
1. Introduction

There have been a growing interest and developmental effort toward 
environment-friendly renewable energy owing to climate change and 
environmental pollution. The development of eco-friendly energy 
cannot be further delayed, in which global R&D efforts and cooperation 
are urgently required. Marine energy, one of the well-known 
eco-friendly energy resources, can be classified into wave energy, 
offshore wind energy, tidal current energy, and ocean thermal energy. In 
particular, wave energy is a highly promising energy source, 
considering its high energy density, overall amount of energy, and future 
potential. Several methods have been developed to convert wave energy 
to electrical energy; these methods can be classified into movable body, 
wave overtopping, or oscillating water column (OWC) depending on the 
primary energy conversion type. Among these, OWC-type energy 
conversion involves the displacement of the water level inside a 
chamber, as the incident wave flows into an energy converter, and 
subsequently, the airflow inside the chamber can rotate special air 
turbines, e.g., Wells turbine or impulse turbine, installed on a nozzle to 

convert energy. Such energy conversion method possesses the 
advantages of easy maintenance and repair of an energy conversion 
system and no direct contact with incident waves, as the major energy 
conversion system, e.g., power take-off (PTO), is located outside the 
water surface. 

A fixed OWC wave energy converter (WEC) has been actively 
researched worldwide and produced extensive research achievements 
among various wave energy conversion methods, while being closest 
to commercialization. Therefore, a necessity has arisen to organize the 
R&D achievements with regard to an OWC WEC and provide basic 
information. To this end, this study has generally organized the 
achievements and various research content of a fixed OWC WEC in 
various countries. However, as it is impossible to organize and discuss 
all the research achievements, this study focused on the primary energy 
conversion of various OWC structures. The results of secondary 
energy conversion, e.g., PTO system, will be introduced in future 
studies. We expect that the readers will gather basic information for 
detailed and precise R&D on an OWC WEC based on the research 
achievements organized in this study. 
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The concept of an OWC WEC was first described in 1947; however, 
this specific term first appeared in a paper published in 1978 (Masuda 
and Miyazaki, 1978; Evans, 1978; Falcão and Henriques, 2016). Prior 
to 1978, such type of WECs has been referred to as the Masuda device. 
The OWC WEC has been most widely studied, and numerous 
prototype structures have been installed in real sea environments. 

The OWC WEC can be divided into fixed and floating types. In this 
paper, the research achievements and results of the primary energy 
conversion of a fixed OWC WEC are divided into the following five 
categories: potential flow analysis, relevant wave tank experiments, 
computational fluid dynamics (CFD) analyses assuming viscous 
fluids, U-shaped OWC (U-OWC) studies that can amplify free surface 
displacement in a chamber, and study results of OWC prototypes that 
have been installed and operated in real sea environments.

A floating-type OWC WEC includes single and multiple air 
chambers and a backward bent duct buoy (BBDB), which possesses a 
relatively high energy conversion efficiency owing to its unique 
structure. The R&D achievements and study results of the 
floating-type OWC WEC will be comprehensively reviewed in future 
studies. 

2. Analysis of Fixed OWC WEC 

2.1 Potential Flow Analysis of OWC
The dynamic analysis of a fixed OWC WEC is based on a potential 

flow assumption that considers inviscid, incompressible, and 
irrotational fluids. Incident waves flowing into a chamber generate a 
vortex, which is the effect of fluid viscosity, in a skirt-shaped structure 
at the inlet of an OWC, thus causing energy attenuation. However, a 
potential flow analysis can be conducted under the assumption that the 
actual energy loss caused by fluid viscosity is not significant compared 
to the entire incident energy amount. Accordingly, the overall 
performance of an OWC and extraction energy efficiency can be 
calculated.

The potential flow analysis involves generally a boundary element 
method (BEM) to solve boundary integral equations at fluid 

boundaries. Delauré and Lewis (2003) used the first-order mixed 
distribution panel method to analyze a three-dimensional fixed OWC 
device under regular and irregular wave conditions and confirmed its 
accuracy based on a comparison with the experimental results of 
irregular waves at a scale of 1:36. Josset and Clément (2007) analyzed 
fluid dynamic problems by uncoupling the internal chamber flow and 
exterior structure considered for the numerical analysis of an OWC in 
the time domain and solved the fluid dynamic problem of an OWC 
exterior structure, which requires long computation time. Thus, they 
developed a numerical analysis tool that is useful in each step of a plant 
project, starting from the pre-conception to plant monitoring of an 
OWC. In addition, numerical simulation results confirmed that 
productivity can be improved by 15.5% by replacing the Wells turbine 
of a fixed 400-kW OWC WEC located on the Pico Island of Portugal. 
Koo and Kim (2010) developed a fully nonlinear numerical wave tank 
capable of expressing free surface displacement using the mixed 
Eulerian–Lagrangian (MEL) method and simulated nonlinear wave 
motions of free surface inside a chamber (Fig. 1). Furthermore, a 
damping coefficient proportional to the average vertical velocity of the 
free surface was substituted in boundary conditions in order to 
implement the energy loss of a chamber skirt caused by fluid viscosity 
when incident waves flowed inside the chamber. Through this, more 
accurate results were obtained by adding energy loss due to viscosity to 
the potential flow analysis assuming an inviscid fluid. The maximum 
extractable energy was computed by calculating the available wave 
energy according to the volume ratio between the chamber and duct. 
Liu et al. (2010) also considered the MEL method and studied the 
interaction between incident waves and structures using the 
desingularized boundary integral equation method (DBIEM), which 
distributes the source outside the boundary of the fluid computational 
domain. Kim et al. (2021a) calculated the pneumatic damping 
coefficient, which has a similar meaning to the coefficient that converts 
the air pressure in a chamber into electrical energy, as a theoretical 
solution, and applied it to a two-dimensional numerical wave tank to 
obtain the energy extraction efficiency of an OWC. Such method 
differs from the method where the air damping coefficient is 

Fig. 1 Computational domain for a land-based OWC and power comparison (Koo and Kim, 2010)
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determined by comparing with previous experimental results or using a 
trial-and-error method. 

Several studies on the high-order boundary element method 
(HOBEM), which can better simulate the nonlinearity of each element 
than the constant panel method (CPM), have been reported. Ning et al. 
(2015) developed a fully nonlinear 2D numerical wave tank in the time 
domain using the HOBEM, which can improve the efficiency and 
accuracy of numerical computation results by modeling the CPM of 
the corners or edge shapes of OWC structures. Wang et al. (2018) 
compared the numerical analysis results according to nonlinearity and 
viscosity terms to analyze the effects of nonlinearity and viscosity on 
fluid dynamic efficiency. Fluid dynamic efficiency improved 
considering nonlinearity and viscosity when the amplitude of incident 

waves was small; however, the efficiency decreased when the 
amplitude of the incident waves increased, as the transmission of the 
second-order harmonic wave component weakened owing to strong 
nonlinearity.

Studies have been conducted on applying a dual chamber or 
changing the sea floor to improve the energy conversion efficiency of 
an OWC device. Rezanejad et al. (2013) analyzed the effects of 
stepped sea bottom on the OWC efficiency (Fig. 2). Two methods were 
used to solve the boundary value problem (BVP) of the computational 
domain: the matched eigenfunction expansion method and the 
boundary integral equation method (BIEM) satisfying boundary 
conditions. The performance of a device is not significantly affected if 
a sea floor step is positioned inside a chamber, whereas the 

(a) Step is outside the water column (b) Step is exactly below the barrier (skirt) (c) Step is inside the water column
Fig. 2 Stepped sea bottom (Rezanejad et al., 2013)

(a) Dual-chamber OWC with two air chambers (b) Dual-chamber OWC with one air chamber

(c) Primary conversion efficiency vs  
Fig. 3 Dual-chamber OWC (Koirala et al., 2015)
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performance improves if a sea floor step is positioned outside the 
chamber. The performance of a device improves when the peak 
frequency decreases owing to a decrease in the water depth. An OWC 
can achieve relatively high efficiency if the OWC structure and step are 
designed, so that the second and third resonance occurs near the first 
resonance frequency. Moreover, it was confirmed that the horizontal 
distance between the OWC skirt and step edge needs to be closer to 1/4 
of the incident wavelength to maximize the effects of the third 
resonance mechanism. In a subsequent study, it was confirmed that the 
efficiency of a dual chamber drastically improved in a wide frequency 
band in relation to that of a single chamber on a stepped sea floor 
(Rezanejad et al., 2015). The performance could have improved if at 
least one sea floor step was positioned outside the chamber. The 
performance improved when one step was located inside and outside 
the chamber; however, it was smaller than when two steps were 
positioned outside the chamber. The viscosity effect inducing vortex 
shedding near the step, which was ignored, can be considered for a 
more realistic prediction. Koirala et al. (2015) measured primary 
conversion efficiency by comparing the following cases using a 2D 
numerical model in the frequency domain: a dual chamber comprising 
two air chambers and a dual chamber comprising one air chamber (Fig. 
3). The pneumatic pressure inside the chambers, reflection coefficient, 
and primary conversion and coupling efficiencies of each chamber 

were calculated using the BIEM. The dual-chamber OWC comprising 
two air chambers exhibited higher energy efficiency in a long wave 
region than the single-chamber OWC under the same physical 
conditions. Furthermore, the dual chamber comprising one air chamber 
exhibited two peak values on the primary conversion efficiency curve, 
and the primary conversion efficiency was extremely low when the 
wavelength () was eight times the OWC length ().

Several studies on an inclined OWC, which can be installed by 
linking with a breakwater, were conducted. With regard to the 
hydrodynamic problem of the OWC chamber, Kim et al. (2020) used 
the finite element method to perform a time domain analysis based on 
the linear potential flow theory. They confirmed that the energy 
conversion efficiency of the OWC chamber demonstrates a nonlinear 
response based on the incident wave height with regard to 
hydrodynamic performance. Kim et al. (2021b) reviewed the validity 
of applying a linear decomposition method (radiation and scattering 
problems) and calculating turbine–chamber interactions based on 
linear air pressure drop characteristics and confirmed that the results 
matched the irregular wave simulation results. Yang et al. (2021) 
compared the experimental results of a 2D fully nonlinear numerical 
wave tank to calculate the wave height inside the chamber considering 
the chamber width and changes in the chamber skirt draft and further 
computed the maximum amount of extractable wave energy by 

Fig. 4 Schematic of a sloped OWC system and comparison of each energy component (Yang et al., 2021)

Table 1 Comparisons of the reference(Potential flow)
Reference Computational method Chamber type

Koo and Kim (2010) BEM Vertical chamber
Kim et al. (2021a) BEM Vertical chamber
Liu et al. (2010) DBIEM Vertical chamber

Ning et al. (2015) HOBEM Vertical chamber
Wang et al. (2018) HOBEM Vertical chamber

Rezanejad et al. (2013) Matched eigenfunction expansion, BIEM Stepped sea bottom
Rezanejad et al. (2015) Matched eigenfunction expansion, BIEM Stepped sea bottom, Dual-chamber

Koirala et al. (2015) BEM Dual-chamber
Kim et al. (2020) FEM Sloped chamber
Kim et al. (2021b) FEM Sloped chamber
Yang et al. (2021) BEM Sloped chamber

Note: BEM = boundary element method, BIEM = boundary integral equation method, DBIEM = desingularized boundary integral equation 
method, FEM = finite element method, HOBEM = high-order boundary element method
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calculating the energy components of a WEC system (Fig. 4). Table 1 
provides the comparisons of the potential-flow-based numerical 
analysis methods for OWC mentioned in this section and the shape of 
the OWC chamber.

2.2 OWC Wave Tank Experiments
Various wave tank experiments were conducted to test the 

performance of OWC and verify the numerical analysis results of a 
fixed OWC WEC. To verify the OWC numerical model (theoretical 
solution using the wave Green function) installed on the coast with an 
arbitrary topography, Wang et al. (2002) conducted an experiment for 
OWC models at a scale of 1:12, considering different seabed slopes in 
a wave tank (length: 32.0 m, width: 18.0 m, and depth: 1.0 m) under a 
regular wave condition. Gouaud et al. (2010) installed an OWC on an 
underwater three-dimensional mound (UTDM) in a large-scale ocean 
engineering basin and conducted an experiment considering regular 
and irregular wave conditions. They confirmed a significant increase in 
the capture–width ratio caused by the concentrated waves on the 
mound. Therefore, it was confirmed that the use of UTDM would 
result in economical efficiency by amplifying the energy flux at the 
inlet of the OWC. Koo et al. (2012) installed a fixed OWC WEC model 
on a 2D wave basin and measured the water surface displacement 
inside the chamber according to the incident wave frequency. 
Moreover, they examined the maximum water surface displacement 
depending on structural changes, i.e., chamber skirt draft and seabed 
slope angle, to identify the effects of different shapes. Allsop et al. 
(2014) tested a large-scale OWC model (approximately 1:5–1:9 model 
scale) in a wave tank to measure wave energy, water column 
movement, air pressure, and airflow according to the size of an orifice 
size. Accordingly, calibration data needed for a CFD model were 
expected. The scale effect for wave energy and performance was 
examined by comparing the results based on a small-scale model test. 
Viviano et al. (2018) compared the results of a small-scale experiment 
conducted in a random incident wave condition with those of a 

large-scale experiment (Allsop et al., 2014) and analyzed the scale 
effect for water column movement, reflected waves, and external force 
applied to an outer front wall. Moreover, they investigated the air 
compression effect through a small-scale experiment. Ning et al. 
(2016) conducted an OWC wave tank experiment to measure the water 
surface displacement inside a chamber according to the shape 
coefficient of structures and compared the results with previous 
numerical results (Ning et al., 2015). They verified that the surface 
displacement inside a chamber is significantly affected by incident 
wavelength and chamber width ratio, whereas the seabed slope is 
relatively less influential. In addition, the seiching phenomenon 
(maximum amplitude at both ends of a chamber and 0 amplitude in the 
center) occurs when the hydrodynamic efficiency is close to 0 and the 
wavelength () is twice the chamber width (). López et al. (2015) 
measured flow characteristics, i.e., water particle velocity, vorticity, 
kinetic energy, and turbulence kinetic energy, using particle imaging 
velocimetry (PIV) based on a phase-averaging procedure to analyze 
the effects of turbine damping and tidal level on the OWC device (Fig. 
5). Thus, it was confirmed that the damping coefficient by the turbine 
is a major factor affecting the energy extraction efficiency.

Rezanejad et al. (2017) conducted a wave tank experiment for an 
OWC device placed on a stepped floor terrain and reported that the 
efficiency of an OWC is significantly affected by the incident wave 
period and turbine damping coefficient. A subsequent study 
(Rezanejad and Guedes Soares, 2018) confirmed that the frequency 
bandwidth with regard to OWC efficiency can be substantially 
improved when a dual-mass concept is applied and verified through an 
experiment that the performance improvement of an OWC device in a 
stepped sea floor condition corresponds to the implementation of a 
dual-mass system (Fig. 6). 

Dizadji and Sajadian (2011) conducted a 2D wave tank experiment 
(16.0 m × 0.7 m × 0.5 m) for an inclined OWC model to identify the 
effects of each shape coefficient of the structure, including the 
inclination angle (30°–60°), and selected an optimization model for 

Fig. 5 Experimental set-up with PIV LASER (López et al., 2015)
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maximum energy extraction, reporting 32% efficiency. Park et al. 
(2018b) evaluated the performance of a conventional type chamber 
with a right-angle OWC skirt and a sloped-type chamber based on a 2D 
wave basin (40.0 m × 0.6 m × 1.0 m) experiment and reported that the 
sloped-type chamber demonstrated excellent energy extraction 

performance and could be installed by linking with breakwater (Fig. 7). 
Furthermore, Lim et al. (2021) calculated a wave load applied to the 
OWC structure combined with sloped breakwater through CFD 
simulation and verified the stability of the WEC structures through a 
2D physical model experiment (50.0 m × 1.2 m × 1.5 m).

(a) Tested model with the step in the wave flume (b) Side view of the model consisting the step

Fig. 6 Physical model of the OWC device (Rezanejad and Guedes Soares, 2018)

(a) Vertical chamber (b) Sloped chamber

Fig. 7 Experimental models installed in the 2D wave flume and measured relative wave heights (Park et al., 2018b)
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Ikoma et al. (2019) conducted a wave tank experiment for an OWC 
WEC (Projecting Wall-OWC model), in which a projecting wall for 
improving energy efficiency is installed on a double-dissipating 
caisson. The experiment confirmed that the water surface displacement 
and air pressure inside a chamber were significantly affected by the 
wave height. Furthermore, the use of the double-dissipating caisson 
was advantageous for the primary energy conversion of 80% or higher.

2.3 Viscous Flow Analysis of OWC
Owing to advancements in computer processing capabilities, a CFD 

analysis, which includes Navier–Stokes equations that can consider 
fluid viscosity within the computation domain as governing equations, 
is being actively used to predict the performance of an OWC WEC. 
The CFD model possesses the advantage of being able to consider 
strong nonlinearity, complex viscous effects, turbulence, and vortex. 
For example, the loss of incident wave energy can be estimated by 
applying the fluid viscosity effect generated in a specific shape region 
of a structure when incident waves enter the chamber. However, 
computational modeling is difficult, calculation time may drastically 
increase with the number of grids, and the experimental verification of 
the results is required. Open-source codes, e.g., REEF3D and 
OpenFOAM, or commercial CFD codes, e.g., Fluent and Star-CCM+, 
are generally used. Several studies that used REEF3D and OpenFOAM 
have been reported. Kamath et al. (2015) studied the PTO damping 
effect for a 2D OWC chamber using a REEF3D-based numerical 
model with incompressible Reynolds-averaged Navier–Stokes 
(RANS) (Fig. 8). They confirmed that the PTO damping coefficient, 
which is required to achieve the maximum hydrodynamic efficiency, 
increases with the incident wavelength and the hydrodynamic 
efficiency is influenced by incident wavelength, wave height, and PTO 
damping. Rajan et al. (2019) performed a numerical analysis based on 
the floor slope of an OWC device, PTO damping effect, and incident 
wave conditions and further analyzed the hydrodynamic efficiency by 
calculating chamber pressure, free surface velocity, and free surface 
rise. 

Iturrioz et al. (2015) modeled a fixed detached OWC using 
OpenFOAM and verified the model using the experimental data 
(IHCantabria's OpenFOAM: IHFOAM) for free surface displacement, 

pheumatic pressure, and air veolcity. IHFOAM, which is used to fit 
interaction between waves and structures, was proposed by Higuera et 
al. (2013). Furthermore, actual wave conditions were simulated using 
active wave absorption at the boundary and the simulation speed was 
increased by reducing the computational domain. Vyzikas et al. 
(2017b) compared the results of the multiphase RANS numerical 
model with the COAST experimental results of Plymouth University 
(UK) to simulate the interaction of the OWC under regular and 
irregular wave conditions. 

Studies are actively being conducted using Fluent and Star-CCM+, 
which are commercial CFD codes. The results of conducting studies on 
OWC using Fluent are mentioned hereafter. Marjani et al. (2008) 
performed a simulation on flow characteristics inside a chamber by 
modeling a chamber and impulse turbine. Teixeira et al. (2013) 
investigated the optimal performance of an OWC installed onshore 
based on the relationship between chamber shape and turbine 
characteristics; the Fluinco model, which handles incompressible flow 
problems based on the Navier–Stokes equations, was used with the 
two-step semi-implicit Taylor–Galerkin method. Similar results were 
obtained by comparing the flow variables acquired from Fluinco with 
the results of a commercial model—Fluent. Luo et al. (2014) developed 
a 2D fully nonlinear CFD model and analyzed the efficiency of a fixed 
OWC equipped with a linear PTO. They confirmed that the optimal 
pneumatic damping coefficient of an OWC is dependent on the 
incident wave height, and the hydrodynamic extraction of an OWC 
device rather decreases as the wave height increases in the nonlinear 
wave condition. Therefore, the hydrodynamic system of an OWC is 
fully nonlinear, which cannot be accurately represented with the 
superposition of linear responses. 

The following studies used Star-CCM+. López et al. (2014) 
implemented a 2D numerical model based on the RANS equations and 
the volume of fluid (VOF) technique for the analysis of the turbine and 
chamber and verified the calculation results by comparing them with 
the wave tank experimental results. The damping coefficients of 
various turbines were computed using the verified numerical model, 
and the OWC efficiency was calculated under regular and irregular 
wave conditions. Moreover, López et al. (2016) developed a method 
for determining a damping coefficient that optimizes the OWC 

C Value Implication
C0 0 No damping
C1 1×108 Low damping
C2 2×108 Low damping
C3 3×108 Moderate damping
C4 4×108 Moderate damping

Cexp 5×108 From experimental data
C6 6×108 High damping
C10 10×108 High damping

(a) List of damping values used in the simulations (b) Comparison of OWC hydrodynamic efficiency
Fig. 8 List of damping values and hydrodynamic efficiency with a constant wave height  = 0.06 (Kamath et al., 2015)
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performance using a 2D RANS-VOF numerical model. The 
comprehensive performance of an OWC was calculated by 
determining the optimal turbine damping coefficient for the impulse 
turbine model in a real sea environment (A Guarda Port in Spain). 
Elhanafi et al. (2016) verified the numerical model by comparing the 
water surface displacement inside a chamber of the OWC with the 
wave tank experiment results using the fully nonlinear 2D RANS 
model and confirmed that the PTO damping coefficient and increase in 
the wave height play key roles in the generation of the vortex at the 
chamber inlet. In a subsequent study (Elhanafi et al., 2017), the 
RANS-VOF numerical model was used to investigate the effects of air 
compression on the OWC performance in the models, whose size scale 
ranged from 1:50 to actual size. Dai et al. (2019) compared the 
experimental results of two small- and large-wave tanks with the CFD 
calculation results to identify whether the hydrodynamic scale effect 
can be reproduced based on the CFD analysis and confirmed that the 
Reynolds number has a major impact.

Several studies on a multi-chamber OWC or the alteration in sea 
floors have been reported. Rezanejad et al. (2019) created sea floor 
stepped bottom at the chamber front to improve the efficiency of an 
OWC device using OpenFOAM and compared the results with the 
wave tank experiment for verification. Energy extraction and flow 
pattern characteristics around the floor step were presented based on 
the CFD analysis results. Mohapatra and Sahoo (2020) analyzed the 
effects of sea floor steps on the hydrodynamic performance of the 
OWC using Fluent. A PTO device was modeled using a porous zone to 
demonstrate the characteristics of an actual air turbine. The 
performance of an OWC was improved when the floor step was 
present, which corresponds to the results of one of the previous studies 
(Rezanejad et al., 2013) conducted using the BIEM. Shalby et al. 
(2019) developed an incompressible 3D CFD model for simulating a 
fixed multi-chamber OWC using Star-CCM+ and compared its results 
with the results of a wave tank experiment conducted at a 1:25 scale. A 
PTO system possessing an intermediate level of damping has the 

maximum Capture width ratio (CWR) in most periods excluding long 
waves.

Mahnamfar and Altunkaynak (2017) created a model considering 
various inclined angles (30°–47°) using FLOW 3D and compared the 
results with those of the wave tank experiment based on the Nash–
Sutcliffe coefficient of efficiency as a performance evaluation 
measure. Park et al. (2018a) verified the reliability of the CFD analysis 
method by comparing the open chamber of an inclined OWC and the 
chamber model comprising an orifice against the 2D wave tank 
experiment results using Star-CCM+ (Fig. 9). The turbine effect was 
considered for the model with an orifice, and therefore, the wave 
elevation inside the chamber was decreased. Gaspar et al. (2020) used 
Fluent to compare a vertical chamber and a 40°-inclined chamber of 
OWC. The PTO system considered the Wells turbine, and the incident 
wave generation scheme considering active absorption was applied. 
The numerical analysis demonstrated that run-up/-down and sloshing 
occurred more evidently and the energy efficiency was higher in peak 
periods inside the inclined chamber. In a vertical chamber condition, 
the changes in energy extraction efficiency according to incident wave 
periods were not significantly high.

Liu et al. (2009a; 2009b) verified the integrated analysis of the 
interaction among the OWC, air chamber, and impulse turbine using an 
orifice model through CFD. A numerical wave tank was built based on 
the two-phase VOF model for generating 3D incident waves. The 
parameters affecting the energy conversion efficiency and 
performance of the WEC system, e.g., incident wave period, wave 
height, water depth, and duct diameter, were examined, and the results 
were compared with the results of the experiment conducted using a 50 
m x 0.8 m x 1.2 m (length, width, and depth) wave tank. Bouali and 
Larbi (2017) used the commercially available CFX program to develop 
a numerical wave tank of the 3D fully nonlinear RANS-VOF model 
and developed the sequential optimization procedure for major 
parameters, e.g., PTO damping, structural characteristics, and incident 
wave conditions for the optimization of an OWC. Zhang et al. (2012) 

(a) Orifice model (b) Comparison of relative wave heights
Fig. 9 Geometry of the orifice model and comparison of relative wave heights (Park et al., 2018a)
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developed a numerical technique based on the 2D two-phase model 
using the level-set immersed boundary method to analyze the water 
surface displacement and pneumatic pressure of the flow field inside 
the chamber. Table 2 provides the comparison of CFD codes and OWC 
model types used in the previous studies mentioned in this paper. 

2.4 Research on U-OWC
Studies have been actively conducted on U-OWC, in which a 

U-shaped U-OWC is developed by installing a structure in front of the 
chamber for enhancing energy extraction efficiency and water surface 
displacement inside the OWC chamber. The concept of the U-OWC 
was first proposed by Boccotti (2003). Boccotti (2007a) compared 
U-OWC and conventional OWC and confirmed that the amplitude of 
pressure variation inside the chamber increases while the natural 
period of water surface displacement inside the chamber extends in the 
U-OWC. Then, it was confirmed that the performance of U-OWC is 
outstanding under small- and large-wave conditions. Boccotti (2007b) 
performed a theoretical analysis of the OWC installed on the caisson 
breakwater (Fig. 10). Boccotti et al. (2007) conducted an experiment 
on U-OWC for a 1:10 scaled model on the east coast of the Strait of 
Messina and compared the results with the theoretical results of 
Boccotti (2007b). 

Strati et al. (2016) introduced the first real-sea-area U-OWC 
prototype (2.7 MW) installed at the Civitavecchia Port in Rome, Italy, 
and studied the optimization of the extraction performance of the 
U-OWC equipped with the Wells turbine by controlling the turbine 

Fig. 10 Caisson breakwater embodying a U-OWC (Boccotti, 2007b)

Fig. 11 U-OWC plant and key geometrical characteristics (Strati 
et al., 2016)

under various incident wave conditions (Fig. 11). Arena et al. (2013a) 
compared the wave conditions of Civitavecchia (Rome) and 
Pantelleria (Sicily), which are two Italian coasts suitable for installing 
a U-OWC prototype. In 2012, Arena et al. (2013b) explained the 
construction process and design of the U-OWC breakwater installed at 
the Civitavecchia Port. 

Vyzikas et al. (2017a) compared the energy extraction efficiency by 
applying geometric revisions to the conventional vertical OWC and 
U-OWC proposed by Boccotti (2003) to propose an OWC having 
various sloped attachments (Fig. 12). Thus, it was confirmed that the 
performance of U-OWC was better than the conventional vertical 
OWC. Malara and Arena (2013) proposed a modeling process for a 
wave field that interacts with the U-OWC under random incident wave 
conditions based on a linear wave theory. The drawbacks of existing 
theoretical modeling were resolved, and a hydrodynamic memory 
effect, which was disregarded in the previous modeling process was 
included. Malara et al. (2017) attempted to verify the reliability of a 
mathematical model based on the unsteady Bernoulli equation to 
estimate the response of the U-OWC in the time domain. For such 
reason, an experiment was conducted at the Reggio Calabria coast in 

Reference CFD code OWC Type
Kamath et al. (2015) REEF3D Vertical chamber
Iturrioz et al. (2015) OpenFOAM Vertical chamber
Teixeira et al. (2013) Fluent Vertical chamber
López et al. (2014) Star-CCM+ Vertical chamber

Rezanejad et al. (2019) OpenFOAM Stepped sea bottom
Mohapatra and sahoo (2020) Fluent Stepped sea bottom

shalby et al. (2019) Star-CCM+ Multi-chamber
Mahnamfar and Altunkaynak (2017) FLOW 3D Sloped chamber

Park et al. (2018a) Star-CCM+ Sloped chamber
Gaspar et al. (2020) Fluent Sloped chamber

Table 2 Comparison among previous studies with regard to the CFD analysis
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Fig. 12 Four lid-on devices for experimental tests (Vyzikas et al., 
2017a)

Italy, and the results were compared with numerical analysis results. 
Through this study, the Darcy-Weisbach-based chamber head loss 
model, which is traditionally used in a steady flow analysis, has a 
problem of over-prediction than the experiment. To overcome this 
limitation, the use of an instantaneous acceleration-based model 
including an abnormal head loss proportional to water column inertia 
was proposed. Ashlin et al. (2019) performed the response analysis of 
water surface displacement inside the U-OWC chamber using 
REEF3D, which is described as a 2D CFD numerical wave tank model. 
The RANS equations, k-omega turbulence model, and level-set free 
surface method were used. The calculation results matched those 
measured through wave tank experiments. 

Ning et al. (2020) applied the U-OWC using a 2D fully nonlinear 
numerical model based on a high-order BEM and performed a 
geometric parameter analysis of structures, i.e., the height and width of 
a vertical duct in the time domain (Fig. 13). The calculation results 
agreed well with the published experimental results, in which the 
pneumatic pressure inside the chamber and hydrodynamic efficiency (I 
in Fig. 13) increased as the submerged vertical duct height and wall 
thickness increased. However, the efficiency gradually diminished as 
the wall thickness increased. Belibassakis et al. (2020) examined the 
performance of an OWC considering the interaction between the sea 
floor terrain of the installation area and incident waves using the BEM. 
The resonance period of the OWC chamber was adjusted by installing 
an additional vertical wall in front of the OWC, and the effects of other 

Fig. 13 Computational domain of U-OWC (Ning et al., 2020)

parameters, e.g., chamber size and depth changes. were explained. 
Furthermore, the possibility of installing an OWC at a coastal port in 
Romania with sufficient wave energy was confirmed. Tsai et al. (2018) 
calculated the OWC model linked with fixed breakwater using Fluent 
and verified the results by comparing them with the experimental 
results. They installed a perforated wall at the front section of an OWC 
to create a U-type flow for improving the energy extraction efficiency 
of an OWC and further proposed a new model capable of reducing a 
wave force applied to the skirt-shaped structure of an OWC.

2.5 OWC Real-sea area Model
Various studies on the verification of numerical analysis and 

experimental results for a fixed OWC WEC model and the 
establishment, installation, and operation of real-sea area models have 
been reported. First, Falnes (1993) installed the prototype of an initial 
OWC at Toftestallen in Norway (Fig. 14).

In 1999, Falcão (2000) installed a 400-kW OWC WEC operated 
using the Wells turbine on the coast of Pico Island in Portugal (Fig. 15). 
Two ducts were installed and connected in a series with a turbine for 
better stability. 

Fig. 14 Kvaerner OWC constructed on a cliff at Toftestallen 
(Falnes, 1993)

Fig. 15 Back view of the Pico OWC showing the exit from the 
turbine (Falcão, 2000)
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Fig. 16 5500 KW OWC (LIMPET) installed on the coast of the 
Scottish island of Islay (Heath et al., 2000)

Moreover, in 1999, Heath et al. (2000) installed a 500-kW 
land-installed marine power energy transmitter (LIMPET) OWC on 
Islay Island (Scotland) and reported the operation results (Fig. 16). 
LIMPET, which succeeds the 75-kW OWC prototype installed in the 
UK near the Islay Island, Scotland, in 1991 by Queen's University of 
Belfast (QUB), was constructed to solve various problems arising prior 
to commercial development. LIMPET includes a rectangular inclined 
OWC having the maximum output of 500 kW, which induces air flows 
generated through two contra-rotating Wells turbines connected to a 
250-kW induction generator. 

Fig. 17 100-kW OWC demonstration plant in China (Zhang et al., 
2009)

Fig. 18 Mutriku OWC wave power plant (Torre-Enciso et al., 
2009)

Zhang et al. (2009) investigated the wave energy technology 
development in China and reported the wave energy development 
outlook (Fig. 17). In particular, a 100-kW OWC demonstration plant 
operated on the Zhelang coast in Shanwei, Guangdong, which was the 
only large-scale project that was integrated with the power grid in 
China at that time. 

Torre-Enciso et al. (2009) reported the processes from the 
establishment of the breakwater-linked OWC concept in the Mutriku 
Port in northern Spain to project completion (Fig. 18). The Mutriku 
wave energy plant comprises 16 chambers, in which each upper 
opening is connected to a turbo generator set with a rate capacity of 
18.5 kW, thus generating a total output of 296 kW. This plant was the 
first multi-chamber facility, and the first commercial project in which a 
technical company sold an energy converter to investors for 
commercial operations.

Kihara et al. (2019) installed a prototype of a projecting-wall OWC 
(PW-OWC) at the Sakata Port in Japan. The characteristics of the 

Fig. 19 Concept design of an open-sea test site for WECs in Korea, K-WETEC (Park et al., 2020)
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Fig. 20 Overview of the OWC of Chuja Pilot plant in Korea 
(Lim et al., 2021)

impulse turbine in constant airflow () were identified, and the turbine 
size was found to be independent of the constant airflow () and 
pressure difference (). 

Research and experiments are actively conducted on real-sea WECs 
in Korea. Choi et al. (2018) reported that power is generated through a 
test operation of a 500-kW water wave energy plant, which is a pilot 
plant (before the construction of a prototype) (Fig. 19). Moreover, 
Supervisory Control and Data Acquisition (SCADA) comprising 
marine monitoring, facility monitoring, and environmental monitoring 
systems is in operation. The marine monitoring system controls ships, 
and the facility monitoring system remotely controls the electrical and 
mechanical devices of a marine substation. The environmental 
monitoring system collects weather and marine data.

Lim et al. (2021) reviewed the method for estimating a wave load 
applied to the front part of an OWC linked with breakwater, which will 
be installed at Mok-ri Port in Chujado Island, Jeju, Korea (Fig. 20). A 
wave load applied to the OWC structure installed at the front part of the 
inclined breakwater was estimated based on the port and fishing port 
design standards; the CFD-based numerical results were compared 
with the results of the wave pressure calculations or 2D model 
experimental results to examine the stability of the structure. 
Meanwhile, a 30-kW OWC WEC linked with breakwater in Chujado 
Island is associated with an energy storage system to be used in the 
island area, and the pilot operation of the prototype will continue until 
2027. 

3. Conclusion

This study focused on the primary energy conversion of a fixed 
OWC WEC and explained current R&D achievements in five research 
categories: (1) potential flow-based numerical analysis, (2) wave tank 
experiments, (3) CFD analyses considering fluid viscous effects, (4) 
U-OWC studies that can amplify water surface displacement in the 
OWC chamber, and (5) studies on OWC prototypes that have been 
installed and operated in real sea environments. Hence, the research 
achievements proposed in this study will provide basic research 
informations for researchers planning to conduct detailed research on 
an OWC WEC. However, there are research achievements that have 
been omitted or missing owing to time and space constraints to 

investigate and describe all the related studies. In particular, the 
secondary energy conversion of a WEC will be further discussed in 
future studies. Therefore, readers are advised to keep this in mind while 
reviewing the content of this paper. 
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