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Wave energy conversion is fundamentally constrained by the low energy density of ocean waves, the narrow
operating bandwidth of conventional wave energy converters (WECs), and the excessive structural loads induced
under extreme sea states. Here, a multi-feature energy-concentrated Oscillating Water Column (OWC) array
system is proposed that integrates a parabolic wave energy concentrator, dual-chamber structure, and porous
device to achieve both high power conversion efficiency and enhanced structural reliability. The parabolic
concentrator amplifies the wave energy density at the focal point through multi-directional wave reflection and
constructive wave interference, overcoming the bottleneck of low energy flow density in marine environments.
The optimal integration combination of the optimized OWC array, the dual-chamber structure that exhibits a
frequency-broadening effect under the tested wave conditions, and the porous device that mitigates wave-
induced high-frequency forces without compromising energy capture performance enables the system to ach-
ieve an average Wave-to-Wire (WtW) efficiency of 50.0%. Specifically, compared with the baseline five-OWC
array, the multi-feature energy-concentrated OWC array system achieves a maximum WtW efficiency
improvement of 113.6%, while the porous device reduces the horizontal wave force by up to 24.1%. The pro-
posed system provides a promising engineering pathway for efficient wave energy utilization in low-ener-
gy—density coastal regions, and it also provides a general strategy for advancing wave energy technologies
beyond conventional geometric and hydrodynamic constraints.

1. Introduction

The urgent need to mitigate climate change and achieve carbon
neutrality [1] has driven the global shift towards renewable energy
sources [2,3]. Among various renewables, marine energy, particularly
wave energy, stands out due to its large reserves, abundant storage and
enormous development potential [4]. Estimates suggest that full
exploitation of wave energy could satisfy approximately 40% of global
electricity demand [5], equivalent to the output of 800 nuclear power
plants [6] or half the electricity requirements of 44 coastal nations [7].
The variability of wave energy is a primary reason for its high cost and
minimal exploitation [8,9]. Nevertheless, compared to solar and wind
energy, wave energy exhibits superior supply continuity and predict-
ability [10,11], designating it a critical complement to the global
renewable energy portfolio. Consequently, the wave energy industry is
gradually transitioning from small-scale and pilot demonstration
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projects to high-level technologies, with improved reliability [12,13].
WEGCs exhibit various performance characteristics and have different
operational modes [14-16]. OWC devices have emerged as the most
mature WEC technology due to their simple structure and relatively high
reliability [17]. However, three key challenges persist: (1) low energy
conversion efficiency in the nearshore or Asian seas; (2) narrowband
energy capture, as traditional single-chamber OWCs only operate effi-
ciently under resonant conditions matching the incident wave fre-
quencies [18]; and (3) poor survivability under extreme waves, as
exemplified by the Mutriku wave power plant, which suffered severe
structural damage during construction due to extreme wave loads
[19,20]. To address the key issue of improving energy capture effi-
ciency, a challenge that spans the entire wave energy exploitation pro-
cess, most researchers have focused on optimizing the geometric
configuration [21-23] or the energy transfer mechanisms [24-26] of
OWC devices to reduce energy losses, but these approaches have yielded
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limited gains in low-energy marine environments.

Consequently, the Offshore Renewable Energy (ORE) group at Dalian
University of Technology has devoted sustained efforts to exploring a
novel strategy aimed at enhancing the first stage wave energy input to
WEC systems. Inspired by the electromagnetic wave focusing mecha-
nism employed in radio telescopes, and by extending this concept to the
field of water waves [27], a parabolic ocean wave-concentrating struc-
ture has been proposed. This innovation represents a paradigm-
changing approach, namely ocean wave energy concentrating. In
contrast to Bragg-resonance-based wave concentration, which typically
requires periodic seabed undulations or artificial bottom topography to
trigger resonant wave amplification [28,29], the proposed wave energy-
concentrating approach employs a surface-piercing parabolic device
that concentrates incident waves from various directions toward a
designed local location (referred to as the focal point) mainly through
geometric reflection and constructive interference. In this manner, the
local wave energy density can be amplified by several times [30].

Recently, Ranjan et al. [31] experimentally compared rectangular
and parabolic base OWC devices under varying wave conditions, and
demonstrated that the parabolic base geometry can improve the hy-
drodynamic response and energy conversion performance of OWC de-
vices. This study further confirms the potential of parabolic geometry in
enhancing OWC performance. However, their work mainly focused on
the influence of the OWC base geometry itself, whereas the present study
employs an external parabolic wave energy concentrator to reshape the
surrounding wave field. In previous studies, a cylindrical OWC device
compatible with the multidirectional wave energy-concentrating char-
acteristics of the parabolic reflector was introduced. The hydrodynamic
efficiency of the OWC device installed at the focal point was found to be
approximately 6.5 times higher than that under standard open-sea
conditions [32]. In scaled model tests, the WtW efficiency was
improved by 70% [33], a value that substantially surpasses previously
recorded WtW efficiencies, which are typically around 14% in labora-
tory experiments [34].

Although the energy conversion efficiency of the OWC devices is
substantially enhanced by this wave-focusing methodology, the inherent
narrowband energy-capture characteristic still requires an urgent solu-
tion. Taking advantage of the capacity of multi-chamber configurations
to broaden the effective bandwidth of OWCs, researchers have con-
ducted experimental and numerical studies on dual-chamber [35,36],
tri-chamber [37,38], quad-chamber [39], and even quintuple-chamber
OWC systems [40]. A growing consensus within the research commu-
nity indicates that multi-chamber technology represents a promising
solution to this bottleneck. However, the majority of existing studies are
still limited to two-dimensional analyses and lack effective integration
with wave energy concentration technologies.

In the aforementioned strategies for improving the energy capture
efficiency and power output of the OWC devices, elevated wave heights
are commonly observed both inside the chamber and near the external
chamber wall surfaces. Modifying the structural configuration [41,42]
of OWC devices has been demonstrated to achieve load reduction ef-
fects, yet balancing such survivability-oriented modifications with the
retention of device performance remains a critical challenge. Porous
protective structures have been widely applied in coastal engineering
applications due to their favorable wave load-mitigating characteristics.
Extensive studies have shown that porous structures with optimized
physical parameters [43,44] can reduce wave transmittance, and
thereby enable effective wave energy dissipation. Accordingly, the
wave-induced loads on the devices incorporating porous structures are
significantly decreased [45-47]. Nevertheless, these studies have not
addressed the application of porous devices in OWC systems operating
under the wave-energy-concentrated conditions, where both the energy
conversion performance and the wave loads acting on the device are
considerably amplified.

For large-scale wave energy exploitation, the deployment of wave
energy converter array [48-52] offers a promising pathway. However,
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the inefficient performance induced by the shielding effect among in-
dividual WEC units within the array, together with the high capital and
installation costs, presents a substantial challenge. Consequently, the
optimization of array layouts [53], including the adjustment of inter-
device spacing [54,55] and WEC configurations [51,56,57], has attrac-
ted considerable research interest. In addition, the integration of WEC
systems with existing marine engineering structures, such as breakwa-
ters [58,59], offshore wind turbines [60-62], harbor walls, represents a
cost-effective and efficiency-boosting approach. Among these integrated
solutions, the combination of WEC arrays with breakwaters has been
demonstrated to achieve favorable synergistic effects [63,64].

Although previous studies have demonstrated the effectiveness of
parabolic wave energy concentrator, OWC arrays, dual-chamber con-
figurations, and porous force-mitigation devices separately, the inte-
grated use of these strategies in an energy-concentrated OWC-array
system has not yet been sufficiently investigated. In particular, it re-
mains unclear whether the energy-harvesting enhancement achieved by
a parabolic concentrator and OWC array can be maintained when
additional structures are introduced to broaden the effective response
range and reduce wave-induced forces. To clarify this issue, the present
study develops a multi-feature energy-concentrated OWC array system
by integrating an optimized five-OWC array, a dual-chamber OWC, and
a porous device within a wave energy concentrated field. The main
contributions of this study are fourfold. First, the parabolic concentrator
serves to amplify the local wave energy density. Second, the optimized
five-OWC array is used to harvest multiple energy-concentrated regions
generated by the parabolic concentrator. Third, the dual-chamber
structure is introduced into the primary OWC to improve the energy-
capture response over the tested wave-period range. Finally, a porous
device is integrated around the primary OWC to reduce horizontal wave
force while preserving the power-enhancement advantage of the energy-
concentrated OWC array. Compared with previous studies that focused
on individual components, the present work experimentally evaluates
the coupled effect of these strategies on both WtW efficiency and
structural loading.

As summarized in Table 1, the present study differs from previous
work by experimentally combining four functions in a single system:
wave-energy concentration, multi-point array energy extraction, dual-
chamber response improvement, and porous load mitigation. This in-
tegrated design enables the proposed system to achieve substantial im-
provements in power output and energy conversion efficiency, while
simultaneously guaranteeing the long-term survivability of the OWC
devices.

The outline of this paper is as follows: Section 2 introduces the design
of the proposed multi-feature energy-concentrated OWC array system.
Section 3 describes the detailed experimental setup and the methodol-
ogy. In Section 4, the system is examined with respect to its key char-
acteristics, including the frequency-broadening mechanism and
performance of the dual-chamber OWC device, the force-reduction
mechanism and performance of the OWC integrated with the porous
device. On this basis, the effectiveness and advantages of the multi-
feature energy-concentrated OWC array system is elaborated and
analyzed. Finally, the main conclusions are drawn in Section 5.

2. Design of the multi-feature energy-concentrated OWC array
system

An innovative multi-feature energy-concentrated OWC array system
is proposed as illustrated in Fig. 1. The system comprises four key
components. A meticulously designed parabolic wave energy concen-
trator modifies the regional wave field by reflecting incident waves in
multiple directions towards a single focal point; consequently, the wave
energy density at this location is significantly enhanced through positive
wave interference effects [32,33]. The optimized five-OWC array is
strategically configured on the basis of the hydrodynamic interactions
between the individual OWCs and the wave-energy-concentrating field.
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Table 1
Comparison between representative previous studies and the present work.
Study Configuration =~ Wave-energy OWC Dual/ Porous
concentration array multi- device
chamber
Mayon Single OWC Yes No No No
et al.
(2021)

Main distinction from present work: Demonstrated focal-region energy capture, but
did not consider array layout, dual chamber, or porous force mitigation.

Mayon Single OWC Yes No No No
et al.
(2023)

Main distinction from present work: Verified high WtW efficiency of single OWC,
but no array-scale design or wave-force mitigation device.

Mayon OWC array Yes Yes No No
et al.
(2024)

Main distinction from present work: Investigated array behavior, but did not
integrate dual-chamber structure or porous device.

Ning et al. OWC array Yes Yes No No
(2026)

Main distinction from present work: Optimized array layout and discussed wave
height effects, but did not include dual-chamber OWC or porous device

Zhang Single OWC Yes No Yes No
et al.
(2025)

Main distinction from present work: Demonstrated dual-chamber benefit, but not
for a five-OWC array and without porous device

Zhuang Single OWC Yes No No Yes
et al.
(2026)

Main distinction from present work: Verified porous annulus for load reduction and
power preservation, but only for a single OWC

Present OWC array Yes Yes Yes Yes
study

Main distinction from present work: Integrates wave concentration, array-scale
harvesting, dual-chamber response improvement, and porous wave-force reduction
in one experimental system

Fig. 1. Schematic of the wave energy concentrating device coupled with the
multi-feature OWC WEC.

The primary OWC was positioned at the theoretical focal point, where
the strongest energy concentration occurs, while the secondary and
tertiary OWCs were symmetrically arranged on both sides of the central
axis to utilize the secondary and tertiary energy-concentrated regions
formed by the hydrodynamic interactions between multidirectional re-
flected waves and OWCs. Within the array, a cylindrical dual-chamber
OWC device is tailored to match the multidirectional wave-energy-
concentrating characteristics of the modified wave field. Additionally,
a porous device is concentrically integrated around the OWC device to
alleviate wave-induced forces, thereby improving the long-term sur-
vivability of the device.

Fig. 2(a) shows the working principle of the hydrodynamic energy
conversion process for the OWC device. As a pneumatic wave energy
converter, the OWC operates in both inhalation and exhalation phases
during the wave energy extraction. Specifically, Fig. 2(a) illustrates the
exhalation phase, during which the wave crest enters the air chamber

Energy Conversion and Management: X 31 (2026) 102093

(a) (b)

Fig. 2. The principle of the hydrodynamic energy conversion process for the
OWC device: (a) exhalation phase, (b) inhalation phase.

and compresses the internal air volume, forcing the air to flow outward
through the orifice mounted on the chamber top. In contrast, as shown
in Fig. 2(b), the inhalation phase occurs when the wave trough arrives
and expands the air volume inside the chamber, creating a negative
pressure that draws external air into the chamber through the orifice.
This periodic oscillating process enables the conversion of wave energy
into pneumatic energy.

Fig. 3 shows the conversion process from pneumatic energy to
electrical energy, and together with the practical power supply appli-
cation scenarios. Initially, pneumatic energy is converted to electrical
energy through the Power Take-Off (PTO) system. The cross-sectional
diagram clearly visualizes the internal airflow dynamics. The PTO sys-
tem, which is hermetically connected to the orifice of the OWC device,
mainly comprises an air turbine and a permanent magnet synchronous
generator (PMSG). As the water column oscillates inside the chamber,
the bidirectional air flow drives the pneumatic turbine to rotate. The
rotational motion of the turbine is transmitted through a fixed shaft to
drive the PMSG, thereby generating electricity. This mechanism realizes
the energy conversion from the pneumatic power to the electrical
power. The alternating current (AC) produced by the PMSG is rectified
into direct current (DC) by a rectifier module, and then regulated by a
DC electronic load module. The generated electrical energy can be used
for practical scenarios such as power supply for remote island commu-
nities and other off-grid or grid-connected power-demand scenarios.

3. Methods
3.1. Experimental methods

The experiment was conducted at a Froude scale of S = 1:15 at the
State Key Laboratory of Coastal and Offshore Engineering, Dalian Uni-
versity of Technology. The Froude similarity was adopted to reproduce
the gravity-dominated free-surface hydrodynamics and wave-structure
interaction of the proposed OWC array system. However, for OWC de-
vices, model-prototype similarity is complicated by the coupled
hydrodynamic-aerodynamic response of the oscillating water column.
The compressibility of the air volume trapped above the internal free
surface of the OWC chamber, together with PTO load conditions and
turbine-generator dynamics, cannot be fully scaled using Froude simi-
larity alone. Therefore, the present physical model is mainly used to
compare the relative performance of the three tested cases under
consistent laboratory-scale conditions. As shown in Fig. 4, the wave
basin used in the tests is 55 m in length, 34 m in width and 1.3 m in
depth. An articulated paddle wave maker is installed at one end of the
basin, while an absorbing beach is placed at the opposite end to suppress
reflected waves. The geometric profile of the parabolic wave energy
concentrator employed in this study follows the parabolic equation:

2
Y= —4Lx+ (é) , (¢))

where Ly denotes the theoretical focal length, and I represents the chord
length. Specifically, the concentrators were fabricated by welding 17
steel plate units and secured to the wave basin floor using bolted
triangular brackets. Curvature-positioning steel bars were welded to the
top and bottom of each steel plate unit to guarantee the accuracy of the
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Fig. 3. The conversion process of the electrical energy and the practical power supply application scenarios.
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Fig. 4. Photo of the wave basin.

parabolic curvature.

To prevent excessive displacement and failure of the experimental
setup under extreme wave conditions, the OWC device and the parabolic
wave energy concentrator were fabricated from industrial-grade steel.
The OWC units employed in the experiment were manufactured with
uniform dimensions using steel rolling, which ensured the circularity of
the OWC chambers. The OWC devices were rigidly attached to the wave
basin floor through support columns. Sealant was applied at the joints
between the OWC chamber sidewall and the acrylic roof, as well as
between the roof and the flange of the PTO system, to maintain hermetic
sealing. In addition, the porous device used in the experiment was
manufactured from industrial steel plate by steel rolling, with consistent
dimensions. The openings in the porous device were formed by the laser
cutting. Similar to the OWC units, the porous device was secured to the
bottom of the wave basin using bolted support columns.

Three experimental cases were considered in this study, as

Table 2
The description of three cases in the experiment.

Cases OWC degree OWC configuration Rated power
Case 1 Primary Single-chamber 300 W
Secondary 75 W
Tertiary 50 W
Case 2 Primary Dual-chamber 300 W
75 W
Secondary Single-chamber 75 W
Tertiary Single-chamber 50 W
Case 3 Primary Dual-chamber and porous device 300 W
75 W
Secondary Single-chamber 75 W
Tertiary Single-chamber 50 W

summarized in Table 2. These cases were subsequently tested under the
incident wave conditions listed in Table 3. The incident wave height was
fixed at H = 0.15 m in the present study to isolate the effects of wave
period, dual-chamber configuration, and porous device on the inte-
grated OWC array system. The influence of the wave height on the
energy-focused OWC-array system has been systematically investigated
in the previous work [65]. The previous results showed that increasing
wave height significantly enhances power output, whereas the WtW
efficiency may decrease because the additional incident wave energy
cannot be fully converted and may be partly dissipated through viscous
losses, nonlinear free-surface motion, and stronger chamber-wall in-
teractions. Therefore, the present study adopts H = 0.15 m to evaluate
the incremental effects of the dual-chamber and porous device under a
controlled and relatively energetic condition. The selected tested wave
range of T = 1.4-2.6 s was designed to cover the main response region of
the OWC-array system at model scale and to include both relatively
high-frequency and low-frequency conditions. In addition, under the
adopted Froude scale of 1:15, this model-scale period range corresponds
approximately to typical prototype wave periods relevant to the coastal
waters in China with the peak wave period within the range of 5sto 10s.
Fig. 5(a) presents the optimal five-OWC array layout for Case 1, which
was achieved through the real-time wave field reassessment based on a
feed-forward process. The positions of the individual OWC devices in the
array are determined by leveraging the multi-location wave energy-
concentration effect generated by the parabolic wave energy concen-
trator, as well as the interactive hydrodynamic coupling between OWC
devices and the concentrated wave field. The diameters of the OWC
devices are tailored to the wave energy concentrating effect at their
relating positions. Specially, the primary OWC was designed with a
diameter of 1.5 m, as the theorical focal point exhibits the strongest
wave energy concentrating effect. In contrast, the secondary and tertiary
OWC devices were set to a diameter of 1.0 m, considering the weaker
wave energy concentrating effect at their corresponding focal positions
[65]. In Case 2, an inner chamber was nested inside the primary OWC,
thereby transforming the conventional single-chamber configuration of
the primary OWC device into a dual-chamber structural design, as
depicted in Fig. 5(b). As listed in Table 4, both the inner and outer
chambers adopt the optimized dimensions and orifice ratios [66]. The

Table 3
Incident wave conditions.
Wave height H (m) 0.15
Wave period T (s) 1.4 1.6 1.7 1.8
2.0 2.4 2.6
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(b)

Fig. 5. Photo of three cases in the experiment: (a) Case 1, (b) Case 2, (c) Case 3.

Table 4
Physical parameters of the devices in the experiment.

Item Notation [unit] Value

Still water

Depth h (m) 0.8
Parabolic wave energy concentrator

Chord length 1 (m) 25
Theoretical focal distance Ly (m) 4.22
Height hy, (m) 1.5
Parabolic wave energy concentrator unit

Width W (m) 2
Thickness t; (mm)

Piece N 17
OWC device

Height hy (m) 0.6
Draft hy (m) 0.2
Diameter D (m) 1.5/1
Orifice ratio R (%) 2.5
Thickness t, (mm) 10

Dual-chamber OWC device

Inner chamber diameter D; (m) 0.78
Inner chamber thickness t3 (mm) 10
Inner chamber orifice ratio Ry (%) 1.5
Outer chamber orifice ratio R (%) 1.5
PTO system

Rated power Praea (W) 300/75/50
Porous device

Hole diameters dy (mm) 18.2
Porosity E (%) 10
Diameter Dy (m) 1.7
Square support columns

Width W; (cm) 5
Length I; (cm)

Height hs (m) 1.2

inner chamber was fabricated from an acrylic cylinder with a thickness
of 10 mm and a diameter of 0.78 m. Moreover, the orifice ratio of both
chambers was set to 1.5%, with a uniform height of 0.6 m and a draft
height of 0.2 m for both chambers.

Building on Case 2, the porous device was ultimately integrated with
the primary OWC in Case 3, thereby developing a multi-feature energy-
concentrated OWC array system, as shown in Fig. 5(c). The detailed
parameters of the porous device are also presented in Table 4. The
diameter of the porous device was set to 1.7 m, which is coaxially
sleeved on the outer side of the primary OWC. The porosity and hole
diameter of the porous device were set to 10% and 18.2 mm, which were
selected based on the previous experimental research on a cylindrical
OWC device integrated with a porous annulus under wave-
concentrating conditions [67]. The results showed that this porous de-
vice could effectively reduce the horizontal wave force acting on the

cylindrical OWC while maintaining the generated electrical power
under wave-concentrating conditions. Therefore, the same porosity and
hole diameter were adopted in the present study as a previously vali-
dated initial design for balancing load mitigation and energy-capture
performance.

3.2. Characterization and measurement

Fig. 6(a) shows the conversion process of the electrical energy,
together with the employed power measurement scheme. In the exper-
imental investigation presented in this paper, all OWC devices utilised
an identical PTO system composed of a unidirectional impulse air tur-
bine and a rated-power PMSG. This uniform PTO configuration enables a
fair comparison among the three structural cases. It is worth noting that
although the OWC device operates through both inhalation and exha-
lation phases during wave energy capture, the turbine operates in a
unidirectional rotation mode. Consequently, power generation can only
be achieved in the exhalation phase, while no electric energy is

Ii‘

] |y

o=

Power analyzer

(@)

Computer

Signal collector

Load cell

Signal amplifier

(b)

Fig. 6. Physical model experiments setup and measurement methodology: (a)
power measurement methodology and testing equipment, (b) wave force
measurement methodology and testing equipment.
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produced during the inhalation phase. Moreover, the turbine employed
in the secondary energy conversion stage of the investigation was not
downscaled according to Froude scaling laws at the power scaling factor
precludes this. The purpose of utilizing the turbine was solely to inves-
tigate the WtW efficiency in the laboratory experiment. This efficiency
was not extrapolated to full-scale conditions.

The rated power of the PMSG is determined by the wave energy
concentrating effect associated with the power capacity of the OWC
device. Accordingly, the primary OWC positioned at the focal point was
equipped with the PMSG of 300 W, while the secondary and tertiary
OWCs adopt PMSGs with rated powers of 75 W and 50 W, respectively.
In Case 2 and Case 3, the inner chamber of the primary OWC was still
equipped with a PMSG with a rated power of 300 W, while an additional
PMSG with a rated power of 75 W was installed for the outer chamber.
The alternating current generated by the PMSG in the PTO system was
rectified into direct current through a three-phase rectifier bridge.
Furthermore, an IT8511A + Programmable DC Electronic Load was
employed to connect resistive loads of 3 Q, 10 Q, and 15 Q [68] to each
circuit, which were matched with the PMSGs with rated powers of 300
W, 75 W, and 50 W, respectively. The selection of the resistive loads was
based on the rated power levels of the PMSGs and the previous inves-
tigation of resistive-load effects on the OWC WtW conversion process
[69]. Moreover, before the formal tests in the present study, preliminary
load-screening experiments were also conducted for the PMSGs with
different rated powers. The electrical power output under several
candidate resistive loads was compared, and the loads that provided
relatively stable and high average power output for each PMSG were
selected.

Finally, the electrical power output of the OWC devices was
measured using a PW6001 series power analyzer. It should be noted that
the turbine, generator units and fixed resistive loads were not intended
to represent a fully scaled PTO system. Similar to previous laboratory-
scale OWC WtW experiments [33], the PTO system was solely used to
provide a consistent energy conversion and measurement platform for
comparing the three cases. The measured WtW efficiencies are therefore
interpreted as laboratory-scale comparative indicators, and are not
directly extrapolated to full-scale performance.

As illustrated in Fig. 6(b), an annular porous device was installed
concentrically around the exterior of the OWC during the experiment.
Load cells were mounted at the base of the OWC structure. The acquired
signals were first amplified by a signal amplifier, then processed by the
signal conditioner, and finally recorded by a monitoring computer.

Fig. 7 presents the optimal layout of the five-OWC array, where the
secondary and tertiary OWC devices are symmetrically distributed about
the central axis of the parabolic wave energy concentrator, as well as the
arrangement of the YWH200-D wave gauges employed in the experi-
ment to characterize wave field variation within the concave opening

<~ 5

- s 8
= Inmd/gr}? wave o 2
N L11 g >
2 Focal point—— _’g )
g Focal distance L; = o 9
Priamry OWC device [ ] Q

Y ry /// <

Secondary OWC device
Tertiary OWC device—

3

Fig. 7. Schematic of the optimal five-OWC array layout and wave gauge
arrangement in the wave field.
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region of the concentrator. A total of 39 wave gauges were divided into
11 groups and labeled counterclockwise as L1, L2, ..., L11. These wave
gauges were strategically deployed in a radial pattern centered at the
focal point, with an angular interval of /12 rad and uniform spacing
along the radial direction.

Fig. 8 depicts the equipment arrangements for the single and dual-
chamber OWC device. As shown in Fig. 8(a), three wave gauges were
employed to monitor the variation in the elevation of the free surface
inside the OWC chamber. Two CY200 pressure sensors were used to
measure the pneumatic pressure within each OWC chamber. For the
dual-chamber OWC device, an additional three wave gauges and two
pressure sensors were deployed to simultaneously monitor the varia-
tions in both chambers, as shown in Fig. 8(b). Four KD6005 load cells
were used to record the wave forces acting on the OWC device. The wave
force signals measured during the experiment exhibit two directions.
The positive signal was defined as consistent with the propagation di-
rection of the incident waves, while the negative signal was defined as
opposite to this direction. Accordingly, positive wave force signals were
primarily measured under the action of incident waves, whereas nega-
tive signals are mainly obtained under the action of waves reflected from
the parabolic wave energy concentrator. The wave force acting on the
OWC device was defined as the average value of the sum of positive and
negative force signals. And the dimensionless horizontal wave force F* is
defined as

F' = F,/pgAhs,, (2)

where F, is the measured horizontal wave force, p is the water density, g
is gravitational acceleration, A is the incident wave amplitude, and h; is
the draft height of the OWC device.

3.3. Calculation method of Wave-to-Wire efficiency

In this study, the peak and average power output (Ppeak, Pave) of each
OWC device were measured using the power analyzer. The incident
wave power of each OWC device in the array is denoted as Py, which is
defined as the local incident wave energy flux arriving at the OWC
chamber itself, rather than the total wave energy intercepted by the
entire parabolic concentrator. This definition follows the commonly
adopted efficiency calculation method for OWC devices arranged in
front of breakwaters or integrated with coastal structures, where the
input power is evaluated using the characteristic chamber width of the
OWC device rather than the full length of the auxiliary wave-field-
modifying structure [58,59,70,71], because these peripheral structures
only alter the local wave field without changing the inherent wave-to-
electricity conversion process of the OWC device. Therefore, the Py, is
calculated by

Py = Pyw, 3

where w is the characteristic width of the OWC chamber, and P, is the
average energy flux per unit width of the incident wave, computed by

1
P, = QﬂgA2Cg7 4

where g is the gravitational acceleration and p is the water density; A is
the incident wave amplitude and Cg is the group velocity of the incident
wave, determined from

C.— +/gktanhkh ( 1 2kh )
8§ )

2k sinh2kh

()

where k is the wave number and h is the still water depth.
Thus, the average Wave-to-Wire conversion efficiency of each OWC,
and the total conversion efficiency of the OWC array, are calculated by



Energy Conversion and Management: X 31 (2026) 102093

Dual-chamber OWC

a il n

Y
L»X

+ 1 Wave gauge [} Load cell

(b)

Fig. 8. Schematic of the equipment arrangement on the OWC device: (a) single chamber OWC, (b) dual-chamber OWC.

M. Ge et al.
Single chamber OWC
Incndent wave ;
(8| Onﬂc% E _
Positive dlrectbo\ _/Negative direction
N
t
X
@® Pressure sensor
(a)
Pave Zpavel
= =1,2,
Py s Neotal = S Pini (i= 3), ©®

in which the input and output power are doubled for i = 2 or 3, owing to
the inclusion of two secondary and/or two tertiary OWC devices.
Furthermore, the WtW efficiency reported in this study should be
interpreted as the local OWC-level wave energy conversion efficiency
under the wave-energy-concentrated condition.

3.4. Experimental repeatability and uncertainty analysis

3.4.1. Repeatability analysis

Repeatability analysis was conducted to assess the repeatability of
the experimental measurements. Each test condition in the present
experimental campaign was repeated three times under the same wave
condition and experimental configuration. For each repeated run, the
same steady-state time window was used to calculate the average power
output, WtW efficiency, and horizontal wave force. The mean value,
standard deviation, and coefficient of variation were then calculated for
each quantity. To keep the presentation concise, several representative
test conditions are selected and summarized in Table 5. These repre-
sentative results demonstrate the repeatability of the measured power

output, WtW efficiency, and horizontal wave force. The same
Table 5
Repeatability analysis of representative test cases.
Test Wave Quantity Mean Standard Coefficient
Case condition value Deviation of variation
Case H=0.15 Total average 8.3 0.15 1.80
1 m,T=14 power output
Case H w) 16.5 0.16 0.97
2
Case 17.8 0.25 1.41
3
Case H=0.15 Total WtW 4.4 0.08 1.81
1 m,T=1.4 efficiency (%)
Case H 8.7 0.08 0.92
2
Case 9.4 0.30 3.19
3
Case H=0.15 Dimensionless 1.38 0.02 1.45
1 m, T=17 horizontal wave
Case s force 1.46 0.01 0.68
2
Case 1.42 0.03 211
3

repeatability-processing procedure was applied to all remaining test
conditions. These results indicate good repeatability and stability of the
experimental setup and measurement procedure. The relatively small
coefficients of variation indicate that the experimental results are
repeatable.

3.4.2. Uncertainty analysis

To ensure the reliability of the experimental results, calibration and
uncertainty analysis were conducted for the main measured quantities,
including wave elevation, chamber pressure, horizontal wave force, and
electrical power output. Before the formal experiments, all sensors were
calibrated according to their corresponding measurement ranges. The
wave gauges were calibrated using a multi-point static water-level
calibration method. The pressure sensors were calibrated by applying
known pressure differences and checking the zero-offset and linear
response. The load cells were calibrated using known standard loads.
The power analyzer was checked using known voltage, current signals
and standard resistive loads before the electrical power measurements.

The main directly measured quantities in this study include wave
height, chamber pressure, horizontal wave force, and electrical output
power. The instrument uncertainty of each directly measured quantity
was estimated from the manufacturer-specified accuracy. When the
accuracy was given as a maximum error range, it was treated as the half-
width of a rectangular distribution and converted into standard uncer-
tainty by

u=a/Vs3, )

where a is the maximum error bound. Table 6 presents the uncertainties
of the corresponding measurements.

The uncertainties of the derived quantities, including total average
power output, WtW efficiency, and wave force, were evaluated using
standard uncertainty propagation. This approach is consistent with the
uncertainty treatment commonly used in experimental OWC studies.
The combined standard uncertainty uA was calculated as

Table 6
Uncertainty of the main instruments.

Measured quantity Instrument Standard uncertainty
Wave height Wave gauge 0.7 mm

Chamber pressure Pressure sensor 0.025 kPa
Horizontal wave force Load cell 75N

Dimensionless horizontal wave force 0.05

Electrical power Power analyzer 0.075 W
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where A is derived quantity; By, By, ..., B, are independent measured
variables with standard uncertainties uBj, uBj, ..., uB,. To compare the
uncertainty levels of different quantities with different units, the relative
uncertainty of each quantity was calculated as the ratio of its standard
uncertainty to the corresponding measured value and further calculated
as

UA =

ur,A = uA/A x 100%. ©)

The uncertainty results in Table 7 were further compared with the
main reported performance improvements. The relative uncertainties of
total average power output and WtW efficiency are within 0.42%-0.90%
for the representative high-frequency condition. These values are much
smaller than the maximum WtW efficiency improvements reported in
this study, namely 98.8% for Case 2 relative to Case 1 and 113.6% for
Case 3 relative to Case 1. In addition, the average WtW efficiency of the
fully integrated system reaches 50.0%, while the relative uncertainty of
the WtW efficiency calculation remains below 1% in the representative
uncertainty analysis. This indicates that the reported efficiency
enhancement is much larger than the estimated uncertainty level. For
the wave force results, the relative uncertainties of the dimensionless
horizontal wave force are 1.4%-1.9% under the representative condi-
tion. These uncertainty levels are substantially smaller than the
maximum wave force reduction of 24.1%. Therefore, the reported wave
force mitigation effect is distinguishable from the uncertainty associated
with force measurement and normalization. Overall, the uncertainty
analysis supports the reliability of the main conclusions regarding WtW
efficiency enhancement and wave force reduction.

4. Results and discussions

4.1. Frequency-broadening wave-energy capture characteristic of the
array system

The combined effect of incident waves and multi-directional re-
flected waves generated by the parabolic wave energy concentrator
gives rise to additional high- frequency harmonic waves at the focal
location. Consequently, the waves impinging on the OWC devices
installed at the focal points, especially the primary OWC, are no longer
unidirectional and monochromatic, but multi-directional and multi-
frequency. This results in the coexistence of wave crests and troughs
of different frequencies inside the OWC chamber, causing the internal
water column to oscillate in a sloshing mode, as shown in the cross-
sectional view of Fig. 9(a). Under this condition, the air volume inside
the chamber experiences simultaneous compression and decompression,
a phenomenon that significantly degrades the efficient conversion from
wave energy to pneumatic power. To overcome this inherent limitation,
the dual-chamber OWC configuration is proposed and implemented in
the primary OWC of the five-OWC array system, as illustrated in Fig. 9

Table 7

Relative uncertainty results for derived quantities.
Test Wave Quantity Value  Relative
Case conditions uncertainty (%)
Case 1 H=015m, T Total average power 8.3 0.90
Case 2 =14s output (W) 16.5 0.45
Case 3 17.8 0.42
Case 1 H=0.15m, T WtW efficiency (%) 46.1 0.90
Case 2 =17s 51.1 0.45
Case 3 50.0 0.42
Case 1 H=015m, T Dimensionless 3.53 1.4
Case 2 =16s horizontal wave force 274 1.8

Case 3 2.68 1.9
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(a) (b)

Fig. 9. Frequency-broadening wave-energy-capture mechanism of the dual-
chamber OWC device: (a) free surface state within the single-chamber OWC,
(b) free surface states within the dual-chamber OWC.

(b). The dual-chamber structure decouples the two distinct water col-
umn motions observed in the single-chamber OWC device, confining the
water column oscillation in each chamber to a piston-mode, which is
highly favorable for efficient energy conversion.

Fig. 10(a) and (b) compare the average power output of the single-
chamber primary OWC in Case 1 and the dual-chamber primary OWC
in Case 2, as well as the total average power output of the five-OWC
array for both Cases, at a wave height of H = 0.15 m. It can be seen
that the power outputs for both cases show similar trends with varying
wave periods. Notably, under all tested wave period conditions, the
power output of the primary OWC accounts for a substantial proportion
of the total power in each Case, with the maximum contribution
exceeding 33.3%. Compared with Case 1, the adoption of the dual-
chamber structure in Case 2 improves the motion mode of the water
column within the OWC chamber, leading to higher power output from
the primary OWC over the entire range of wave periods. This
improvement is especially significant under high-frequency wave con-
ditions. For example, at T = 1.4 s, the average power of the primary
OWC increases from 7.7 W to 11.8 W, corresponding to a relative
improvement of 53.2%. Benefiting from the enhanced power output of
the primary OWC, the total average power output is also significantly
increased across all tested wave periods, with the maximum relative
enhancement of 98.8%. The positive effect of the dual-chamber struc-
ture is also reflected in the WtW efficiency. As shown in Fig. 10(c), the
dual-chamber structure allows the primary OWC in Case 2 to capture
and convert more wave energy efficiently, thereby improving its average
WtW efficiency. Consequently, the total average WtW efficiency of Case
2 is increased by more than 10.7%, with a maximum enhancement of
98.8%. These results further confirm that the dual-chamber structure
can enhance the high-efficiency power output of individual OWC device
and OWC array systems, enabling a frequency-broadening effect under
the tested regular wave conditions.

To further elucidate the underlying mechanism responsible for in the
broadband energy capture enabled by the dual-chamber structure,
Fig. 11 presents the spectral analysis at each stage of the wave-energy-
conversion chain for the single-chamber primary OWC in Case 1 and
the dual-chamber primary OWC in Case 2. As clearly shown in Fig. 11
(a), the sloshing motion of the water column inside the single-chamber
primary OWC generates multiple high-order harmonic components in
both the free surface-elevation spectrum and the chamber air pressure
spectrum. In contrast, the electrical power spectrum only exhibits a
noticeable amplitude at the fundamental frequency. For instance, the
dimensionless amplitude of the free-surface elevation spectrum within
the single-chamber primary OWC device reaches 0.29 at w/wo = 2. This
amplitude decreases to 0.28 in the air pressure spectrum following
pneumatic conversion, and further drops to 0.02 in the final electrical
power spectrum. This observation indicates that the high-order har-
monic components cannot contribute to efficient energy conversion.
This phenomenon arises from the enhanced wave non-linearity induced
by the sloshing motion of the internal water column, which appears as
higher harmonics in the free surface oscillation.
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Fig. 10. Comparative analysis of the wave-energy-harvesting performance between the Case 1 and Case 2 at H = 0.15 m: (a) average power output of the primary

OWCG; (b) total average power output; (c) total average WtW efficiency.

After integrating the dual-chamber structure into the primary OWC
in Case 2, the dimensionless amplitude of the free-surface elevation
spectrum (Fig. 11(b)) for Chamber 1 increases from 0.71 to 0.81 at the
fundamental frequency, while the dimensionless amplitude of the air
pressure spectrum (Fig. 11(c)) rises from 1.35 to 1.36, in comparison
with the single-chamber primary OWC. Although the relative improve-
ment in Chamber is modest, Chamber 2 delivers additional contribu-
tions, with the dimensionless amplitudes of its free-surface elevation and
air pressure spectra reaching 0.41 and 1.61, respectively. This result
demonstrates that the dual-chamber structure constrains the water
column motion and gradually transfers energy from the high-order
harmonic components to the fundamental frequency. It should be noted
that this process does not represent a direct linear conversion of high-
order harmonic waves into fundamental frequency waves. Rather, the
dual-chamber configuration spatially constrains the free-surface motion
and suppresses sloshing-dominated nonlinear oscillations, thereby pro-
moting a more coherent piston-mode response. As a result, a larger
proportion of the water column motion and air pressure fluctuation is
concentrated near the fundamental frequency, which is more effectively
converted by the PTO system. Consequently, the dimensionless ampli-
tude of the power spectrum (Fig. 11(d)) for dual-chamber primary OWC
increases significantly to 0.39, three times that of the single-chamber

primary OWC. This energy transfer mechanism enables the dual-
chamber OWC device to achieve a broader efficiency-bandwidth for
wave energy capture compared to its single-chamber OWC counterpart.

4.2. Wave force reduction characteristic of the array system

The parabolic wave energy concentrator not only achieves the
quantitative improvement in the power output and energy conversion
efficiency of the OWC device, but also imposes greater wave forces on
the OWC device. As the core power-generating component in the array
layout, the primary OWC achieves high power output while enduring
the maximum wave force. In addition, the integration of the dual-
chamber structure increases the force-bearing area of the primary
OWG, resulting in larger wave forces acting on the device. This phe-
nomenon poses a considerable challenge to the structural survivability
of the primary OWC device, rendering it difficult to balance two key
objectives: high-efficiency power output and long-term structural sur-
vivability. To address this issue, the porous device is integrated with the
primary OWC, which dissipates wave energy through frictional losses at
its permeable interface. As shown in Fig. 12(a), in the absence of the
porous device, the wave run-up elevation at the exterior of the OWC
chamber reaches H;. When the porous device is introduced as shown in
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Fig. 11. Spectral analysis of each stage in the wave-energy-conversion process for the primary OWC in Case 1 and Case 2 at H = 0.15m, T = 1.7 s: (a) single-chamber
primary OWC in Case 1, (b) free surface elevation spectrum of the dual-chamber primary OWC in Case 2, (c) air pressure spectrum of the dual-chamber primary OWC
in Case 2, (d) power spectrum of the dual-chamber primary OWC in Case 2.

(®)

Fig. 12. Wave force reduction mechanism of the porous device: (a) free-surface run-up outside the OWC chamber wall without the porous device, (b) free-surface
run-up height outside the OWC chamber wall with the porous device.

Fig. 12(b), the wave run-up elevation reduces to Hy due to the energy horizontal wave force acting on the primary OWC for Cases 1-3 at T =

dissipation effect of the porous device, thereby reducing the load acting 1.7 s. In all three cases, the positive dimensionless horizontal wave force
on the OWC chamber. It should be noted that the comparison between on the primary OWC is significantly smaller than the negative force. This
wave run-up elevation H; and Hj is solely intended to demonstrate the phenomenon occurs because the incident waves propagate unidirec-
wave force reduction effect of the porous device and carries no explicit tionally, which is consistent with the defined positive direction, whereas
numerical significance. the reflected waves generated by the parabolic wave energy concen-

Fig. 13 presents the time history curves of the dimensionless trator propagate in multiple directions. Consequently, the negative
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Fig. 13. Time histories of the dimensionless horizontal wave force on the pri-
mary OWC in Cases 1-3 at H = 0.15m, T = 1.7 s.

dimensionless horizontal wave force induced by the reflected waves is
notably larger than the positive horizontal dimensionless wave force
induced by incident waves. A comprehensive comparison of Cases 1-3
further reveals that the integration of the porous device exerts a favor-
able effect in reducing both the positive and negative horizontal wave
forces acting on the primary OWC.

The porous device primarily dissipates energy from high-frequency
waves, while the wave energy absorbed by OWC devices is predomi-
nantly derived from relatively low-frequency waves [72]. Consequently,
the integration of the porous device provides a promising strategy to
reduce the wave forces on the OWC device without significantly
compromising the wave-energy-capture performance. To further illus-
trate the effect of the porous device, Fig. 14 illustrates the dimensionless
horizontal wave forces acting on the primary OWC for Cases 1-3.
Furthermore, the results of Case 2 and Case 3 by normalized against Case

Energy Conversion and Management: X 31 (2026) 102093

1 are also provided to show a clearer quantitative comparison. Notably,
the primary OWC in Case 2 adopts the dual-chamber structure but is not
equipped with the porous device.

For Cases 1-3, the wave force acting on the primary OWC reaches a
trough at T = 1.7 s, which is attributed to the concentration of wave
energy inside the primary OWC chamber. Under other wave periods,
variations in wavelength alter the wave energy concentrating position,
leading to a significant increase in the horizontal wave force acting on
the primary OWC. Compared with Case 1, the introduction of the dual-
chamber structure in Case 2 increases the force-bearing area of the
primary OWC, resulting in a higher horizontal wave force. However,
under high-frequency wave conditions (T = 1.4 s and 1.6 s), the
dimensionless wave force on the primary OWC decreases by 11.3% and
22.4%, respectively. This reduction arises the transition of the internal
water column motion from the sloshing mode to the piston mode
induced by the dual-chamber structure, which effectively mitigates the
wave force generated by the oscillating water column and thus signifi-
cantly reduces the horizontal force on the primary OWC.

To further mitigate the adverse effect of the increased horizontal
wave force on the primary OWC under low-frequency wave conditions
induced by the introduction of the dual-chamber structure in Case 2, the
primary OWC device in Case 3 is further integrated with a porous device.
Compared with Case 2, the addition of the porous device can reduce the
horizontal wave force acting on the primary OWC across all tested wave
periods. At T= 1.4 and 1.6 s, the wave force decreases further by 10.8%
and 2.2%, respectively. For other wave periods, the maximum wave
force reduction reaches 17.8% at T = 2.0 s. Consequently, the force-
bearing characteristics of the primary OWC in Case 3 are maintained
or even superior to those in Case 1. Combined with the wave-energy-
harvesting performance of the three cases and the result of case 2 and
3 by normalizing against Case 1 presented in Fig. 15, the beneficial effect
of introducing the porous device can be further clearly demonstrated.

It is evident that the introduction of the dual-chamber structure in
Case 2 achieves a prominent enhancement in the total average power
output and WtW efficiency of the OWC array, especially under high-
frequency wave conditions. The comparison between Case 2 and Case
1 reflects the isolated effect of the dual-chamber configuration, with the
maximum relative improvement in total average WtW efficiency
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Fig. 14. Comparison of dimensionless horizontal wave force acting on the primary OWC device in Cases 1-3, and the result of Case 2 & 3 by normalizing against

Case 1.
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Fig. 15. Comparison of wave energy harvesting performance of Cases 1-3 at H = 0.15 m, and the result of Case 2 & 3 by normalizing against Case 1: (a) total average

power output, (b) total average WtW efficiency.
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reaching 98.8%. Meanwhile, the horizontal wave force acting on the
primary OWC is reduced under high-frequency conditions, owing to the
improved internal water-column motion regulated by the dual-chamber
configuration. However, the simultaneous improvement in wave energy
harvesting performance and reduction of wave force cannot be well
achieved under low-frequency wave conditions. This inherent limitation
is mainly attributed to the fact that the dual-chamber structure in-
troduces additional force-bearing area. Moreover, this issue is resolved
by introducing the porous device in Case 3. As shown in Fig. 15, Case 3
represents the complete multi-feature system, combining the dual-
chamber structure and porous device in the primary OWC. Compared
with the baseline five-OWC array in Case 1, Case 3 achieves a maximum
relative improvement of 113.6% in total average WtW efficiency under
the tested wave period conditions. This value corresponds to the com-
parison between Case 3 and Case 1, and therefore reflects the overall
enhancement of the fully integrated system rather than the isolated
contribution of the dual-chamber structure. At the same time, the porous
device reduces the horizontal wave force acting on the primary OWC,
allowing Case 3 to maintain force-bearing characteristics comparable to
those of Case 1. Therefore, the porous device preserves the energy-
harvesting advantage of the dual-chamber configuration while
improving structural survivability, leading to a synergistic balance be-
tween high-efficiency energy capture and wave force mitigation, thus
significantly improving the survivability and economic viability of the
OWC array system.

To further clarify the contribution of the minor OWC components to
the overall array performance, the average power output and power
contribution ratio of each OWC component in Case 3 are summarized in
Table 8. It can be observed that the primary OWC generally remains the
dominant energy harvesting component because it is located at the
strongest focal region generated by the parabolic wave energy concen-
trator. Over the tested wave period range, the primary OWC provides the
largest contribution to the total array power output, especially at T =
1.4s, 2.4 s, and 2.6 s, where its contribution ratios reach 73.5%, 80.9%,
and 94.9%, respectively.

Nevertheless, the secondary and tertiary OWCs also make non-
negligible contributions to the total power output under several wave
period conditions. For example, at T = 1.6-1.8 s, the secondary and
tertiary OWCs together contribute more than 60% of the total power
output, indicating that the minor OWCs can effectively harvest wave
energy from the secondary and tertiary energy-concentrated regions
formed by the parabolic concentrator. Therefore, these minor OWC

Table 8
Wave energy harvesting performance of the OWC components in Case 3.

Wave period OwC Average power Power contribution ratio
(s) component w) (%)
1.4 Primary 13.08 73.5
Secondary 0.82 4.6
Tertiary 3.90 21.9
1.6 Primary 34.60 39.7
Secondary 27.20 31.2
Tertiary 25.40 29.1
1.7 Primary 46.10 38.4
Secondary 39.20 32.6
Tertiary 34.80 29.0
1.8 Primary 16.58 39.6
Secondary 12.90 30.8
Tertiary 12.42 29.6
2.0 Primary 22.57 36.5
Secondary 26.60 42.9
Tertiary 12.73 20.6
2.4 Primary 39.60 80.9
Secondary 8.64 17.7
Tertiary 0.66 1.4
2.6 Primary 43.20 94.9
Secondary 0.60 1.4
Tertiary 1.7 3.7
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components are not merely auxiliary structures, but active wave-energy-
harvesting units that improve the total power output of the array system.
In addition to their power contribution, the secondary and tertiary
OWCs can also participate in the wave-induced force redistribution
within the array. This force distribution effect is beneficial for improving
the structural survivability of the primary OWC, especially when com-
bined with the porous device introduced in Case 3.

From an engineering perspective, the individual power contribution
information in Table 8 provides a useful basis for future techno-
economic assessment of the proposed array system. The additional
power obtained from the secondary and tertiary OWCs should be
weighed against the increased costs associated with extra chambers,
PTO units, installation, operation, and maintenance. It should be noted
that the present study focuses primarily on experimentally demon-
strating the advantages of the multi-feature energy-concentrated OWC
array system, especially the beneficial effects of the dual-chamber
structure and porous device on energy-capture enhancement and wave
force mitigation. A detailed economic feasibility analysis, including
cost-benefit evaluation and levelized cost assessment, will be conducted
in future work.

4.3. Engineering implications and scale-up limitations

The proposed multi-feature energy-concentrated OWC array system
provides a potential engineering pathway for improving wave energy
utilization in low-energy-density coastal regions. However, several
practical issues should be considered before full-scale deployment.

The full-scale parabolic wave energy concentrator would require
sufficient structural stiffness and foundation stability to withstand long-
term cyclic wave loading and occasional extreme wave impacts. The
parabolic concentrator can be designed as a modular, semi-submersible
pontoon system that can be interconnected for deep-sea conditions. For
nearshore or offshore conditions, its construction form may be inte-
grated with breakwaters, harbor protection structures, or nearshore
bottom-mounted foundations to reduce additional infrastructure cost.
Nevertheless, structural strength, fatigue life, scour protection, and
installation tolerance should be carefully evaluated.

The porous device introduces additional engineering considerations.
Although the porous device can reduce wave-induced loads on the pri-
mary OWC, its long-term performance may be affected by marine
corrosion, biofouling, sediment deposition, and possible pore blockage.
These effects may gradually change the effective porosity and weaken
the designed load-mitigation function. Therefore, modular porous
panels, anti-corrosion treatment, inspection access, and replaceable
components should be considered in future engineering design. The
dual-chamber OWC and multiple PTO units increase the complexity of
operation and maintenance. The present laboratory-scale PTO system
was mainly used to compare the relative performance of the tested cases
under consistent conditions. At commercial scale, turbine-generator
efficiency, PTO damping, load matching, air compressibility, and con-
trol strategy may significantly affect WtW performance. Therefore,
optimized PTO design and full-scale turbine and generator matching are
required before practical application.

Finally, the theoretical installed capacity of 1.57 MW estimated in
this study should be regarded as a preliminary indicator based on
idealized Froude-scale assumptions and representative sea state condi-
tions. The present regular wave experiments cannot fully represent
irregular sea states, multi-directional waves, or extreme storm-wave
conditions. Full-scale application also requires economic assessment,
including additional capital cost of the parabolic wave energy concen-
trator, minor OWC units, porous device, PTO systems, maintenance cost,
and levelized cost of energy. Future work will therefore focus on irreg-
ular wave testing, multi wave height experiments, air-compressibility
correction, PTO optimization, structural reliability assessment, and
techno-economic evaluation.
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5. Conclusions

This work advances OWC technology for high-efficiency ocean wave
energy harvesting through four interconnected innovations, addressing
critical bottlenecks in power output, bandwidth adaptability, structural
survivability, and array-scale reliability. The central breakthrough lies
in the passive reshaping of incident wavefields by the parabolic wave
energy concentrator prior to energy extraction, which yields substantial
enhancements in power output and WtW efficiency. Building on this
foundation, the integration of the dual-chamber structure and the
porous device enables the proposed multi-feature energy-concentrated
OWC array system to achieve a minimum increase of 6.8% in total
average power output and average WtW efficiency, with a maximum
improvement of 113.6% relative to the baseline five-OWC array in Case
1. In addition, the maximum reduction in horizontal wave force acting
on the primary OWC within the system reaches 24.1%.

The proposed array system demonstrates remarkable feasibility for
high-efficiency wave energy harvesting in low-energy-density marine
regions, such as the coastal waters of Guangdong Province, China (with
a significant wave height of approximately 2 m and an average wave
period ranging from 5 to 7 s). Based on idealized Froude-scale as-
sumptions and representative sea-state conditions, the theoretical
installed capacity is preliminarily estimated to be 1.57 MW. It should be
noted that this value is regarded only as a preliminary indicator of po-
tential full-scale capacity, rather than a validated full-scale power rat-
ing. Given that the present experimental campaign was conducted under
a fixed incident wave height, direct extrapolation to the full spectrum of
operational sea states, including low and extreme wave conditions
which requires further systematic validation. Therefore, the full-scale
prototype tests, together with systematic investigations under irreg-
ular and extreme sea states, are required in future work to verify the
practical performance and engineering reliability of the proposed
system.

Moreover, the multi-feature energy-concentrated OWC system also
highlights the critical importance of balancing power output enhance-
ment and wave forces mitigation in the design of wave energy exploi-
tation systems. Consequently, the multi-feature energy-concentrated
OWC array system provides a transformative approach for long-term
and large-scale wave energy exploration facilitating grid-scale energy
supply and significantly improving the commercial viability of wave
energy as a renewable energy resource. This research not only advances
OWC array technology but also lays a solid foundation for the practical
application and industrialization of wave-energy-harvesting systems in
low-energy—density coastal areas.

In this study, the introduction of the dual-chamber structure and
porous device, as structural optimization strategies, is first applied to the
energy-concentrated OWC array system, and the beneficial effects have
been preliminarily validated. Future work will expand the range of
investigated wave conditions and systematically explore the influences
of key design variables, including geometric parameters and structural
characteristics of multi-chamber and porous device, on the overall sys-
tem performance. This is expected to further enhance the generality and
engineering robustness of the multi-feature energy-concentrated OWC
array system.
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