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Efficiency Analysis of the Wave-to-Grid Energy
Conversion of the UniWave200 Wave Energy

Converter
Fadia Ticona Rollano , Arthur Santos , Robert J. Cavagnaro , Member, IEEE, Scott Hunter , and Tom Denniss

Abstract—Wave energy is a vast and largely untapped resource
with the potential to contribute significantly to global energy pro-
duction. A new wave energy technology has been developed by
an Australian company, Wave Swell Energy Ltd., consisting of a
unique unidirectional axial turbine version of the well-established
oscillating water column (OWC) concept. A full-scale prototype of
the technology, the UniWave200, was deployed for grid-connected
testing near the coastline of King Island, Tasmania, from 2021 to
2022. Data collected during the pilot project were analyzed by the
US Department of Energy’s Pacific Northwest National Labora-
tory (PNNL). The results of this analysis indicate the full-process
wave-to-grid energy conversion efficiency, based on the combined
capture width ratio (CWR) and power take-off (PTO) efficiency, to
be on the order of 45% for significant wave heights above 1 m.

Index Terms—Capture width ratio, efficiency analysis, field test,
grid-connected, oscillating water column, power take-off efficiency,
wave energy, wave energy converter.

I. INTRODUCTION

ONE of the largest underutilized renewable energy re-
sources is wave energy, which could provide a significant

supply to the electric grid worldwide. Estimates of global re-
sources available along coastlines are in the range of 1–2× 104

TWh/yr when considering the directionality of the incident
waves [1], [2]. Unlike other renewable technology sectors such
as solar, wind, and tidal, all of which have tended to converge
on technological solutions with limited variability, the range of
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wave energy technologies remains diverse. The variability in
the characteristics of waves (e.g., height, period, and direction),
driven by diverse geospatial conditions, has naturally resulted in
a suite of technology topologies and designs tailored to classes
of resource and tuned to resonate with incoming waves [3].

A plethora of wave energy technologies continue to be investi-
gated throughout the world, some of which are new, while others
are incremental improvements on concepts that have been in ex-
istence for several decades. A recent technology review [4] high-
lighted the challenges facing continued development, noting the
small cumulative power-generating capacity of the industry and
no demonstrations of cost-competitive electricity generation at a
commercial scale. This reality makes it difficult to clearly define
a “state of the art” for the sector. However, progress is being made
that suggests that wave energy could become a cost-effective
and meaningful complement to other more mature renewable
generation technologies.

One of the most established concepts in the field of wave
energy is that of the oscillating water column (OWC), a technol-
ogy first commercialized in the 1960s as a means of powering
navigation buoys [5]. An OWC is a form of artificial blowhole,
comprising a large chamber with an opening below the waterline
that generally faces in the direction of the incoming waves. The
waves drive a column of water inside the OWC chamber to rise
and fall, displacing the air above it, which in turn drives an air
turbine to generate electricity.

The vast majority of OWC prototypes have a bidirectional
or self-rectifying form, with air passing the turbine on both
the upstroke of the wave (air leaving the chamber) and the
downstroke (air being pulled back into the chamber) [6]. This
requires a turbine that is capable of operating with a reversing
airflow and requires flow-direction symmetry, which can be
achieved with fixed blades having a symmetric airfoil profile
or guide vanes at the expense of aerodynamic efficiency. More
complex variable-pitch designs may offer benefits including
their response to changing flow conditions with trade-offs for
simplicity and overall aerodynamic conversion efficiency [7].
Examples of turbines used in bidirectional OWCs include the
Wells, Setoguchi, HydroAir, Denniss-Auld, and biradial impulse
varieties. Most have been of the axial flow type [8], [9], [10].

While blade twist has been an important aspect of more
traditional unidirectional flow turbines (as well as propellers,
impellers, etc.) that have been developed over the past century
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or more, the symmetry requirements of bidirectional turbines
preclude the use of it. Blade twist is used to optimize the angle
of attack of the flow along the blade’s length from root to
tip and, consequently, provides a significantly higher aerody-
namic conversion efficiency than that achieved with non-twisted
blades. The symmetry requirements of bidirectional turbines
also demand that both ends of the turbine blades have leading
edge profiles, further reducing the magnitude of the conversion
efficiency. In essence, a unidirectional axial flow turbine has
an inherently greater propensity for aerodynamic conversion
efficiency than does a bidirectional axial flow turbine.

Despite decades of research and development, large-scale sea
trials of wave energy converters (WECs) remain rare. Of the
roughly 70 studies utilized by Babarit in compiling a database
of published WEC performance information as of 2015, only
a single device with its set of results is classified as a sea
trial [11]. Subsequently, several more performance results have
been documented and published, including for the Mutriku and
Pico fixed OWC wave power plants [12], [13]. The characteri-
zation of WEC performance in real ocean conditions and with
a connection to the grid is crucial for developers to demonstrate
technology readiness. The publication of these performance
results once obtained advances the industry by providing real-
world benchmarks to which smaller-scale prototype, tank, and
numerical model testing may be compared.

In recent years, an Australian company, Wave Swell Energy
Ltd. (WSE) has been developing a first-of-its-kind wave en-
ergy device based on the concept of a unidirectional OWC,
which only generates energy on the downstroke, or inhalation
phase, of the wave [14]. A 200 kW prototype of the technol-
ogy, the UniWave200, was installed at King Island in Bass
Strait, approximately 100 km off the northwest tip of Tasmania,
from 2021 to 2022. WSE’s demonstration project was par-
tially funded by a grant from the Australian Renewable Energy
Agency (ARENA) and was designed to tangibly demonstrate
the technology and to develop skills in designing, building,
transporting, deploying, operating, optimizing, and ultimately
decommissioning and recycling a full-scale OWC. The project
served to optimize the technology’s electrical control system and
to validate, in actual ocean conditions, the conversion efficiency
results obtained in model-scale tests conducted at the University
of Tasmania’s Australian Maritime College (AMC) in Launce-
ston, Tasmania [15]. A report [16] was prepared on behalf of
WSE comparing the performance between the demonstration
sea trial at King Island and past model-scale experiments at
AMC.

This paper is focused on analyzing and validating the wave-to-
grid energy conversion efficiency of the UniWave200in a real-
world environment. Section II describes the conditions of the
unit’s installation, the methods used for data collection during
testing, and the industry-standard techniques used to calculate
energy conversion efficiency metrics from the measured data.
Section III presents the results of an efficiency analysis at each
critical energy conversion stage in the generation of electricity
from wave to grid. A discussion of the results in comparison
to other OWC technologies is presented in Section IV, and
conclusions are provided in Section V.

Fig. 1. (a) Map of King Island with an inset showing the deployment location
in Grassy Harbour; (b) Photograph of the deployed UniWave200.

II. METHODS

A. Device Testing and Data Collection

In January 2021, WSE deployed a 200 kW prototype of its
UniWave unidirectional OWC technology, the UniWave200, at
Grassy Harbour, King Island (Fig. 1). The deployment site for
the UniWave200 device was approximately 50 m off Sandblow
Beach, adjacent to the harbor of the small town of Grassy.

The UniWave200 is a gravity-based OWC consisting of a
reinforced concrete structure with two pontoons—one on either
side—that provide the necessary buoyancy for self-installation
and decommissioning. The unit is 24 m long and 13.6 m wide,
with a chamber length of 4 m and chamber width of 7 m. The
unit was installed on a sandy sea bed at a mean sea level depth
of 5.1 m. The ballasted mass of the unit was 1080 metric tons.
The unit was fitted with 15 bespoke rubber flap air vents and
an axial flow air turbine power take-off (PTO) system with a tip
diameter equal to 1.29 m, which provided a chamber damping
ratio of 1:150. The electrical system consists of a direct current
(DC) bus with a supercapacitor energy storage and an active
front end (AFE) connected to the King Island electrical grid via
a subsea cable and a shore kiosk with breakers and a transformer.
A rendering of the UniWave concept is shown in Fig. 2.

Data and measurements were collected using a variety of
methods and products. A Beckhoff programmable logic con-
troller (PLC) was responsible for supervisory control and data
acquisition (SCADA) activities and was connected to a network
attached storage (NAS) system that provided a local PostgreSQL
database for data logging. A self-hosted integration run-time
instance that was installed on the NAS (running Windows Server
2019) provided access for Azure Data Factory to query the
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Fig. 2. Rendering of the UniWave concept with white arrows showing the
airflows during (a) the upstroke (exhalation/venting) and (b) the downstroke
(inhalation/power generation). Red markers in panel (b) show the location of
onboard sensors used to compute pneumatic power.

database at half-hour intervals. Queried data were converted to
the Parquet format and transferred to Azure blob storage. Near-
real-time access to data was possible through the installation of
the product TimescaleDB overlaying the PostgreSQL database,
which made recent aggregate data (e.g., average, minimum, and
maximum) readily accessible.

From July to October 2021, the deployment objectives in-
cluded commissioning and uptime. Throughout this phase,
changes were made to the PLC software to improve the data
collection and control settings. While the priority of this initial
stage was to have the unit running as often as possible, regardless
of the sea state, this priority was later modified during testing
to have the unit operating whenever power could be exported.
This was nominally defined as when the significant wave height
Hs was greater than 0.75 m (from October 2021 to July 2022)
and greater than 0.5 m (from July to August 2022). The results
presented in this paper are derived from the aggregate data
collected from October 2021 to August 2022.

The UniWave200 was instrumented with a variety of sensors
used both for operational purposes (such as valve controls) as
well as to collect the data necessary for the efficiency analysis
presented in this publication, the latter of which are summarized
in Table I. The location of the onboard sensors used to compute
the pneumatic power is shown in Fig. 2(b) and the locations
of the instruments used to measure the incident wave elevation
are shown in Fig. 3. The electrical system consisted of a DC
bus with supercapacitor energy storage capability and an active
front end connected to the King Island electrical grid via a subsea
cable to a shore-based kiosk that housed circuit breakers and a
transformer.

TABLE I
SUMMARY OF THE INSTRUMENTATION USED TO COLLECT ALL DATA FOR THE

EFFICIENCY ANALYSIS

Fig. 3. Location of wave measuring instrumentation near the UniWave200.

B. Data Post-Processing and Validation

Wave elevation is calculated from the dual Keller pressure
measurements over three sequential steps. The first step was a
hydrostatic approximation used to convert the measured pressure
to the hydrostatic head. This approach is suitable for environ-
ments such as tanks and containers, including the water level in
the UniWave200. The second step involved a linear correction
for the attenuation of the pressure signal with depth performed
using a fast Fourier transform (FFT) technique as described
in [17]. The last step involved a weakly dispersive correction
via a spectral analyisis; this approach is suitable for use in the
near-shore regions where the waves are weakly dispersive [18]
and is the most appropriate choice for the location where the
pressure sensors were deployed.

The Keller pressure sensors were located about 20 m away
from the UniWave200 relative to the center of the structure. Per
the International Electrotechnical Commission Technical Speci-
fications IEC-TS 62600:100 [19], a wave-measuring instrument
used in a power performance assessment should be deployed
at a location where it can accurately measure the incident
wave energy into the tested wave energy converter. Installing
sensors too close to the OWC has the potential to corrupt the
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TABLE II
ERROR STATISTICS BETWEEN WAVE BULK PARAMETERS DERIVED FROM THE

SPOTTER BUOY AND DUAL PRESSURE SENSOR MEASUREMENTS

incident wave signal due to diffraction, radiation, and reflection
interaction with the OWC structure itself [20]. In an attempt to
determine if this was an issue for the pressure sensors deployed
during testing of the UniWave200, a surface-mounted Sofar
Ocean Technologies Spotter buoy was installed about 100 m
from the center of the OWC (Fig. 1). Unfortunately, the location
of the wave spotter was less than a wavelength away from
the UniWave200 for about half of the peak wave period range
observed during this experiment (peak wave periods between
9 and 20 s corresponding to wave lengths in 5 m water depth
of 60 to 140 m), and may have therefore also been affected
by diffraction and scattering from the device. While this is less
than ideal, the data collected by the spotter buoy is expected
to represent wave measurements that are less affected by the
device.

Bulk wave parameters (significant wave height and peak pe-
riod, Tp) derived from the dual pressure sensors and the Spotter
buoy datasets were compared through a time series analysis
considering commonly used error metrics, including the root-
mean-square-error (RMSE), mean percentage error (PE), bias
(b), scatter index (SI), and the linear correlation coefficient (R)
(see Table II). The equations used to compute these parameters
are provided in the Appendix. The time series were compared
at a matching time step of 30 min for a total sample size of
8,478 observations. Overall, measurements of the incoming
wave taken by the Keller pressure sensors show close agreement
to those taken by the Spotter buoy, particularly in terms of the
significant wave height, which has an RMSE value of less than
10 cm and an R value of 0.97. Less agreement is observed in
the measurement of the peak period, which shows an RMSE
value equal to 2.44 s and R equal to 0.67. This can be explained
in part by the difference in frequency sampling bins between
the instruments, as well as by the filtering effect of the bottom
pressure measurement which cannot resolve the short-period
energy (as suggested by the negative bias).

While there is general agreement between the two different
incident wave datasets, radiation and diffraction effects cannot
be ruled out. Studies have shown that these effects can be esti-
mated through potential flow analysis using Boundary Element
Method (BEM) models, such as WAMIT or NEMOH [21], [22],
[23], [24], or for more accurate results by using Computational
Fluid Dynamics (CFD) models [25], [26]. However, developing
a potential flow model for an OWC can be particularly chal-
lenging because of the nonlinearity effects of the free surface
in the chamber [21], [25], while running a CFD model can be
considerably more computationally expensive [25], [26]. Such
modelling was beyond the scope of this project and for this
reason we are unable to quantify the exact magnitude of the
error resulting from radiation and diffraction effects implicit in
the wave measurements collected.

The water level time series calculated from the hydraulic pres-
sure sensors were used to calculate frequency-resolved variance
spectra, Si, using the Cooley–Tukey algorithm with an applied
Hanning window. Additional characteristic wave parameters
were computed from the wave spectra following the IEC-TS
62600:100 [19] recommendations. The omnidirectional wave
power (J [W/m]), or wave power density, which describes the
flux of energy through a unit length, is defined as

J = ρwg
∑
i

cg,iSiΔfi, (1)

where ρw is the density of water, g is the gravitational acceler-
ation, cg is the group velocity as defined by linear wave theory,
and f is the discrete frequency. The actual amount of energy
entering the mouth of a OWC device is difficult to measure
due to non-linear and resonant effects, however, at the mouth
of a typical OWC, particularly one in shallow water like the
UniWave200, the incident wave is essentially normal to the
bathymetry contours and chamber entrance, strongly justifying
the use of the omnidirectional wave power for analyzing the
hydrodynamic energy efficiency of the device. The significant
wave height provides a characteristic wave height of the sea state
and is defined as

Hs = 4.004
√
m0, (2)

where m0 is the zeroth spectral moment derived from the wave
variance spectrum:

mn =
∑
i

fn
i SiΔfi. (3)

Lastly, the energy period is presented as a characteristic wave
period recommended for wave energy analyses:

Te =
m−1

m0
. (4)

The pneumatic power (energy flux) at the bell mouth (where
the air enters the turbine housing into the atmosphere) was
calculated as

Ppneu = ΔpQ, (5)

where Q is the volumetric flow rate across the turbine and Δp
is equal to the atmospheric pressure minus the superstructure
air pressure. The atmospheric pressure and the superstructure
pressure were each measured by two analogue pressure sensors
(dual Keller PAA × 35 sensors) for added security in the event
of instrumentation failures; whenever possible the average of
the data recorded by both sensors was used.

Many studies have shown that using orifice plate, or venturi,
formulations are effective in calculating the turbine volumetric
flow rate in OWC devices [27], [28] as

Q = CdAo

√
2Δpinlet

ρa
, (6)

where Cd is the orifice discharge coefficient, Ao is the orifice
cross-sectional area, Δpinlet is the differential air pressure at
the turbine’s inlet, and ρa is the density of air. The discharge
coefficient used in this study comes from a past experiment
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TABLE III
NUMBER OF AVAILABLE DATA RECORDS FOR EACH WAVE CONFIGURATION

conducted at the University of Tasmania’s AMC of a 1:4 scale
model of the Uniwave200 [16]. That experiment involved CFD
simulations of varying flow conditions through the scaled turbine
using ANSYS CFX 19.1 software and was validated against
laboratory experiments of a physical 1:4 scale model of the
device. The resulting average value of Cd was of 0.98 with an
average error of 0.13% as compared to the physical model tests.
This value is consistent with the theoretical expectation that a
gently sloping and smooth venturi (i.e., the UniWave200 turbine
inlet) minimizes the turbulent flow losses and has therefore a
discharge coefficient that approaches unity. The 1:4 scale and
full-scale models of the UniWave200 are equivalent based on
the principles of Froude number scaling (i.e, geometrical simi-
larity) and we therefore assume the same discharge coefficient
of 0.98 for the analysis of the full-scale results. Additionally,
the effective flow area of the UniWave200 full-scale turbine
is Ao = 0.54 m2, and the air density during testing was of
1.18 kg/m3. The inlet pressure differential was measured be-
tween the dual Huadian Automation sensors installed at the
turbine’s inlet.

C. Analysis Methods

The efficiency of the UniWave200 is analyzed from a col-
lection of 195 files derived from field measurements, each
containing 30-min-long time series of the parameters shown in
the last column of Table I. Out of the total of 195 data records, 75
different sea states are represented (i.e., unique pairings of Hs

and the energy period Te), achieved by binning the significant
wave height in increments of 0.1 m, as shown in Table III. The
most common sea states observed correspond to the pairing
Hs = 1.2 m and Te = 11 s and the pairing Hs = 0.9 m and
Te = 14 s, with 7 observations of each in the dataset. Sea states
characterized by a significant wave height of 1.6 m were not
observed during testing.

A sample snapshot of the key measurements collected during
one of the most commonly occurring sea states is shown in
Fig. 4. Notice that there is a time lag between the wave elevation
measurements and the power measurements evidenced by the
misalignment of peaks. This is due to the distance between the
instrumentation used to collect those data (the pressure sensors
used to derive the water elevation are located about 20 m in
front of the OWC). In this case, the lag is between 5 and 6 s, but
variations in the operating conditions and the sea state do not

Fig. 4. Time series excerpt (40 s) of (a) the wave height (with the mean water
level of 1.4 m subtracted) and (b) power metrics, collected under wave conditions
of Hs = 1.2 m and Te = 11 s.

Fig. 5. Sankey diagram of the wave-to-grid energy conversion for a sample
sea state of Hs = 1.2 m and Te = 11 s.

allow for a simple correction of this lag. A statistical analysis
of the ensemble dataset is used to reduce the influence of this
time lag. A graphical representation of the stages of wave energy
conversion for this sample data record is shown in Fig. 5. The
thicknesses of the arrows are sized in proportion with the energy
lost at each stage and the total energy exported to the grid. In
all cases, energy values (in KWh) were obtained by integrating
each 30 min power time series over time using a time step of
0.1 s.

The energy conversion efficiency of the UniWave200 is an-
alyzed using two distinct approaches by (1) computing the bi-
variate efficiency matrices relative to the significant wave height
and wave energy period using only 75 representative data records
with unique sea states and (2) generating box and whisker plots
of the efficiency relative to the significant wave height using all
195 data records. The first approach is intended to inspect the re-
lationship between unique sea states and efficiency not obscured
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TABLE IV
CWR (WAVE-TO-PNEUMATIC EFFICIENCY) MATRIX

by outliers, while the second approach highlights the variance
in efficiency for all sample records, including statistical outliers.
The conversion efficiency analysis is focused on two stages of
energy conversion: a) wave-to-pneumatic characterized from the
capture width ratio (CWR), b) pneumatic-to-grid based on the
combined elements of the PTO system (turbine, generator and
inverter); and the combined CWR and PTO total efficiency: c)
wave-to-grid.

First, the efficiency of the wave-to-pneumatic energy conver-
sion is typically evaluated through the CWR [11], [29] which
is a measure of the hydrodynamic absorption of the input wave
energy defined as

CWR[%] =
Ppneu

JB
× 100, (7)

where B is the characteristic dimension of the WEC, which for
an OWC is usually equated to the chamber width (7 m for the
UniWave200). The length of the OWC chamber, while important
for assessing the effects of resonance, is not a relevant parameter
when analyzing the absorption efficiency of the incident energy.

Second, the pneumatic-to-grid energy conversion is achieved
by the combined elements of the PTO system. This includes
the sequential conversion of the bell mouth pneumatic energy
to the turbine mechanical energy, then of mechanical energy
to electric energy produced by the generator, and finally a
transfer of electricity exported to the grid via the inverter. The
pneumatic-to-grid efficiency, or PTO efficiency, is calculated
by multiplying the turbine efficiency, generator efficiency, and
inverter efficiency, which are computed as
� Turbine efficiency = Turbine mechanical energy/Pneum-

atic energy at the bell mouth,
� Generator efficiency = Electrical energy generated/Tur-

bine mechanical energy,
� Inverter efficiency = Electrical energy exported/Electrical

energy generated.
Third, the total wave-to-grid efficiency is defined as the

product of the wave-to-pneumatic efficiency as described by the
CWR and the pneumatic-to-grid efficiency as described by the
PTO efficiency.

III. RESULTS

A. Efficiency Analysis

The energy conversion efficiency matrices are based on 75
representative records of unique sea states, or Hs and Te

combinations. Tables IV, V, and VI show the CWR (wave-
to-pneumatic), PTO efficiency (pneumatic-to-grid), and wave-
to-grid efficiency matrices, respectively, with efficiency values

TABLE V
PTO (PNEUMATIC-TO-GRID) EFFICIENCY MATRIX

TABLE VI
WAVE-TO-GRID EFFICIENCY MATRIX

shown as percentages. The last column on the right of each ma-
trix shows the median efficiency corresponding to each discrete
significant wave height accounting for all 195 data records (as
opposed to only 75).

The CWR bivariate matrix (Table IV) is most variable for
low values of the significant wave height, with minimum and
maximum median values of 61.6% and 96.2%, respectively. The
overall median CWR is 74.1%. Another observation is that there
are some instances of CWR values above 100%. This could be
due to various contributing factors including wave reflections
from the beach or the WEC structure itself, the phase lag between
the wave measurements and other power measurements, and
resonance driven by the interaction of the incoming waves with
the device.

The PTO efficiency matrix (Table V) shows a lower efficiency
at lower values of the significant wave height, with a minimum
median efficiency of 27.4% forHs = 0.5m and a maximum me-
dian efficiency of 63.5% for Hs = 1.7 m. A noticeable increase
in the efficiency is observed with increasing values of significant
wave height in the range of 0.5–1.2 m, after which the WEC
starts to approach a maximum efficiency point, possibly due to
the limitations of the turbine and inverter system.

The wave-to-grid efficiency matrix (Table VI) shows a gen-
eral trend of increased efficiency with increasing significant
wave height, with a minimum median efficiency of 21.0% for
Hs = 0.7 m and a maximum median efficiency of 48.1% for
Hs = 1.5 m.

The distributions of the efficiency at each conversion stage
for discrete values of the significant wave height, considering all
195 data records rather than unique sea states, are analyzed using
box-and-whisker plots (Fig. 6). The rectangular box of a box-
and-whisker plot represents the interquartile range (IQR) from
the 25th percentile (also known as the first quartile or Q1) up to
the 75th percentile (also known as the third quartile or Q3). The
lower whiskers represent the data points from Q1 − 1.5× IQR
up to Q1, while the top whiskers represent the data points from
Q3 up to Q3 + 1.5× IQR. Any data points outside the range of
the whiskers are outliers represented by the small circles. The
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Fig. 6. Distributions of the (a) CWR (wave-to-pneumatic efficiency), (b) PTO
(pneumatic-to-grid) efficiency, and (c) wave-to-grid efficiency for discrete values
of the significant wave height.

median and mean of each distribution are represented by orange
horizontal lines and green triangles, respectively.

For each value of Hs, the hydrodynamic efficiency (CWR)
(Fig. 6(a)) shows greater variance than that of the PTO efficiency
(Fig. 6(b)). The lack of a trend between the CWR and the
significant wave height suggests that other wave parameters,
such as the wave period, may significantly impact the efficiency
at the first conversion stage. In contrast, in Fig. 6(b), we observe
a trend of increasing PTO efficiency associated with increas-
ing Hs, indicating that wave height is a significant factor in
the pneumatic-to-grid conversion process (which includes the
turbine, generator, and inverter all together).

Increasing wave heights are associated with a greater PTO
efficiency because the unit is more likely to operate near the
rated capacity of the power electronics in more energetic sea
states. Additionally, the supercapacitor experiences significant
charging in strong seas, enabling discharge for a longer pe-
riod and reducing the variability in efficiency. Meanwhile, at
lower-energy sea states, the energy loss within the components
represents a higher percentage of the energy harvested.

IV. DISCUSSION

The wide range of ocean conditions experienced by the Uni-
Wave200 device was an important part of WSE’s strategy for

Fig. 7. PTO efficiency distributions versus the normalized pneumatic power
of the UniWave200 and Mutriku.

testing the unit in as diverse a set of conditions as possible.
The dimensions of the OWC were designed for swell periods of
approximately 12 s, and although such conditions were encoun-
tered regularly, the unit was exposed to periods ranging from
9 to 20 s. The topographic features in the vicinity of the site
(small islands and rocky outcrops, the adjacent breakwater, etc.)
likely attenuated the energy of incoming swell waves. It can be
expected that such a device will be located in locations with more
uniform topography in the future and will therefore experience
more regular and uniform swell conditions. As a result, the
conversion efficiencies may be higher than those described in
this paper.

The CWR of a given category of WEC (e.g., heaving, overtop-
ping) is often estimated as a measure of hydraulic efficiency from
the regression equations derived by Babarit [11] which are based
on model tests, sea trials, and numerical modeling of various
WEC concepts in the industry (although numerical data is not
considered for OWCs in particular). The best fit equation of the
CWR for OWC devices has a skill of R2 = 0.69 and is reported
in Table 11 of [11] as a function of the characteristic dimension
B—a parameter consistently set equal to the chamber width.
Computing the regression equation for B = 7 m (the chamber
width of the UniWave200) results in a CWR of 12%± 56%
or a maximum efficiency with a 95% level of confidence of
68%. The UniWave200 surpasses this estimate with an overall
median CWR (wave-to-pneumatic efficiency) of 74.1%, and
was also shown to have a minimum median CWR of 61.6%
(for significant wave heights of 0.7 m) that is on the upper
end of the Babarit range. The regression equation was based
on datasets corresponding to bidirectional OWC technologies,
which may indicate that more power is able to be extracted from
a unidirectional OWC than is possible via a similar bidirectional
counterpart.

For an additional assessment against other documented OWC
technologies, we compare the PTO (pneumatic-to–grid) effi-
ciency of the UniWave200 to the Mutriku OWC (Fig. 7). The
PTO efficiency values for Mutriku were reported by Fay et al.
in Fig. 32(c) of [12] and were digitized using the open-source
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MATLAB toolbox GRABIT [30]. The pneumatic power values
were normalized by dividing them by the rated power of each
device’s PTO system for a fair comparison. This figure suggests
that the UniWave200 PTO performs with up to 30% greater
absolute efficiency than the Mutriku PTO (approximately 100%
greater relative efficiency). Note that this is not a direct compar-
ison of the CWR or wave-to-grid total efficiency between these
technologies.

V. CONCLUSION

A 200 kW unidirectional OWC WEC developed by WSE,
known as the UniWave200, was deployed for testing during
a grid-connected demonstration project off the coast of King
Island, Tasmania, Australia. Data were collected in 30 min
bursts, amounting to 195 records of wave and various power
measurements. The sea states observed during testing encom-
passed significant wave heights ranging from 0.5 to 1.7 m and
energy periods ranging from 9 to 20 s.

During the first phase of the energy conversion process, from
wave to pneumatic energy, the median value of the capture
width ratio, calculated as a proxy of hydrodynamic absorption
efficiency, was found to be equal to 74.1%, showing greatest
variance for significant wave heights under 1 m.

The PTO efficiency, representing the second phase of the
energy conversion process from pneumatic energy to electric
energy exported to the grid, generally increased with increasing
wave heights resulting in a median efficiency of 48.8%. The
lower efficiency for smaller waves is likely the result of the
onboard electrical infrastructure being overrated at these low
power levels. The trend of higher efficiency for larger waves may
imply higher average energy production at commercial wave
sites likely to experience larger waves more frequently.

Lastly, the wave-to-grid efficiency, or total efficiency, has
an overall median value of 36.9%. The median efficiency for
Hs values up to 0.8 m was about 30% or less, with average
efficiencies above 50% becoming more typical for sea states
with a significant wave height above 1.5 m.

The fact that the UniWave200 unit tends to perform better
for larger wave heights would appear to be a positive for the
technology. Commercial versions of the technology are likely to
be sited in more energetic (less sheltered) wave regions whereHs

values above 1.0 m will be more common. However, as energetic
sea states at the high end of a typical range for a commercial
wave energy site were not observed during the test deployment,
performance could not be determined for such conditions. These
results may be a valuable tool for validating numerical models
and simulating performance in alternate conditions.

APPENDIX

DEFINITION OF ERROR METRICS

The statistical metrics used to evaluate the error in field
measurements are the root-mean-square-error (RMSE), mean
percentage error (PE), bias (b), scatter index (SI), and the linear
correlation coefficient (R). These parameters are defined as

RMSE =

√∑N
i=1 (ŷi − yi)

2

N
, (8)

PE =
100

N

N∑
i=1

ŷi − yi
yi

(9)

b =
1

N

N∑
i=1

ŷi − yi (10)

SI =
RMSE

y
(11)

R =

∑N
i=1 (ŷi − ŷ)(yi − y)√

[
∑N

i=1 (ŷi − ŷ)2][
∑N

i=1 (yi − y)2]
(12)

where N is the total number of observations, ŷi is the measured
value for the i-th observation recorded by the Keller pressure
sensors, yi is the measured data recorded by the Sofar Spotter
buoy considered here to represent the true values, and overlines
represent time averages.
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