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New cost-effectiveness metric for wave energy
converters: Extensive database and
comparisons
Michael A. Yusov, Jack Thwaites, Adi Kurniawan, Jana Orszaghova and Hugh Wolgamot

Abstract—Since the first attempt at harnessing ocean
wave energy in 1799, well over a thousand different wave
energy converters (WECs) have been invented and tested.
However, comparative studies of WECs are scarce, though
some have attempted to evaluate the relative potential of
different WECs using parameters such as capture width
ratio and mean annual power. Such metrics provide an
insightful perspective of the hydrodynamic performances
of different devices. However, the cost of wave energy
remains high—a challenge that restricts WECs from becoming an economically sustainable source of renewable
energy. Here we provide a novel comparison of different
WECs that involves both device performance as well as
relative cost. We propose a new dimensionless metric that
pairs capture width with surface area and accounts for the
relative cost via a first moment of area computation of a
device’s performance across a range of wave periods. A
collective database of many WECs with their new metric
scores is provided along with a primary discussion of
the feasibility of this metric. The database provides a
new form of comparison for WECs which more directly
considers the relative cost-effectiveness of different devices
than previously used metrics. The study is ongoing, but we
anticipate our database to be a starting point for further
analysis of the economic sustainability of WECs. Such
studies will help identify which classes of WECs are most
economically viable.
Index Terms—Capture width, database, economics, cost,
wave energy, wave energy converters.

I. I NTRODUCTION

S

INCE the first attempt of harnessing wave energy
in 1799 [1], many researchers and inventors have
recognized the potential of wave energy and have
developed well over a thousand different wave energy
converters (WECs) [2], [3]. However, harnessing wave
energy economically remains a challenge [4]. Part of the
reason behind this is the lack of an established benchmark with which to compare the economic potential
of WECs. While there have been numerous separate
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studies on specific WECs, there have been very few
studies comparing the performance of different WECs.
Literature comparing different WECs appeared mostly
in the 1970s and 1980s, e.g. [2], [5]–[10], but, more
recently, similar studies have been relatively scarce (notable exceptions include [11]–[14]). Without an established benchmark, it is difficult to judge the potential
of any new concept [15].
Capture width ratio has been widely used as a
comparative metric to analyze the hydrodynamic performance of WECs [11]. Though this metric provides
a valuable comparison of the ability of different devices to capture energy, it does not take into account
economical performance or does so only in a very
simplistic manner. Other studies often report mean
annual power, or compute absorbed energy per mass
and absorbed energy per surface area to assess the
relative economic viability of different devices [12].
However, such metrics are site-specific and they are
not nondimensional, limiting their usefulness so far.
Furthermore, some have attempted to estimate the
cost of wave energy more directly by approximating
the levelized cost of energy of different devices in
different settings [13], [14], [16], but such studies are
rare and generalising the methodology to different
devices would require extreme and unregulated approximations of the capital and operational expenses
of these devices. Though these comparative studies
provide a valuable perspective on the relative viability
of different devices, providing a reliable and relatively
easy-to-compute estimate of the economic potential of
different devices calls for a new form of comparison.
In this paper, we present a new metric to evaluate the
economic potential of different WECs. The motivation
is to have a single metric that is relatively easy to
compute and able to reflect the performance of a given
device in terms of capturing energy as well as how
expensive it is in terms of its capital expenditures,
thus improving the existing capture width ratio. This
paper outlines the computation of this new metric in
Section II and provides an initial database of the metric
across a selection of different WECs in Section III. It
is noted that there are many discrepancies across the
data set due to the inconsistent nature of information
reported in studies evaluating the performance of different WECs. These issues and the methods to make
the data coherent are also discussed. The growing
database is presented for the first time in this paper
together with some preliminary findings.
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II. M ETHODOLOGY
A. Capture width and capture width ratio
Capture width da is defined as the ratio of the
absorbed wave power P to the wave power flux J:
(1)

da = P/J,

The concept was introduced by [17] in the 1970s and
has since been widely used to measure the performance of WECs in terms of capturing energy.
A device’s capture width (measured in units of
length), represents the width of the wavefront through
which propagates the same amount of power as that
completely absorbed by the device. For a regular wave,
the wave power flux J is defined as the transported
wave power per unit width of the wave front, and is
given as
ρg 2 D(kh)|A|2
,
(2)
J=
4ω
where ρ is the mass density of sea water, g is the acceleration of gravity, |A| is the incident wave amplitude, ω
is the wave angular frequency, and D(kh) is the depth
function [18]:
D(kh) = tanh(kh) +

kh
,
cosh2 (kh)

(3)

which is a function of kh, k being the wave number
and h the water depth. For deep water, kh  1, we
have D(kh) → 1.
Capture width is often used to compute a WEC’s
capture width ratio, defined as the ratio of capture width
to a characteristic dimension B. This dimensionless
metric is relatively easy to compute and is often used
to evaluate a WEC’s hydrodynamic performance [11].
The WEC’s frontal width is most commonly used as the
characteristic dimension. The resulting capture width
ratio is then analogous to efficiency, but it can in theory
be greater than one since a WEC can absorb more
power than the wave power arriving within the WEC’s
front.
The WEC’s frontal width is a convenient parameter
to nondimensionalize the capture width, but it becomes
problematic when one tries to use it to compare different WECs. For instance, the capture width ratio of
a WEC which is tall but relatively slim, or long but
slender, would be relatively high. On the other hand,
a WEC that is wide would have a low capture width
ratio, even if its structural cost is comparable to the
former. One attempt to make a fairer comparison is to
use the longest dimension of the WEC as the nondimensionalizing parameter, but this does not do justice
to WECs which have no dominant dimension, such as
flaps, which can have comparable width and height.
Another possibility is to use the wavelength instead of
the device dimension to nondimensionalize the capture
width, but the resulting metric hardly reflects the cost
of the device.
B. Submerged surface area
For estimating the capital cost of a WEC, simple
device characteristics such as volume, surface area, and

mass can be used as general indicators of a WEC’s
cost. For this study, submerged surface area S was
used over other potential proxies because the cost of
the structure is arguably proportional to the device’s
surface area. Some studies use volume as an alternative
proxy, e.g. [19], but this may be inaccurate for some
devices such as flaps since they can be relatively thin
and so have very small volumes compared to their
surface areas.
Submerged (or wetted) surface area information is
more often available than the total surface area in studies of WECs which rely on linear numerical models.
As such, to minimize approximation, the submerged
surface area is used rather than the total surface area.
For WECs that have internal chambers (such as OWCs
and devices with internal tanks), the internal wetted
surfaces are included.
C. New metric
The proposed new metric combines capture width
with submerged surface area across a set range of
wave periods. After obtaining information of a device’s
capture width as a function of period along with its
submerged surface area, a new proxy dˆa is computed
to represent a WEC’s hydrodynamic efficiency using
capture width and surface area (similar to capture
width ratio). Furthermore, period T is rendered dimensionless (T̂ ) using submerged surface area and g:
dˆa = da /d,
r
g
,
T̂ = T
d

(4)
(5)

√
with d = S. Note that both dˆa and T̂ are dimensionless.
As the period range over which power was calculated varied between studies, it was decided to set
limits bounding a common range of periods to make
for a fair comparison between studies. These limits
are based upon a typical range of periods of ocean
waves and consist of a lower limit Tl , upper limit
Tu , and mean value To set to 4 s, 14 s, and 9 s,
respectively. For each device, these limits are converted
to their nondimensional form. The nondimensionalized
mean value T̂o (device-specific) is calculated as the
centroid of the area under the dˆa versus T̂ curve. Using
equation (5), the value of d that is required to match
the set value of To may be determined and we call this
value ds :
r
g
T̂o = To
.
(6)
ds
The nondimensionalized lower and upper limits can
then be determined by substituting ds back into (5):
r
g
(T̂l , T̂u ) = (Tl , Tu )
.
(7)
ds
The new metric is obtained by computing the first
moment of area of dˆa (T̂ ) between the limits T̂l and
T̂u :
Z T̂u
New metric =
(dˆa T̂ ) dT̂ .
(8)
T̂l
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In the case where the calculated limits fall outside the
range of periods for which data values exist, the data
is extended to the limits via linear extrapolation of the
first and last two data points (for lower and upper tails
of the curve, respectively). After extrapolation, the new
metric is calculated as before.
The idea behind using the first moment of area
rather than simply the area under the curve is to
capture the fact that a device that is small relative to
the wavelength is more economic. If two devices of
unequal sizes capture the same amount of power, the
smaller one will have a higher new metric score. The
new metric thus captures information about a WEC’s
power capture, both its level and bandwidth, as well
as its cost (as reflected by its surface area).
It can be shown that the new metric is approximately
proportional to the ratio between the mean power P̄
and the surface area S = d2 of a WEC,
Z
ρg ∞
P̄
vg da ST (T )dT,
(9)
=
d2
d2 0
where ST (T ) is the wave spectrum and vg is the wave
group velocity. Using the asymptotic value of the group
velocity in deep water, vg = gT /4π, we can write (9)
as
Z
P̄
ρg ∞ ˆ
=
T̂ da ST (T )dT̂ ,
(10)
d2
4π 0
after making use also of (4) and (5). With suitably
chosen limits T̂l and T̂u , the integral can be written
such that
Z T̂u
P̄
ρg
T̂ dˆa dT̂ ,
(11)
=
S
(T
)
T
o
d2
4π
T̂l
that is, the mean power per surface area is equal to the
new metric multiplied by some dimensional coefficient.
D. Data collection
Data was collected from published literature on a
case-by-case basis depending on how a given WEC’s
performance was reported. The data was extracted
from plots in performance studies of different devices
using a plot digitizing software [20]. When possible,
data was collected from capture width plots or capture
width ratio plots (with an added conversion step to
retain capture width). Since not every study used
presented information about capture width, in some
sources power absorption plots were used instead. In
such cases, power was converted to capture width
via (1). Information regarding the water depth was
attained from each study. The depth function D(kh)
is used to compute the wave power flux J according
to (2).
In studies that did not report the WEC’s submerged
surface area, the submerged surface area was estimated
using the available schematics of device prototypes
or model illustrations along with information about
the device’s draft or submergence. Studies that did
not provide sufficient device dimensions or detailed
schematics as well as draft data of the studied WEC
were not included in the database. In some cases,
if performance data was collected from a small-scale
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model of a given WEC but reported at full scale, the
surface area was computed at full scale for consistency.
Once capture width and surface area data had been
collected, the new metric could be computed as discussed in Section II-C. For computing the first moment
of area, trapezoidal numerical integration was used.
Due to the varying conditions and methods under
which capture width data was measured or computed
in different studies, further information was noted
during data collection. To compare results of similarlyoperating WECs, devices were classified based on three
characteristics: size/orientation, mode of motion, and
oscillator medium.
The size/orientation classification (Fig. 1) was split
into point absorbers (relatively small compared to
wavelength), terminators (long and orientated with the
longest dimension parallel to the wavefront), and attenuators (long and orientated with the longest dimension perpendicular to the wavefront). Note that these
definitions are less strict than the conventional ones. A
point absorber is conventionally defined as a heaving
axisymmetric device having a water plane dimension
much smaller than the wavelength, but here it does not
have to be strictly a heaving axisymmetric device. As
long as the device is relatively small compared to the
wavelength and does not have a dominant horizontal
dimension, it is categorised as a point absorber.
The mode of motion classification (Fig. 2) was split
into pitching, heaving, and surging (Note some devices
move in a combination of all three).
The oscillator medium (Fig. 3) classification was split
into oscillating bodies and oscillating water columns
(OWCs), with the latter divided into floating and fixed
sub-classifications. Each WEC was reported by abbreviating to the first letter of the classification and separating the classification categories with a slash (e.g. P / H
/ OB represents a point absorber moving in heave as an
oscillating body). Due to the challenge of fitting some
WECs into these categories, this classification system
is open to the addition of further categories.
In collecting data from such a wide array of sources,
it was also important to note the mode through which
the performance data was obtained in a given study.
As such, for each measurement it is noted whether
the new metric is computed from model test data or
numerical modelling data. Any further discrepancies
or specific conditions under which performance data
was obtained across different studies were noted as
well. Such information is necessary to ensure that any
comparison made will be as equitable as possible.
III. R ESULTS AND DISCUSSIONS
In total, 220 data sets were extracted from a wide
range of studies, and hence the data was organised
such that the metric was compared between studies
of similar testing methodologies. This paper reports
only on data from numerical studies using constant
PTO damping, regular waves, and no losses, to retain
a consistent data set. Furthermore, where multiple new
metric values of the new metric were obtained for a
single device (for example for different PTO values),
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Fig. 1. Orientation/size classification.
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Fig. 2. Mode of motion classification.
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Fig. 3. Oscillator medium classification.

only the highest score was retained. This filtered the
measurements down to a total of 35 over 32 different
devices [21]–[45] presented in this paper. The filtered
database is presented in Fig. 4 (ds , in metres, is shown
for each device in red text) along with the corresponding dˆa versus T̂ plots for each device shown in Figs. 5–
14. Note that the scale of the dˆa versus T̂ plot axes are
different across device categories. Figures 16 and 17
show how the metric varies with ds and time (based

on the year the study was published), respectively.
Referring to Fig. 4, we see that there is a very broad
range of new metric values, with the lower and uppermost values differing by over 2 orders of magnitude
(approximately 0.4 to 80). The fixed-bottom pressuredifferential device [21] ranked the highest by a large
margin, with a new metric score of 80.63, more than
twice the value of the next closest score of 38.4 [23].
This may be partly attributed to the fact that it had the
smallest ds value of all the devices at 8.15 m, implying
it would have the lowest cost (surface area) of all the
devices when scaled to capture waves of 9 second
mean period. Additionally, the device has the broadest
bandwidth (Fig. 5). Except for the A / H / OB and
P / S-H-P / OB categories, devices within the same
category seem to score quite consistently with one
another. This may be an indicator that the classification
convention used has been somewhat successful. For the
case of the P / H / OB devices, the air-filled compressible submerged volume appears to be an outlier here;
however, this may be explained by the fact that it is
the only non-surface-piercing device in this category.
In terms of comparing across device categories, it
is difficult to draw conclusions with a high level of
confidence due to the small number of devices in each
category, and especially with some categories being
represented by only a single device. Despite this, the
P / S-H-P / OB devices performed the “best” of all
the categories, with an average new metric of 12.05
(when excluding the fixed-bottom pressure-differential
study), followed closely by the T / P / OB devices with
an average of 9.62. The high new metric score of the P
/ S-H-P / OB devices may be attributed to the utilisation of all three modes of motion and their relatively
small spherical profiles compared to the wavelength.
As for the T / P / OB devices, the characteristic of
terminators being long and narrow along the length
of the incoming wavefront may infer large capture
widths relative to surface area, as reflected by their
relatively high average ranking. Of the two oscillating
mediums, oscillating bodies appear to outperform the
oscillating water columns. The three lowest scoring
devices were all OWCs, with scores of 0.5 or less. This
result is surprising, though may be explained by the
inclusion of the internal ducts and chambers in the
wetted surface area of these devices, likely leading to a
greater total submerged surface area and hence lower
new metric score relative to devices of similar outer
dimensions. Among the OWCs, it is interesting to see
the fixed OWCs score higher than the floating OWCs.
One might expect this result to be the opposite, as
fixed OWCs generally have large submerged surfaces
that do not actively contribute to power capture. Upon
further analysis, it was noted that the two highestscoring fixed OWCs were breakwater mounted and
that the submerged surface area was calculated with
the exclusion of the breakwater area (for consistency
with studies with no breakwater dimensions). Hence
when disregarding the breakwater-mounted cases, the
difference between the fixed and floating OWCs becomes much less apparent.
Figure 15 shows the plots of dˆa versus T̂ for the
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Fig. 6. As in Fig. 5, for P / S-H-P / OB devices.
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Fig. 7. As in Fig. 5, for P / H / OB devices.
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highest-scoring device in each category. Seeing the
curves plotted on the same set of axes provides more
detail on how each device received their new metric
score. Here it is clear why the fixed-bottom pressuredifferential device scored so much higher than rest: it
has a high broad-banded response which is centered
at a higher T̂ value compared to all the other devices.
Referring to Fig. 16, as an approximate trend the new
metric has a negative correlation with ds , although for
ds < 35 m there is a high variance in the new metric
values and no clear relationship with ds . In simple
terms, any given high-scoring device will likely have
a relatively small ds value, but any given device with
a relatively small ds will not necessarily have a high
new metric score. Looking at a ds ≥ 35 m, except for
one device, there are no WECs with scores above 5.
Hence according to the data set, for devices scaled
to capture power from a mean period of 9 seconds,
devices with moderate to large surface areas appear
to consistently perform average or below. As for the
moderate to small surface area devices, no claims can
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appear to be made other than smaller surface area
devices may have greater potential to be economical.
Fig. 17 shows the new metric values versus the year
of publication across device types. From the present
data set, there does not seem to be any relationship
between the new metric and the publication date of
the study. Due to the lack of studies before 2007 and
the use of only numerical data, no substantial claims
can be made about the advancement of WECs over
time. This figure, however, does highlight the gap in
research activities between the mid-1980s to mid-2000s.
Since no prior studies have used this new metric,
its validity as an indicator of economic potential is
further discussed. Submerged surface area was used
as the preferred metric to represent the capital cost of
a device, though other proxies representative of capital
cost could be used instead such as the device’s volume
or mass. Surface area was deemed a better proxy
than volume because the amount of material to make
the structure correlates better with a device’s surface
area than its volume. Though submerged surface area
was deemed most accurate for this study, it is not a
perfect indicator of a WEC’s capital cost, especially
since other components contribute to the capital cost
besides the structural cost, e.g. the power take-off
system and foundations. Another factor to consider
is manufacturability, which may differ from one WEC
to another. Some WECs, due to their unconventional
shapes or modes of motion, may be more expensive to
build than others.
Additionally, there were several devices where the
submerged surface area differed significantly from the
total surface area, highlighting another limitation of
submerged surface area as an indicator of cost. For
example, the WITT WEC [24], [46] had a submerged
surface area that was half of its full surface area, resulting in a doubled new metric value compared to the
one obtained using the total surface area. However, of
the information that is commonly attainable from WEC
performance studies, submerged surface area seems to
be the most practical indicator of a device’s capital cost.
Clearly, the total cost of a WEC is not comprised of
its capital cost only, but also its operational cost. The
latter has not been considered in this study.
This study is ongoing, and many more measurements could be added to obtain a representative data
set of the most relevant types of WECs. In particular,
thus far there are no measurements of overtopping
devices.
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Fig. 15. Plots of dˆa versus T̂ for highest-scoring device in every
category. Refer to Fig. 16 for colour legend.

This study introduced the use of a new metric to
approximate the economic potential of different WECs.
A database of the new metric is presented across
different WECs. Despite the significant advancement
of the field of ocean wave energy in the form of the
invention and development of hundreds of different
WECs, economically harnessing wave energy remains
a challenge that restricts wave energy from becoming
a globally used source of renewable energy. This has
been highlighted by this study as shown by the lack
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of noticeable improvement in the new metric scoring
of WECs over time. Along with the general advancement of wave energy technologies, it is important to
cultivate WECs that are economically sustainable. Furthermore, of the plethora of different designs currently
available, evaluating their economic performance has
helped identify which types of devices may be most
economically sustainable. A classification system was
developed to group WECs of similar characteristics,
providing another method of comparison. Of the devices examined in this paper, point absorbers moving
in all modes of motion and terminators moving in
pitch appear to be the most economically promising.
Furthermore, this study suggests that there is a certain
surface area value beyond which it would be increasingly difficult to make an economically viable device.
Again, these claims should be taken with great consideration of the small number of devices examined,
and the under-representation of some device classes.
In summary, the new metric introduced in this study
will help place existing and future WECs in perspective
with one another in a way that considers not only their
ability to capture energy but also their capital cost.
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