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A B S T R A C T

It is expected that wave energy technologies will play a future role in providing clean renewable energy and
diversifying energy portfolios; however, they are still at an early stage of development compared to other re-
newables, with varying archetypes proposed. As technologies advance toward commercialization, benchmarking
is needed to quantify performance and costs. In this review, experimental datasets of Wave Energy Converter
(WEC) devices tested in the final stage of the Wave Energy Prize (WEPrize) are compared and ranked using
performance metrics found in the literature and those developed as WEPrize judging metrics at both U.S. and
European representative wave climates. Because the WEPrize devices were tested under a set of identical sea
states, which ranged from typical operating conditions to extreme storm events, consistent datasets were pro-
duced to facilitate comparison. This allows for a rare addition to the open literature on device performance
trends. In addition, a reevaluation of trends established in previous power performance benchmarking studies is
given. Trends found in previous studies were confirmed, except for the absorbed energy per characteristic mass
metric, in which some of the WEPrize devices had higher values. Each of the metrics considered in this study has
limitations due to the assumptions in simplifying the economic potential (e.g., power absorbed vs. a proxy to
cost). In addition, each of these proxies is limited to the capital cost of a device, unlike the final metric used in
the WEPrize, HPQ, which includes limited proxies of operational and capital expenditures, as well as array
considerations. Recommendations are given for the use and potential modification of the metrics considered.
Specifically, it is recommended that the ACE metric (from the WEPrize) be modified to more accurately include
the other important system costs, such as the PTO and mooring, as well as installation, operation and main-
tenance costs.

1. Introduction

The global need to diversify energy portfolios, expand energy sup-
plies and reduce carbon emissions, has motivated research and devel-
opment (R&D) of wave energy conversion (WEC) technologies that
convert the potential and kinetic energy contained in ocean waves and
swells into electricity [1]. Dozens of WEC devices comprising about half
a dozen different WEC archetypes (point absorbers, attenuators, oscil-
lating surge, overtopping, oscillating water columns) have been re-
searched, tested and demonstrated over several decades [2–4]. How-
ever, most of these R&D efforts have focused on advancing a single
device. With little incentive to publish results, data has often been too
limited and inconsistent to permit normalized performance compar-
isons among different devices and archetypes [5]. Ranking devices and

archetypes to discern performance trends has been difficult because the
performance of each device evaluated is sensitive to the quality of the
test conducted and the resource used, quality of the data, and differ-
ences in the maturity of the devices.

Despite these challenges there is a need to conduct performance
benchmarking studies on a regular basis to elucidate performance
trends and progress among different WEC devices and archetypes, as
well as potential technology advancement and cost-reduction path-
ways. Previous benchmarking studies have addressed published data
limitations by normalizing performance data, using numerical models
and assumptions to derive inputs for the performance metrics con-
sidered, e.g., [5,6]. Others have developed non-proprietary reference
point designs of WEC archetypes, e.g., [7] to quantify performance and
cost benchmarks, and identify cost reduction pathways. The

https://doi.org/10.1016/j.rser.2018.09.002
Received 31 January 2018; Received in revised form 16 July 2018; Accepted 3 September 2018

⁎ Corresponding author.
E-mail address: ardallm@sandia.gov (A. Dallman).

Renewable and Sustainable Energy Reviews 98 (2018) 79–91

1364-0321/ © 2018 Published by Elsevier Ltd.

T

http://www.sciencedirect.com/science/journal/13640321
https://www.elsevier.com/locate/rser
https://doi.org/10.1016/j.rser.2018.09.002
https://doi.org/10.1016/j.rser.2018.09.002
mailto:ardallm@sandia.gov
https://doi.org/10.1016/j.rser.2018.09.002
http://crossmark.crossref.org/dialog/?doi=10.1016/j.rser.2018.09.002&domain=pdf


performance metrics in these benchmarking studies vary, with some
studies comparing normalized hydrodynamic performance of different
devices and archetypes, e.g., Babarit [6], others comparing levelized
costs of energy (LCOE), e.g., [7–9], and others comparing normalized
reduced cost-performance metrics, e.g., the annual absorbed energy per
characteristic mass [5].

As hydrodynamic and power performance metrics are relatively
simple to extrapolate from published data, e.g., capture-width-ratio
(CWR), benchmarking studies using these metrics can include a large
enough number of devices and archetypes to discern potential trends,
e.g., [6]. In fact, among the studies reviewed here, [6] is the only one
that found any discernible performance differences between the devices
evaluated. Values of CWR for fixed oscillating wave surge converters
(OWSC) were notably higher than heave activated and oscillating water
column (OWC) archetypes. While CWR and other hydrodynamic/power
performance metrics are important performance attributes to consider
when selecting a generating technology, they do not provide a complete
basis for assessing the technology's investment potential because it does
not include cost.

Levelized cost of energy (LCOE), the per-kilowatt-hour cost of
building and operating a generating technology over an assumed life-
cycle, is the standard and ultimate measure of cost-performance
(competitiveness) for an energy generating technology [9]. But LCOE is
difficult to estimate accurately for nascent technologies with little op-
erational experience and large uncertainties in costs. For this reason,
researchers, e.g., [5], have introduced reduced cost-performance me-
trics that can account for the main cost drivers. These metrics provide
some measure of the investment potential of the technology, and at-
tempt to facilitate a practical approach to update and extend perfor-
mance databases until operational experience can narrow uncertainty
gaps.

Babarit et al. [5] found that normalizing annual absorbed energy by
a characteristic mass, surface area, and root-mean-square (RMS) power-
take-off (PTO) force, resulted in similar cost-performance for eight
different devices representing three different archetypes. Performance
ranking was dependent on the cost-performance metric, reflecting, al-
beit at a low fidelity, key cost drivers for the technology and potential
cost reduction pathways. For example, a relatively low value for the
cost-performance metric using mass would indicate efforts should focus
on reducing structural costs. A relatively low value for the cost-per-
formance metric using PTO force would indicate efforts should focus on
reducing peak to average PTO loads. Some devices were more sensitive
to the metric used than others. The study of Babarit et al. [5] suggests
the need to develop higher-fidelity cost-performance metrics that in-
clude some of the more important costs included in an LCOE calcula-
tion, but avoids other costs with high uncertainty.

In the present study, experimental datasets from 1/20th physical
model scale tests, generated as part of the US Department of Energy's
(DOE) Wave Energy Prize (WEPrize) [10,11], were used to calculate a
variety of performance metrics, including a reduced LCOE metric de-
veloped for the WEPrize, and normalized hydrodynamic and cost

performance metrics used in the benchmarking studies of Babarit et al.
[5,6]. As these datasets were collected using consistent methodologies
from high-quality physical model tests, they present a rare opportunity
to: 1) Compare, rank and benchmark the performance of different WEC
devices; 2) Evaluate the effect of different performance metrics on
ranking; and 3) Reevaluate performance trends observed by Babarit
et al. [5,6].

While this paper focuses on a performance comparison between the
WEPrize WECs and between other WEC technologies and concepts, it
must be noted that the WEPrize was a competition carried out over a
period of just over 1.5 years. The contest had very aggressive timelines
and many contestants developed their WEC from a concept through to a
1/20th scale physical model. These scaled models do not completely
represent a full-scale implementation (e.g., full PTO implementation
and efficiencies considered). At 1/20th scale it would be physically
impossible to have the test article PTOs fully replicate the working
principles and efficiencies of full-scale PTOs, so only the wave to test
article energy conversion was measured. Furthermore, given the focus
on early stage innovative concepts and the short timeline for the
WEPrize, it seemed unrealistic to ask the contestants to develop a
complete cost estimate for their designs, hence a performance metric
was used in place of levelized cost of energy to judge these early stage,
low TRL concepts.

For each WEPrize device evaluated herein, the data were collected
from a one-week intensive test campaign where the teams had much
less time than what would be available in a typical model test to setup
their device, fine tune their sensors and DAS, optimize their controller,
and fix any issues. Thus, because of the short development duration and
short test duration, the performance measures do not necessarily reflect
the full potential or best results from any device (see Appendix A).

2. Testing facility

The WEPrize data considered in the present study is from the final
round of testing [11] which occurred at the Maneuvering and Sea-
keeping (MASK) Basin at the Carderock Division of the Naval Surface
Warfare Center (NSWC) in West Bethesda, Maryland. Testing at the
MASK basin used a Froude-scale factor of 20 (e.g. each team tested 1/
20th scale physical models). The MASK is 98.3m by 61.7m in area and
is 6.1m deep at the WEPrize testing location. The wavemaker can
produce multi-directional and short crested seas, multiple sea states at
various headings, and synthesize wave grouping and episodic events. It
has 216 pivoting paddles along two adjacent sides of the basin, and
each paddle is 0.658m wide, with a hinge depth of 2.5 m. It can pro-
duce a fully developed seaway (Pierson-Moskowitz spectral distribu-
tion) of 35 cm in significant wave height and high steepness focused
waves of 50 cm in significant height [12]. The sea states used for the
WEPrize included both head and off-head directions, and the direc-
tional configuration is shown in Fig. 1.

Nomenclature

AAE annual absorbed energy
ACE average climate capture width divided by characteristic

capital expenditure
ACCW average climate capture width
AEP annual energy production
CCE characteristic capital expenditure
CP incident wave energy flux
CWR capture width ratio
DOE United States Department of Energy
HPQ hydrodynamic performance quality

IWS irregular wave state
LCOE levelized cost of energy
MASK Maneuvering and Seakeeping basin
NSWC Naval Surface Warfare Center
OWC oscillating water column
OWSC oscillating wave surge converters
PTO power-take-off
RM DOE Reference Model
RMS root-mean-square
WEC wave energy converter
WEPrize U.S. DOE Wave Energy Prize
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3. Wave energy converter performance metrics

This study calculated several performance metrics, including the
capture width ratio, CWR (the hydrodynamic performance metric re-
viewed by Babarit [6]), the annual mean absorbed power [kW] and
reduced cost-performance metrics introduced by Babarit et al. [5], and
a reduced cost-performance metric developed for the WEPrize [13]. The
reduced cost performance metrics used in this study include:

• Capture width/characteristic device diameter (CWR)

• Annual absorbed energy/characteristic mass [kWh/kg]

• Annual absorbed energy/wetted surface area [MWh/m2]

• Annual absorbed energy/RMS PTO force [kWh/N]

• Capture width/characteristic capital expenditure (ACE) [m/$M]

The ACE metric was developed for the WEPrize to evaluate different
WEC devices at early stages of technology development when in-
formation is insufficient to calculate a full LCOE. ACE is defined as:

=ACE ACCW
CCE (1)

where Average Climate Capture Width (ACCW) is a measure of the
effectiveness of a WEC at absorbing power from the incident wave
energy field in units of meters [m], and Characteristic Capital
Expenditure (CCE) is a measure of the capital expenditure in com-
mercial production of the load bearing device structure in units of
millions of dollars [$M]. The ACE metric, in the simplest terms, is the
ratio of device performance (capture width in m) to device structural
cost (in $M). A complete description of the development and explana-
tion for the ACE metric can be found in Jenne et al. [13].

In addition to the ACE metric, the WEPrize utilized the hydro-
dynamic performance quality (HPQ) metrics to determine the final ACE
ranking of the WEPrize teams that passed a designated ACE threshold.
HPQ metrics can be visualized as the ACE score multiplied by factors
that would increase or decrease the ACE value depending on the de-
vice's performance during testing. The multipliers used were based on

the following measured HPQ metrics, where the multiplication factors
were determined with inputs from the judges:

• mooring loads,

• station keeping (watch circle),

• peak to average absorbed power,

• PTO behavior (end stop impacts),

• absorbed power in realistic (bimodal) seas, and

• control effort expended.

Typically, the HPQ multiplication factors had an impact of plus or
minus ten percent on the final ACE ranking.

The CWR metric is presented for dozens of WEC devices in [6], and
these are compared in this paper to the top seven finalists of the WE-
Prize. This addition to the wide variety of archetypes in [6] allows for a
broad comparison of technologies. Because the majority of the high
energy U.S. wave resource is on the West Coast and the water depth
increases rapidly, the WEPrize required devices that would operate in
deep water [10], whereas the CWR database [6] included shallow and
deep water devices, and a variety of fixed bottom and floating devices.
Babarit et al. [5] evaluated eight devices in their numerical bench-
marking study, but three of these devices are shallow water devices.
Therefore, only the five deep water devices are compared to WEPrize
devices for the four metrics in [5] for the sake of consistency. The de-
vices included in this evaluation are described in the next section.

It is noted that the WEPrize did not directly use the same metrics as
[5]. Thus to ensure consistent results, several additional steps were
taken: additional parameters were calculated beyond what was done for
the WEPrize, and additional processing of the data was performed in a
manner as similar as possible to [5]. When insufficient information was
available from WEPrize testing, the values of the metrics in [5] were
modified. For example, the total mass and surface area of the WEPrize
teams was readily available, but the wetted surface area had to be
measured or estimated to compare to Babarit et al. [5]. Furthermore,
the mass of the WEPrize teams only included the load bearing structure,
and did not include moorings or foundations. Deeper water devices in
[5] that had an additional factor added to the characteristic mass or
wetted surface area to account for moorings or anchors/foundations
were adjusted to allow a fair comparison with WEPrize technologies
using data given in the full report of the WEC numerical benchmarking
project [14].

For the absorbed energy per RMS of PTO force, there are limitations
to the number of data points considered in this study. For WEPrize
devices with rotary PTOs that transform absorbed power as the product
of torque and angular velocity, the linear PTO force values were not
available, and would require a number of assumptions to convert to a
representative linear PTO force. Therefore, only four of the WEPrize
devices are compared with this metric. In addition, only three of the
five deep water devices have absorbed energy per RMS of PTO force
reported in [5].

For the wave resource and absorbed energy, Babarit et al. [5] used

Fig. 1. MASK basin, with incoming wave directions specified for the WEPrize
test conditions.

Table 1
ACE sea states and scaling factors.

Sea State TP HS Dir Scaling Factors for Each Climate

(s) (m) (deg) AK WA N. OR OR N. CA S. CA HI

IWS 1 7.31 2.34 10.0 0.243 0.137 0.155 0.175 0.207 0.152 0.328
IWS 2 9.86 2.64 0.0 0.332 0.277 0.307 0.268 0.230 0.270 0.245
IWS 3 11.52 5.36 − 70 0.075 0.041 0.056 0.058 0.012 0.014 0.001
IWS 4 12.71 2.06 − 10.0 0.200 0.338 0.344 0.295 0.466 0.391 0.133
IWS 5 15.23 5.84 0.00 0.024 0.022 0.037 0.034 0.16 0.010 0.0
IWS 6 16.50 3.26 0.00 0.012 0.045 0.042 0.054 0.064 0.095 0.013

Average Annual Wave Energy Flux (CPj, kW/m)
35.5 32.7 39.3 37.9 31.5 31.2 16.8
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full scatter diagrams (or joint probability distributions, JPDs) of sea
states and power matrices for their numerical study. However, as the
WEPrize used tank testing data, absorbed power was directly measured
to evaluate device performance. Also, due to the tight testing schedule
required to conduct the WEPrize, only 10 sea states were simulated in
the tank. Details of the sea states simulated are described in Bull and
Dallman [15]. Sea states used for the ACE calculation are listed below
in Table 1. Due to the limited number of runs, the overall capture width
had to be calculated with specific weightings to represent a full wave
climate. The full wave climate for the WEPrize consisted of seven dis-
tinct climates from locations along the U.S. West Coast, as well as
Alaska and Hawaii. Therefore, the absorbed power for each of the six
sea states was multiplied by the individual scaling factors for a location,
and the sum was divided by the associated location's incident wave
energy flux per meter crest width to come up with the individual cap-
ture width, ACCWj. The final ACCW is calculated as an average over the
seven individual locations. More details are provided in Jenne et al.
[13] and the WEPrize rules [10]. For this study, the annual absorbed
energy (AAE, [kWh]) for the WEPrize devices was estimated as the
average of the individual ACCWj values [m] for each climate, multi-
plied by the incident wave energy flux, CPj [kW/m] for each climate
and the average number of hours in a year (8766 [h], which averages
three years of 8760 h and one leap year of 8784 h):

=
∑ =AAE

ACCW CP8766

7
j j j1
7

(2)

Babarit et al. [5] evaluated performance at five European wave
climates that are different than those used in the WEPrize. Each climate
in the WEPrize had individual scaling factors for each sea state to
properly represent the climate, including average annual power, as
described in [5,6]. For this study, the five additional European climates
were analyzed in the same way as the prize climates, and scaling factors
were determined for each so that the metrics could be calculated at the
five representative European climates as well (Table 2).

4. WEC devices

The five deep water devices from Babarit et al. [5] are compared to
the WEPrize devices in this study. Among those evaluated in [5], the
first is a small bottom-referenced heaving buoy (Bref-HB), which is an
axisymmetric buoy with ellipsoidal cross section floating on the ocean
surface. The PTO consists of a linear generator inside a steel hull
mounted on a concrete ballast structure on the sea bottom. It is ex-
pected to operate in 40–100m depth (considered intermediate to deep),
whereas the rest of the devices are expected to operate in deep water.
The second device is a floating two-body heaving converter (F-2HB),
which is an axisymmetric self-reacting two-body heave system. A torus
slides along a cylindrical float, and the device has a hydraulic PTO
system. The third device is a floating heave-buoy array (F-HBA), which
is composed of many heaving buoys connected to a common submerged
reference structure. The submerged structure includes a hydraulic PTO
system. The fourth device is a floating three-body oscillating flap device
(F-3OF), which consists of four surface piercing hinged flaps which are
all connected to a floating frame. The relative motion between each flap
and the structure is converted to energy with a hydraulic PTO. The fifth
device is a floating oscillating water column (F-OWC), known as a
backward bent duct buoy (BBDB). It has a single air chamber, and the
PTO consists of an air turbine connected to an electrical generator.

For the WEPrize devices, only seven finalists are included in this
comparison. Two of the devices are not included because the data were
questionable and the judges were not confident in the applied scaling.
As previously mentioned, data used to evaluate the WEPrize devices are
from a competition and not from a conventional model test. Thus, re-
sults do not necessarily reflect the full potential or best results from a
particular device (see Appendix A). Test plans, data, and images from

the WEPrize are available on the DOE's MHKDR site (https://mhkdr.
openei.org, [16–22]). The seven WEPrize devices considered in this
study can be found on the WEPrize website (https://waveenergyprize.
org/teams/), and are also summarized here.

• The AquaHarmonics's device is a point absorber with latching/de-
clutching control (the only device that had a control system that
worked as designed).

• The CalWave Power Technologies device is a submerged pressure
differential device (areal absorber).

• Waveswing America's device is a sub-sea pressure-differential point-
absorber.

• Oscilla Power's device is a two-body, multi-mode point absorber.

• RTI Wave Power's device is a wave terminator using a floodable/
submergible elongated wave front parallel float.

• Sea Potential's device is a two-body, multi-mode point absorber.

• Harvest Wave Energy's device is a combined OWSC (oscillating
wave surge converter) and heaving device.

It should be noted that during the WEPrize 1/20th scale testing, one
of Sea Potential's mooring load cells failed and was replaced with one
loaned from the test facility. While this made the data from one out of
three of their PTO's ineligible for consideration in the WEPrize analysis
and judging, those data are however considered in this study. Both
results are presented in this analysis and for clarity, ‘Sea Potential’ in
plots below signifies the official WEPrize results, and ‘Sea Potential*’
(with an asterisk) signifies data with all three PTOs.

The WEPrize devices can be classified in terms of Babarit [6] defi-
nitions as:

• AquaHarmonics: heaving device, like the Bref-HB device.

• CalWave: loosely a variant of a heaving device array. The working
principles of this device are unique, but share some common fea-
tures of the F-HBA device.

• Waveswing: heaving device, like the Bref-HB device

• Oscilla: heaving device, like the F-2HB device

• RTI: floating OWSC (oscillating wave surge converter – essentially
rotation), like the F-3OF device.

• Sea Potential: heaving device, like the F-2HB device

• Harvest: floating OWSC (oscillating wave surge converter – essen-
tially rotation), like the F-3OF device.

5. Results & discussion

In this section, values for the capture width ratio, the four metrics
from Babarit et al. [5], and the WEPrize ACE metric are presented for
the devices of the top seven WEPrize teams and the five deep water
devices from [5]. The HPQ metrics, which are only available for the top
four WEPrize teams that surpassed the ACE threshold, are also dis-
cussed. The section concludes with a discussion on the applicability of
the ACE metric and recommendations for modifying it in future work. It

Table 2
Scaling factors for European sites in [5].

Sea State TP HS Scaling Factors for Each Climate

(s) (m) SEM-REV EMEC Yeu Lisboa Belmullet

IWS 1 7.31 2.34 0.045 0.188 0.244 0.084 0.067
IWS 2 9.86 2.64 0.120 0.281 0.411 0.383 0.401
IWS 3 11.52 5.36 0.008 0.042 0.038 0.042 0.273
IWS 4 12.71 2.06 0.220 0.032 0.146 0.331 0.312
IWS 5 15.23 5.84 0.010 0.019 0.002 0.022 0.093
IWS 6 16.50 3.26 0.035 0.002 0.012 0.078 0.005

Average Annual Wave Energy Flux (CPj, kW/m)
14.8 21.8 26.8 37.5 80.6
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should be kept in mind that LCOE is the most comprehensive metric for
the market application at hand. Each of the metrics discussed in this
paper attempt to provide performance information about a device in a
much simpler way than calculating LCOE. These metrics are listed in
order of complexity, the simplest being capture width ratio, then the
four metrics from [5] that include a proxy of a portion of capital ex-
penditure, the ACE which uses a simplified value of the structural cost
of the device, and HPQ which attempts to add additional factors to ACE
to account for missing pieces of the total cost.

5.1. Capture width ratio

The capture width ratio is a measure of the hydrodynamic efficiency
of a device (in terms of energy capture not cost performance). The
average CWR of the WEPrize devices is listed in Table 3. Fig. 2 shows
the average CWR of the top six WEPrize team devices along with the
devices in (for clarity the Harvest device is not shown due to its large
diameter). For the WEPrize devices, the capture width is taken as the
Average Climate Capture Width (ACCW) at the climates used for the
WEPrize. The characteristic device diameter and CWR for the top seven
teams are shown in Table 3. The characteristic diameter is calculated as
in Babarit [6]:

=B A
π

4 w

(3)

where Aw is the device's maximum horizontal cross-sectional area and B
is taken as its characteristic, or equivalent, diameter for calculating its
capture width. Eq. (3) reduces to the diameter of a circle when the
device is a circular shape (e.g., vertical circular cylinder or hemi-
sphere).

The measured capture widths for AquaHarmonics and CalWave, the
first and second place winners respectively, were somewhat higher than
for Waveswing, the third-place team. Most devices in Fig. 2 with a CWR
above 30% are fixed bottom deployed in shallow water. Fixed bottom
devices may be difficult to deploy on the West Coast of the U.S. due to
the likelihood of scouring, which may make them difficult to permit due
to other competing uses and environmental restrictions. As a result,
large array deployments may not be permissible, which is why they
were not considered for WEPrize. However, near shore, fixed bottom
surge wave converters may have a significant advantage in smaller,
high energy cost niche markets, because their hydrodynamic efficiency
is much higher, and the cable cost is much lower, even though the wave
climate near shore is less energetic. It is clear from the data in Babarit
[6] (and shown in Fig. 2) that fixed oscillating wave surge converters
(OWSC, essentially rotating/oscillating devices like a flap) are very
efficient (hence the high CWR), however, deep-water devices such as
floating OWSCs (blue triangles) are not nearly as efficient because the
reaction body is not fixed. The WEPrize required deep-water devices, so
it is not expected that the CWR would be as high as bottom-fixed de-
vices.

Fig. 3 shows the top six WEPrize CWRs with the three DOE Re-
ference Model (RM) [7] WEC devices (RM3: point absorber, RM5: os-
cillating surge WEC, RM6: oscillating water column). The RMs were
used to determine the threshold for the ACE metric in the WEPrize.
CalWave is the only WEPrize device that has a larger average CWR than
all three of the WEC Reference Models.

The CWR for the WEPrize devices at the European climates used in
[5] is shown for comparison in Table 3 and is calculated as the ACCW
using the scaling factors in Table 2. The CWR values at the European
climates are within 1% of the CWR values at the WEPrize climates for
all devices except Calwave, in which the difference was slightly larger
(< 3%). The two larger sea states, IWS 3 and IWS 5 (see Table 1) have
low scaling factors for all the WEPrize climates, however they become
more significant for the Belmullet site, which has a much larger wave
resource than any others considered (Table 2). These two sea states

could be considered on the upper edge of operational conditions (closer
to survival cases at most sites), under which teams may have limited
their device motion to avoid damage. Calwave's capture widths for IWS
3 and IWS 5, although similar to other teams, is much lower compared
to their performance in other sea states; so larger weighting at Bel-
mullet has a bigger impact on their overall CWR. However, all teams
had a difference of less than 3% in CWR and, therefore, as Babarit et al.
[5] found, the capture width ratio is relatively insensitive to the cli-
mate.

5.2. Performance metrics based on absorbed energy and cost proxies

The four metrics defined in Babarit et al. [5] and calculated for the
WEPrize devices are shown in Fig. 4 for both the U.S. and European
climates. These four metrics, mentioned earlier, include (1) mean an-
nual absorbed power, and absorbed energy per (2) characteristic mass,
(3) wetted surface area, (4) root mean square PTO force. As expected,
the mean annual absorbed power depends on the wave resource at each
of the individual sites; the wave resource at the U.S. sites was given in
Table 1 and the resource for the European sites is given in Table 2. The
European sites in Table 2 vary more widely in their resource by design
(the intention of Babarit et al. [5] was to test the performance at
varying sites). Whereas the WEPrize targeted climates of likely de-
ployment in the United States, which have similar resource (except
Hawaii, which is lower).

The absorbed energy per characteristic mass (the second row of
plots in Fig. 4), only includes the load bearing structure and it high-
lights the differences in material choices for the top three WEPrize
teams. Waveswing was one of the only devices that is made primarily
from fiberglass and not from steel, resulting in a much lower mass
value. Waveswing is also a small device (characteristic diameter of
4m), and even though its mean annual absorbed power is very small, its
small mass allows it to score well using this metric.

The absorbed energy per wetted surface area ranking of the WEPrize
teams (the third row of plots in Fig. 4), is similar to their final WEPrize
ranking based on the HPQ. (For reference, the ACE and HPQ scores of
the WEPrize teams are shown in Figs. 8–10, and will be discussed in the
next subsection.) Finally, only four teams had PTO force measured
(rather than torque), and Waveswing has the highest values of absorbed
energy per root mean square PTO force.

Fig. 5 similarly shows the devices in Babarit et al. [5] for both the
U.S. climates used for ACE, and the five European climates. Note that
the performance data from the devices in [5] came from numerical
modeling, while the data from the WEPrize is from 1/20 scale tank
testing scaled up to full scale. Bref-HB is a very small device (based on
the Seabased WEC under development in Sweden), rated at 10 kW.
Therefore, the mean annual absorbed power is much lower than the
other 4 devices, however it compares more closely on the other three
metrics. For the absorbed energy per characteristic mass metric, this is
in part because the foundation mass (which was 20 Mg) was removed to
be consistent with the other devices, and would have been a large

Table 3
Capture width ratio for the top seven WEPrize teams.

Team Characteristic
diameter (m)

CWR at
WEPrize
climates

CWR at
European
climates in [5]

AquaHarmonics 15 23.2% 23.9%
CalWave 34.8 33.4% 30.7%
Waveswing 4 9.6% 9.4%
Oscilla 29.6 18.3% 17.8%
Sea Potential all

PTOs
26 13.4% 13.0%

RTI 28 12.8% 12.6%
Sea Potential 26 7.8% 7.6%
Harvest 108.6 4.1% 3.7%
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addition to the 11 Mg for the rest of the structure.
For ease of visual comparison, the four metrics for the WEPrize and

Babarit et al. [5] devices are also shown in one plot at the U.S. climates
in Fig. 6 and at the European climates in Fig. 7.

5.3. ACE

The ACE values of both the seven WEPrize teams and the five de-
vices from in Babarit et al. [5] are presented in Fig. 8. In the WEPrize,
ACE values were presented as a composite value for seven geographic

areas of Northwestern Pacific waters, which is the first column for each
device in the top plot of Fig. 8. The composite value for the five Eur-
opean sites is in the first column for each device in the bottom plot of
Fig. 8. In this work, we expand on what was done for the WEPrize and
separately present the ACE for the seven individual Northwestern Pa-
cific sites and the five European sites to show the influence of location
(wave resource) on ACE. For the Northwestern Pacific, devices tend to
have similar ACE values except at Hawaii where most WEPrize teams
have higher values. This result is because at Hawaii, IWS1 and IWS2
had large scaling factors (weighted higher), and devices from both
WEPrize and Babarit et al. [5] tended to have higher capture efficiency
for these sea states. While ACE scores varied between devices at the five
European sites, the ACE scores for each individual climate showed little
variation for the most part, even though site conditions varied widely.
However, Calwave, Harvest, and Bref-HB had much lower ACE scores at
Belmullet. The overall wave resource is much higher at Belmullet than
any other site considered in this study, which results in an increased
value of total absorbed energy, but a lower capture width due to the
large scaling factors for large (bordering extreme) sea states, which
devices are not typically designed to perform optimally at, and the
denominator of CWR being so large (80.6 kW/m).

Only one of the deep-water devices from [5], Bref-HB, exceeded the
ACE threshold. It was known during the development of the ACE metric
that a very small device could have a high ACE value, but would ulti-
mately have a very high LCOE when deployed in large arrays for bulk
power generation. Thus, the small sizes of Bref-HB and Waveswing put
them in another category where the ACE value, as currently defined, is
not necessary applicable and should not be used as a sole means of
comparison with the larger devices considered in this study. This is
because, for small converters, the LCOE for a wave farm array is un-
likely to be dominated by the structural cost of device, as assumed
when employing the ACE metric. Small converters will need to be in-
stalled in much larger arrays to achieve the equivalent energy pro-
duction of larger devices, and therefore the LCOE is likely going to be
dominated by installation and maintenance as well as the electrical
cable costs for the interconnection of the larger number of devices
needed to generate significant levels of power. This is discussed in more
detail in the following Lessons Learned section.

5.4. Comparison of ACE values with other metrics considered

The ACE rankings for the WEPrize devices (Fig. 8) are quite dif-
ferent than the absorbed energy per characteristic mass, Figs. 6 and 7.
Several points can explain this:

• the Waveswing device has a low mass, but its material was more
expensive per unit mass, which is not accounted for with the ab-
sorbed energy per characteristic mass metric;

• the Oscilla device has a large mass, but most of it is concrete, which
is much less expensive per unit mass than steel;

• the Sea Potential device is only composed of concrete, which is
much less expensive per unit mass than steel.

The five Babarit et al. [5] devices (Fig. 6) have low values of ab-
sorbed energy per characteristic mass as well. However, one developer
commented in the full report [14] that a significant amount of the
device's dry mass is cheap stone material, and simply using mass may
not be the best indicator for comparing concepts. Therefore, this metric
may only be useful when comparing devices that use the same materials
or materials with similar manufacturing costs, which is the reason the
ACE metric was designed to account for the different material costs in
the structure.

In contrast, the absorbed energy per wetted surface area follows the
trend of ACE rankings well. The only obvious outlier is the Waveswing
device which had the second highest ACE, but whose HPQ ranking was
third and is expected to be a more accurate reflection of the techno-

Fig. 2. Capture width ratio percentage plotted against device width for the top
five WEPrize teams, the WEC reference models, and the database values in
Babarit [6].

Fig. 3. Capture width ratio percentage plotted against device width for the top
six WEPrize teams and the DOE WEC reference models (RM3: point absorber,
RM5: oscillating surge WEC, RM6: oscillating water column). Note that Harvest
is not shown for clarity because the device width is so large (see Table 3).
SeaPotential* (with an asterisk) represents Sea Potential's results with all three
PTOs included.
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economic potential for similarly sized arrays compared to other devices.
Absorbed energy per wetted surface area may appear to be a simpler
proxy for ACE, however without directly relating to cost, a simpler
metric may not be useful for projecting which technologies will have
the lower LCOE. It is also recommended that modifications of ACE be
investigated to account for costs in addition to the primary structure in
as simple a manner as practical. Simple metrics, like unit energy cap-
ture per characteristic mass, will only be useful in situations where the
underlying technology attributes and operational situations are com-
parable.

It is difficult to compare the rankings of the absorbed energy per
root mean square PTO force to ACE since only four of the WEPrize
devices and three of the five deep water devices in [5] have the needed
data. More analysis of the type of PTO, rating, and cost as a portion of
the Capital Expenditure of a WEC system would be needed to fully
assess this metric, although it is expected to be important.

5.5. HPQ metrics

As described earlier, HPQ can be visualized as the ACE score
weighted by the device performance during testing to account for
several factors that impact LCOE but that are not captured in ACE.

However, individual HPQ metrics used in the WEPrize (shown in Fig. 9)
were only calculated for the four teams that surpassed the required
WEPrize ACE threshold of 3m/$M. For the Prize, the HPQ multi-
plication factors described in Section 3 were determined by a relative
comparison between the four technologies with input from judges, then
multiplied by ACE to come up with the final HPQ scores that are plotted
in Fig. 10. The individual metrics reveal intricacies of the technoeco-
nomic potential of each device. The metrics that were statistically
measured were normalized in order to compare devices of varying sizes
and capacities. The intention was to consider the impact of these me-
trics assuming that each device would be deployed in an array of the
same capacity. For example, the CalWave device is relatively large,
rated at 800 kW according to their WEPrize technical submission,
compared to the Waveswing device, which was rated at 65 kW.
Therefore, to deploy an array of 10MW, approximately 13 CalWave
devices and approximately 154 Waveswing devices would be needed.
The peak mooring forces, which will impact O&M, are even more im-
portant when many more mooring lines are deployed in an array. For
this reason, the statistical peak of mooring forces (see [10,13] for for-
mula), was normalized by both the number of lines per device, and the
Average Climate Capture Width (ACCW), which represents the capacity
of the device. Similarly, the statistical peak of watch circle and the end-

Fig. 4. Performance metrics in Babarit et al. [5] for the top 7 WEPrize devices, including Sea Potential with all PTOs (signified with an asterisk). The left subfigure
presents results at the combined and individual WEPrize climates, and the right subfigure is at the five European climates in Babarit et al. [5]. Note that the mass does
not include moorings or foundation. For clarity, the axis limits were set to encompass all but the Belmullet site, which has much larger wave resource (80.6 kW/m).
The values of the data points at that site are shown in Fig. 7.
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stop impact event values were normalized by ACCW. In Fig. 9, for the
first four metrics (the top four figures), a higher value represents a
negative techno economic impact, whereas in the fifth metric, ratio of
absorbed power in realistic seas, a higher value represents a positive
techno economic impact.

The peak to average power ratio is an important HPQ metric be-
cause it is a proxy for capacity factor, a common metric used in other
power producing technologies, such as wind turbines. Capacity factor is
the average electrical power generated divided by the rated peak
power, so peak to average absorbed power is an inverse proxy (high
capacity factor is favorable while low peak to average ratio is favor-
able). Although the WEPrize used representative PTOs, the actual PTO
rating necessary for a device will depend on the peak power absorbed
by the device, while the AEP is closely tied to the average power.
Higher peaks either require a higher PTO rating (which is more ex-
pensive), or a loss of energy produced as well as higher forces on the
selected PTO. Babarit et al. [5] studied the effect of limiting in-
stantaneous power on the mean annual power absorption for some of
the devices in their study. They found that the maximum PTO power
could at least be limited down to about 20 times the mean power
without significantly decreasing the mean annual output power. All
four of the WEPrize teams that met the ACE threshold had a peak to
average factor less than 10, with CalWave being the lowest at 5.2.

5.6. Lessons learned on the ACE metric

As stated in previous sections, the ACE metric was created with the
intention to quickly assess low TRL WEC devices. The authors believe
that the metric is successful in this regard, but is not without its lim-
itations. Using the HPQ score attempted to address limitations of ACE,
and include a measure of other techno economic factors.

One of the most significant assumptions that went into the creation
of ACE is that the largest contributor to LCOE (37–52%) is the cost of
the structure. This assumption is consistent across DOE efforts such as
the MHK Reference Models [23], as well as international MHK cost
reporting efforts [9,24]. However, with the variety of existing WEC
devices, and with the intention of discovering new technologies, it is
unrealistic to believe that the non-structural costs such as the Power
Take Off, Mooring, Foundation, etc. would be equivalently weighted
across all devices. Within the confines of existing state of the art WEC
designs (e.g., hydraulic PTOs vs direct drive rotary generators), one can
start to appreciate how the cost breakdown might vary significantly.

Lastly, as the ACE metric is defined it puts equal weight on struc-
tural cost and energy capture. However, if one were to follow the
simplified LCOE equation it can be shown that weighting structural cost
equally with energy production biases the results. The LCOE equations
is shown below:

Fig. 5. Babarit et al. [5] devices at the US ACE climates and the five European climates. Note that the mass does not include moorings or foundation.
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Fig. 6. Both sets of devices at US ACE climates. Note that the mass does not include moorings or foundation. The WEPrize devices include Sea Potential with all PTOs
(signified with an asterisk).
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Fig. 7. Both sets of devices at the combined and individual five European climates from Babarit et al. [5]. Note that the mass does not include moorings or
foundation. The WEPrize devices include Sea Potential with all PTOs (signified with an asterisk). To avoid skewing the view, the axis limits were chosen to enclose all
data except Belmullet which has a much higher wave resource. The values of the bars that are cut off are shown in the figure.
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=
+

LCOE
FCR CapEx OpEx

AEP
( * )

(4)

where FCR represents a lumped financing term known as the fixed
charge rate, CapEx includes all capital expenditures (structure, PTO,
mooring, initial permitting, etc.), OpEx represents operational ex-
penditures such as annual maintenance, and AEP represents the annual
energy production delivered to the grid. Therefore, a 10% change in
energy production will always result in a 10% change in LCOE, how-
ever a 10% change in structural cost depends on the FCR, OpEx, and
what percentage of the CapEx comes from the structure. Therefore, the
ACE metric is not a one-to-one representation of LCOE (e.g., doubling
the ACE from the 2014 state of the art does not necessarily reflect a
decrease in LCOE by one half). Additionally, ACCW does not account
for PTO efficiency, creating a bias towards devices that have poor
conversion efficiency but great power absorptions (i.e., a traditional
wells turbine). The limitations to the ACE metric listed above are not a
comprehensive list, however they give insight into what the most ap-
propriate metric might be depending on what is being compared.
Modifications could be made to the ACE equation to put more weight
on ACCW, or less weight on the CCE, to create a closer approximation of
the impact on LCOE. Another method would be to add an additional
term to approximate the impact of the other system costs, both CapEx
(PTO, Mooring, etc.) and OpEx. This is important because even if one
were to somehow eliminate the structural cost from the WEC the LCOE
would not go to zero. Using the DOE Reference Model 5 device, where
the structure accounts for approximately 41% of the LCOE, zeroing out
the structural cost would reduce the LCOE from $0.69/kWh to $0.41/
kWh. However, the ACE value would go to infinity, giving false im-
plications about the potential LCOE. If weighted appropriately, the ACE
value could be used to budget the appropriate balance between energy
improvements and structural cost reductions. Using the same estimates
from RM5, the raw material cost (not including labor) for RM5 accounts
for approximately $0.19/kWh. Therefore, significant improvements
must be made to both the energy production and cost for the technology
to be considered economically viable, and for this reason an augmented
ACE metric may be the best choice when comparing the economic

viability of different technologies.

6. Conclusions

The Wave Energy Prize performance data sets, which were collected
using consistent methodologies and are of high quality, present a rare
opportunity to compare, rank and benchmark the performance of dif-
ferent WEC device designs. Similar performance analyses by Babarit
et al. [5] and Babarit [6] used WEC and PTO simulations to derive
power performance metrics from which these comparisons were made.
In the present study, values of performance metrics were used to
compare and rank the performance of different WEC devices among the
top seven WEPrize finalists, and WEC devices evaluated in the studies of
[5,6], augmenting the databases, and allowing a reevaluation of trends
established in these power performance benchmarking studies. A
summary of results is given below.

• Out of the WEPrize devices, only the CalWave device has a higher
CWR than all the reference models.

• The third place WEPrze team, Waveswing's device, has a CWR much
lower than the first and second place teams.

• The annual absorbed energy differs greatly among devices, as found
in [5].

• The average CWR for the various wave technologies changes by only
a few percent in widely differing wave climates, as found in [5].

• Contrary to the result in [5], the absorbed energy per characteristic
mass varies among devices, with the devices of the top three WE-
Prize teams obtaining a value much higher than 1 kWh/kg.

• The absorbed energy per wetted surface area values are consistent,
except for the devices of the top two WEPrize teams, which have
much higher values.

• Comparing values of absorbed energy per characteristic mass (and a
related metric, power to weight ratio, PWR) is only recommended
for devices of similar materials; for example, Waveswing had a low
mass, but due to the more expensive material (filament wound FRP),
it does not reflect the techno economic comparison with devices of

Fig. 8. ACE at the US climates and the five European climates, and each individual climate for the top seven WEPrize teams and the five deep water devices from
Babarit et al. [5]. The WEPrize devices include Sea Potential with all PTOs (signified with an asterisk).
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other more common materials, such as steel.

• Absorbed energy per surface area correlates well with the HPQ
rankings for the WEPrize devices in this study; however, without
directly relating to cost, this simpler metric may not be as useful.

• Although PTO force is important, the absorbed energy per root mean
square PTO force metric could not be compared with all devices,
limiting the evaluation of this metric. Analysis of the type of PTO,
rating, and cost as a portion of the Capital Expenditure of a WEC
system would be needed to fully assess this metric.

• To improve the ACE metric, we recommend augmenting the
Characteristic Capital Expenditure (CCE) by including additional
cost estimates to account for the other important system costs, such
as the PTO, mooring, installation, and O&M costs.

• The HPQ metrics are also valuable for assessing the viability of a
concept, because they provide a measure of very specific physical
parameters that can be altered to increase the economic viability
and reliability of a concept. For example, the peak to average power
output is important, because the peak power determines the gen-
erator cost, while the average power determines the yearly revenue.
Determining the optimal peak to average power ratio requires an
economic tradeoff with a practical means of control. The way the
HPQs were applied in the WEPrize cannot be widely used in their
current form, because the values applied were judging inputs based
on the relative performance of the four teams that met the ACE
threshold.

• The devices of the three Wave Energy Prize winners, as well as
Oscilla (the fourth-place team), performed consistently in terms of
the ACE metric at both the U.S. and European climates. They also
performed better than the devices modeled in Babarit et al. [5].
Unfortunately, the ACE is not a universal cost metric and it does not
include several important attributes, like the moorings and the PTO,
as noted above. However, the winners advanced the state of the art
in terms of the ACE benchmark, which was the best available metric
at the time of the WEPrize.

In summary, when only comparing a single device, smaller devices
Fig. 9. HPQ metrics from the 1:20 testing for the top four WEPrize teams that
surpassed the ACE threshold of 3 m/$M.

Fig. 10. ACE and HPQ at the US and European climates for the top four WEPrize teams that passed the ACE threshold of 3 m/$M.
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will do better at metrics that compare energy absorbed to some proxy of
the capital cost for one unit. However, when comparing devices in ar-
rays at the same MW, O&M will become much more important.
Therefore, it is recommended that the LCOE proxies considered in this
study only be used for comparison of devices where structural material
cost is clearly the dominant cost, and the number of devices needed to
meet the application load be taken into consideration. The exploration
of simple additions to develop an improved ACE metric is also re-
commended.

Acknowledgements

This work was funded by the U.S. Department of Energy's Water
Power Technologies Office.

Sandia National Laboratories is a multimission laboratory managed
and operated by National Technology and Engineering Solutions of
Sandia, LLC., a wholly owned subsidiary of Honeywell International,
Inc., for the U.S. Department of Energy's National Nuclear Security
Administration under contract DE-NA0003525.

NREL is a national laboratory of the U.S. Department of Energy,
Office of Energy Efficiency and Renewable Energy, operated by the
Alliance for Sustainable Energy, LLC under contract No., DE-AC36-
08GO28308.

This paper describes objective technical results and analysis. Any
subjective views or opinions that might be expressed in the paper do not
necessarily represent the views of the U.S. Department of Energy or the
United States Government.

Appendix A

WEPrize Device Performance Disclaimer: The Wave Energy Prize
was a competition that had an aggressive schedule that moved teams
from a notional concept to testing a 1:20 scale physical prototype in a
period of just over a year. Unlike a conventional WEC technology de-
velopment timeline that could take two or more years of full time effort
to accomplish the same scope, these teams were working with limited
budgets and many of the teams held full time jobs during the compe-
tition. Several teams also had new concepts for which scaling laws have
not be developed and verified. Finally, for the 1:20 scale testing, each
team only had one week to deploy, configure, troubleshoot, test and
recover their WEC – there was very limited time to integrate data
streams, troubleshoot and fix issues, tune controllers and conduct all
the tests. Due to all of these constraints, several teams were not able to
develop an appropriately scaled prototype and many teams had issues
during testing (either in control, measurement, or device malfunction)
that limited the test or degraded device performance. Thus, the per-
formance of a concept measurement during the WEPrize does not ne-
cessarily reflect the full potential of the device. Given more time and
budget, many teams could have improved performance – but that is not
the nature of a prize.
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