do/Hi = 0.55, and different 

PTO damping coefficients i.e. bpto/(ρwg1/2Hi
5/2) = 9, 15, 20 and 30 were 

selected for the OB. Fig. 12 shows the efficiency contour of the OB and 
OWC devices within the hybrid WEC system. By comparing Fig. 12 with 
Fig. 8, it is clear that the wave energy extractions of the OB and OWC 
within the hybrid WEC system are lower than those of the isolated 
respective devices across all hydraulic PTO damping coefficients. The 
optimal PTO damping coefficient for the OB is basically unaffected by 
the additional OWC, as shown in Fig. 12(a). As the bpto increases, both 

Fig. 18. Dependence of the efficiency of (a) the OB, (b) the OWC and (c) the overall system on pontoon drafts.  
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the energy conversion efficiency and the effective frequency bandwidth 
increase for the OWC, as shown in Fig. 12(b). Such a performance can be 
explained by the heave motion of the pontoons can reduce the variation 
of the air pressure induced by the water motion in the chamber. 

Fig. 13 shows the efficiency curves of the OB, the OWC and the overall 
system under different wave periods and hydraulic PTO dampings. In 
Fig. 13(a), the OB wave energy conversion efficiency is almost identical in 
short-wave regions for different PTO dampings. This illustrates that the 
increase in the PTO damping cancels the reduction of the motion of the 
pontoons, leading to unchanged wave energy extraction. The energy 
conversion efficiency of the OB with PTO damping increases mono-
tonically in the long-wave region. At the resonant period Tw(g/Hi)1/2 =

11.88, the energy conversion efficiency increases with increasing PTO 
damping and then slightly decreases after bpto/(ρwg1/2Hi

5/2) = 20. Similar 
trends are also found in Fig. 13(b), which further suggests that larger 
motion of the chamber with smaller PTO damping partly conflicts with 
wave energy extraction of the OWC. However, the maximum efficiency of 
the overall hybrid system occurs at about bpto/(ρwg1/2Hi

5/2) = 20, and is 
almost unchanged as bpto further increases. This suggests that there exist 
complementary effects between the hydraulic and the pneumatic PTO 
dampings to adjust the optimal wave energy extraction of the hybrid WEC 
system. 

Moreover, since the superposition of the scattering waves by the 
pontoons and the pressure-forced water plane in the chamber becomes 
more prominent at the facing-wave location near the hybrid system, the 
reflection coefficient of the hybrid WEC system increases with 
increasing bpto, as shown in Fig. 14(a), and an adverse behaviour is seen 
for the transmission coefficient in Fig. 14(b). As can be intuitively 

anticipated, the heave motion of the dual-pontoon floating body de-
creases with increasing the PTO damping bpto, as shown in Fig. 14(c). 
Referring to Fig. 14(d), the wave elevation in the chamber decreases 
with increasing the PTO damping bpto for the short-wave region, which 
can be explained by the stronger reflection indicated in Fig. 13(a). For 
long-wave regions, the variation of the wave elevation with bpto is 
irregular due to various factors i.e. high penetrability of long waves, 
heave motion of pontoons and air pressure fluctuation in the chamber. 

4.2.3. Synchronous control of the pneumatic and hydraulic dampings 
So far, the effects of two PTO systems have been individually studied 

as a function of the opening diameter or the PTO damping coefficient. 
Then, what will happen if the damping coefficients corresponding to two 
PTO systems change simultaneously? To explain this question, a series of 
physical tests have been performed by adjusting do/Hi from 0.25 to 0.55 
and bpto/(ρwg1/2Hi

5/2) from 9 to 30 while keeping the same wave period 
at the resonant period Tw = 1.2 s. The efficiency contour of wave energy 
extraction is displayed in Fig. 15. It is clear that smaller opening di-
ameters i.e. do/Hi = 0.25 lead to higher wave energy extraction. The 
optimal hydraulic PTO damping are bpto/(ρwg1/2Hi

5/2) = 20 and 30 for 
OB and OWC, respectively. Furthermore, the opening diameter is fixed 
as the minimum value do/Hi = 0.25, and the effects of different bpto/ 
(ρwg1/2Hi

5/2) = 9, 15, 20 and 30 on the energy conversion efficiency are 
given in Fig. 16 as a function of wave periods. It is remarkable that the 
varying trend of the wave energy extraction with different bpto is similar 
within the entire tested wave period range. The maximum value of the 
overall efficiency occurs at bpto/(ρwg1/2Hi

5/2) = 15 and presents the 
narrow spread with further increasing bpto, as plotted in Fig. 16(c). 

Fig. 19. Dependence of (a) the reflection coefficient, (b) the transmission coefficient, (c) the heaving amplitude and (d) the wave coefficient on pontoon drafts.  
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In general, the optimal opening diameter and the PTO damping co-
efficient are do/Hi = 0.25 and bpto/(ρwg1/2Hi

5/2) = 15 for the hybrid WEC 
system. The efficiency and transmission coefficient of the overall hybrid 
system, the sub-devices, and respective isolated devices are compared in 
Fig. 17(a) and (b) when the optimal PTO dampings are considered in the 
tested models. From Fig. 17(a), it can be found that the efficiency of the 
sub-devices within the hybrid WEC system is lower than that of the 
isolated devices, while the maximum efficiency of the overall hybrid 
system is about 25% higher than that of the isolated devices at the 
resonant periods. The frequency bandwidth of harvesting energy with R 
> 0.1 is significantly extended. The efficiency curves of the OB and OWC 
within the hybrid system tend to have the same variation with wave 
period due to the overlap of their resonant periods, and the high wave 
energy extraction of the OB in long waves recoups the energy loss of the 
OWC induced by the motion of the chamber. Fig. 17(b) shows that the 
transmission coefficient is effectively diminished by the hybrid WEC 
system due to more wave energy exchange from the incident waves to 
WECs, especially for long-period waves. This will substantially modify 
the hydrodynamic defect of the floating breakwater in long waves. 
Another noteworthy phenomenon is that both the wave energy extrac-
tion and the wave attenuation at extreme short waves i.e. Tw(g/Hi)1/2 =

8.4 are reduced by the hybrid system compared with the stationary 
OWC. 

4.3. Effects of the pontoon draft 

It is well known that the pontoon draft has a significant influence on 
the resonant periods and the wave energy absorption of the WEC- 
breakwater system. Three pontoon drafts i.e. df/Hi = 1, 1.5 and 2 are 

considered, and the optimal PTO parameters are applied with other 
same parameters stated in Section 4.2. Fig. 18 presents the energy 
conversion efficiency of the OB, the OWC and the overall system. The 
resonant periods of the OB and the water in the chamber shift to larger 
values with increasing the pontoon draft. The maximum efficiencies at 
the resonant periods decrease with the pontoon draft. For example, the 
efficiencies with df/Hi = 1, 1.5 and 2 are 0.15, 0.14 and 0.12 for the OB, 
and those are 0.11, 0.10 and 0.09 for the OWC. Such reduction is due to 
wave energy decaying along the water depth [30]. It is interesting that 
the effects of the pontoon draft are more remarkable in short waves than 
those in long waves. Short waves with weak transmission are more 
sensitive to the pontoon draft and more components are reflected by 
deeper pontoons. Conversely, long waves with strong transmission are 
insensitive to the variation of the pontoon draft. 

Fig. 19 displays the reflection coefficient, the transmission coeffi-
cient, the heave response and the wave coefficient in the chamber for 
different pontoon drafts. It can be observed from Fig. 19(a) that the 
reflection coefficient with df/Hi = 0.1 is the smallest among the three 
pontoon drafts due to the reduction of the effective seaward area, 
especially near the resonant period. Changing the pontoon draft did not 
modify the variation of Kr against Tw. The transmission coefficient in 
Fig. 19(b) reduces with increasing pontoon draft for short-period waves, 
but is not sensitive for long-period waves. This is mainly attributed to 
the contribution of the reflection coefficient. The variation of the heave 
motion of the chamber is in accordance with that of the wave coefficient 
in the chamber. It is not a surprise that the wave load on the bottom of 
the pontoons decreases with increasing the pontoon draft, and the heave 
motion reduces accordingly. On the other hand, the water mass in the 
chamber increase with increasing the pontoon draft, which means that 

Fig. 20. Dependence of the efficiency of (a) the OB, (b) the OWC and (c) the overall system on chamber widths.  
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the same water motion in the chamber should be excited by a larger 
wave force. 

4.4. Effects of the chamber width 

The sub-section examines the effects of different chamber widths i.e. 
lc/Hi = 1.5, 2.5 and 3.5 while each pontoon width is fixed as b/Hi = 1.5. 
The pontoon draft is also kept unchanged, i.e. df/Hi = 1.5 and other 
parameters have been given in Section. 4.3. Fig. 20 displays the har-
vesting efficiency of the OB, OWC and overall system for different 
chamber widths. It can be concluded from Fig. 20(a) that the resonant 
heave period i.e. Tw(g/Hi)1/2 = 12 of the OB is the same among there 
chamber width. In the wave region of Tw(g/Hi)1/2 < 12, the harvesting 
efficiency of the OB decreases with increasing chamber width, but it 
follows a contrary trend when Tw(g/Hi)1/2 > 12. In Fig. 20(b), the har-
vesting efficiency of the OWC is improved by a larger chamber width for 
the whole tested wave period range. The reason can be found from Eq. 
(5), which indicates that wave energy extraction of the OWC increases 
linearly with an increasing cross-section area of the chamber. By 
comparing Fig. 20(a) and (b), the effects of the distance between pon-
toons on the OWC is more significant than those on the OB, and thus a 
larger chamber width leads to a higher overall efficiency of the hybrid 
WEC system, as shown in Fig. 20(c). 

Fig. 21(a)–(d) displays the reflection coefficient, the transmission 
coefficient, the heave motion and the wave coefficient in the chamber 
for different chamber widths. The effects of the chamber width are less 
dominant on the reflection coefficient, the transmission coefficient and 

the heave motion of the OB. This indicates that the attenuation capacity 
of the floating breakwater depends mainly on the structural surface 
interacting with waves. However, it should be noted that the wave 
elevation in the chamber diminishes with increasing chamber width. 
This is due to the fact that the opening ratio of the orifice decreases with 
chamber width, leading to a larger pneumatic damping. Hence, a larger 
air pressure is reflected to mitigate the water column motion in the 
chamber. 

5. Conclusion 

This paper presents an experimental investigation on the hydrody-
namic performance of a pile-supported dual-pontoon floating break-
water which holds the function of wave energy converters (WECs) 
concurrently. The base structure is regarded as an OB device with a 
hydraulic PTO system installed at its top, and the chamber between dual 
pontoons is constructed as an OWC device. The complementary effects 
between the hydraulic and pneumatic PTO systems were specially 
examined by adjusting individually and synchronously PTO damping 
coefficients. Besides, the hydrodynamic differences among different 
pontoon drafts and chamber widths were also emphasised. The 
following findings can be obtained from this study:  

(1) Due to the fact that the heave motion of the chamber and the 
internal air pressure cancel mutually, the respective conversion 
efficiency of sub-devices within the hybrid system is reduced, but 

Fig. 21. Dependence of (a) the reflection coefficient, (b) the transmission coefficient, (c) the heaving amplitude and (d) the wave coefficient on chamber widths.  
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the overall hybrid system possesses higher energy extraction 
compared with the isolated OB and the stationary OWC.  

(2) Comparisons of different combinations between the two PTO 
systems illustrated that the motion of the chamber leads to a 
larger optimal PTO damping for the OWC, while the optimal PTO 
damping for the OB is almost unaffected by the OWC. The effects 
of the pneumatic PTO damping on the OB and OWC focus mainly 
on short-period and long-period waves, respectively. However, 
the effects of the hydraulic PTO damping are embodied in long- 
period waves for both devices.  

(3) When the pneumatic and hydraulic PTO dampings are adjusted 
simultaneously, the optimal pneumatic PTO damping is identical 
between the two sub-devices, while the optimal hydraulic PTO 
damping for the OWC is larger than that for the OB. Accordingly, 
under the premise of guaranteeing the wave energy extraction of 
the OB, a larger hydraulic PTO damping is favourable to mitigate 
the conflict between the chamber motion and the internal air 
pressure.  

(4) More energy transferring from water waves to the hydraulic- 
pneumatic hybrid system significantly reduces the transmission 
coefficient in long-period waves, which is constructive for 
enhancing the wave attenuation capacity of the floating 
breakwater.  

(5) The effects of the pontoon draft on the maximum energy 
extraction and the wave attenuation are adverse. For example, a 
deeper pontoon is beneficial for wave attenuation but becomes 
disadvantageous for maximum energy conversion efficiency.  

(6) Increasing chamber width cannot enhance the wave attenuation 
capacity but can improve the overall energy conversion efficiency 
for the entire tested wave period range, which is mainly 
contributed by the OWC device. 

It should be emphasised that integrating two independent PTO 
technologies on a floating foundation would add the design complexities 
of the hybrid WEC system, which is associated with the higher Levelised 
Cost of Electricity (LCOE). In addition to the performance tests under 
regular waves, it could be physically more realistic to study problems as 
being under irregular waves. In future work, the effects of irregular 
waves on both economic competitiveness and the coupled hydrody-
namic interaction will be evaluated for the hybrid WEC system. It should 
be noted that the findings of this paper are based on two-dimensional 
experiments, and some three-dimensional effects of wave field, i.e. 
three-dimensional scattering waves and oblique waves are not covered 
by the physical experiments, which will be studied in the future. 
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