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A general and widely applicable methodology to assess and present the performance of wave energy
converters (WEC) based on sea trials is presented. It is meant to encourage WEC developers to present
the performance of their WEC prototypes, on a transparent and equitable way while taking care of
possible discrepancy in the observed performance of the WEC. Due to the harsh uncontrollable condi-
tions of the sea that is encountered by WECs during sea trials, some of the performance of the WECs
might be sub optimal and the data sets not fully complete. The methodology enables to filter the data by
applying a selection criterion on the performance data that was obtained for a certain range of wave
conditions. This selection criteria result in a subset of performance data representing the performance of
the WEC for specific wave conditions, from which an average value an appreciation of the related
uncertainty can be derived. This can lead to the estimation of the annual energy output of the WEC at its
test location, while it also provides a method to estimate its annual energy output for another location of
interest and possibly also at another scaling ratio. The same methodology can also be used to perform
parametric studies with environmental or device dependent parameters and to analyse the power
conversion chain from wave to wire, which both could lead to an enhanced understanding of the

performance and behaviour of the WEC.
The same methodology is also applicable to tidal devices or any other developing technologies that are

used in an uncontrollable environment.
© 2012 Elsevier Ltd. All rights reserved.

1. Introduction

on tank testing and sea trials. However, it has been shown that
there is a need of having even more developed standards in ocean

Numerous documents have been published by different
research entities in various countries regarding the development
and performance analysis of wave energy converters (WEC) based
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energy as standards are expected to contribute positively to the
development of the industry [1,2]. Existing literature on the
presentation and analysis of WEC sea trial performance data
focuses primarily on commercially ready or well-established
devices rather than those under development. Some of these
related documents are [3—7].

This paper provides a methodology for the analysis and
presentation of data obtained from sea trials of wave energy
converters and is an expansion of the related EquiMar protocols [8].
The equitable aspect of this methodology lies in its wide applica-
tion, as any WEC at any scale or stage of development can be
considered as long as the tests are performed in real sea conditions,
and that the results contain statistical information concerning the
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Nomenclature

AEP annual energy production [Wh]
Contrib contribution to the available wave energy resource [-]
Cl confidence interval

CL confidence level

Himo estimate of the significant wave height derived from
spectral moment, 4,/mg [m]

g gravitational acceleration [m/s?]

n number of data points

my spectral moment of the nth order [m?f"]

L dimension, e.g. length [m]

LF load factor [-]

P power output [W]

Prob probability of occurrence [-]

average power output [W]

Paverage

Pyave wave power [W/m]

S sample standard deviation

t* statistical parameter representing the confidence level
of the confidence interval

Te wave energy period (m_q/mg) [s]

v characteristic velocity [m/s]

n non-dimensional power performance (also referred to

as efficiency) [-]

TNzone non-dimensional power performance for the wave
conditions of a zone [-]
ni non-dimensional power performance of
a performance data point [-]
A scaling ratio, requiring geometrical similarity = L¢/Lp, [-]
WEC wave energy converter

stated performance of the WEC. This will allow the estimation of
the annual energy production (AEP) of the WEC at any scaling ratio
and location of interest. The representation of the performance will
be better resolved when more performance data has been gathered
and consequently its statistical reliability will be increased.

The harsh environmental conditions in which sea trials are
performed involve a large range of engineering development and
device monitoring challenges, since the offshore environment is by
nature uncontrollable and only predictable to a certain extent.
Unfortunately this can incur significant costs during device devel-
opment and, even with heavy investment, some WEC components
or measurements can still perform poorly. In addition, having the
WEC tested in every possible sea state can require very long trials,
since some conditions occur only very infrequently. This often leads
to testing campaigns that are not as extensive as desired. Therefore,
the performance analysis should be robust enough to allow using
suboptimal performance data that are obtained from sea trials that
are not fully completed. In other words, this methodology is
focused at retrieving the maximum amount of useful information
out of incomplete data sets.

This methodology presents means to assess the performance of
a WEC, tested in real sea conditions, by evaluating its performance
(in a first approach) separately for different wave conditions. These
“different wave conditions* are defined as zones and the range of
their corresponding wave parameters is defined in accordance with
the availability of data and resolution of the scatter diagram [9]. For
each of these zones, the performance of the WEC will be stated
together with a statistical parameter describing the reliability of the
stated performance. Based on the performance of each zone, an
overall appraisal of the performance can then be created. Once the
non-dimensional performance is characterised for the specific
wave parameters of each zone, it can be translated to scatter
diagrams of other locations of interest or used for different scales of
the device. The methodology facilitates as well parametric studies,
as the performance data can be chosen accordingly.

The uncertainty of the performance for a zone is based on the
selected performance data that are chosen to represent the sea
conditions. A minimum number of data points must be considered
for each range of zones in order to ensure that the results are both
repeatable and reproducible, and a limit is set regarding the
maximum range of a sea state. Although the representation of the
environmental conditions in which the tests occur will be reduced
to the bi-variate Hyg — Te scatter diagram, the influence of other
environmental parameters is still expected to be present in the
representation of the performance by the inclusion of different data
points for each sea state. The extent to which other environmental
parameters or even device dependent parameters influence the

performance of the WEC can also be investigated using this
methodology.

2. Overview of the methodology

A schematic overview of the different steps and possible
applications of this methodology are given in Fig. 1. The arrows
surrounding the figure indicate that the process can be repeated
throughout the sea trials, especially when more data becomes
available.

In general, while the same methodology can be used at any stage
of development of a WEC as long as the tests are performed in real
sea conditions, there are three principal applications:

e The assessment of the AEP of the WEC at its test location. The
results of this analysis can subsequently be used to estimate the
performance of the same WEC at another location of interest. In
the case that the device is to be scaled or used at another
location, the data can be scaled correspondingly and the results
can be used to validate a numerical data model.

e The assessment of the available energy at various stages of the
energy conversion chain from wave-to-wire. This offers an
individual view on specific energy conversion steps, allowing
characterisation of each steps behavioural trend relative to the
wave conditions.

e The assessment of the influence of a specific environmental or
device dependent parameter on the performance of the WEC,
possibly at various energy conversion steps.

Irrespective of the eventual application of the method, the
procedure consists of three main parts. The first part intends to pre-
process the environmental data (e.g. waves, tides, wind, etc.) and
the performance data (e.g. mechanical power, electricity trans-
mitted to the grid, etc.). This consists of establishing the environ-
mental matrix that contains all parameters used to characterise the
environmental climate at the test site. This environmental matrix
has to be based on long term data, typically 10 years or more for
wave data [10], in order to cover all the long and short term vari-
ability of the individual parameters. This can then be simplified into
the scatter diagram, determined by Hp,0 and Te.. The performance of
the WEC at the conversion stage of interest — in terms of power
output (P) or available power — is processed relative to its corre-
sponding environmental conditions in order to obtain the non-
dimensional performance values of the WEC, and forms the basis
of the procedure. In cases where various energy conversion steps or
other device dependent or environmental parameters are investi-
gated, then they must also be included in the data at the beginning.
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Fig. 1. Overview of the equitable performance assessment and presentation methodology.

As they will impact the later development of the process, it is
necessary to capture their impact on the initial data.

The processing of the environmental and performance data is
achieved by clustering the data into “zones.” Each zone is delimited
by a specific range of the environmental matrix (typically in terms
of Hpo and Te) and includes a certain amount of performance data
points. For each zone, a non-dimensional power performance
(Mz0one) Will be calculated, together with a corresponding uncer-
tainty based on a selected subset of the performance data points
that are included in the zone. The size and the location of the zones
on the environmental matrix are defined corresponding to the
available data and overall environmental matrix. The selection of
the data points that represent a zone has to be done carefully as it
influences the stated 7,0ne and its related uncertainty, which are at
the basis of the calculation of the AEP of the WEC.

The post-processing summarises and presents the outcomes of
the specific application of the methodology, as identified at the
beginning of this section.

3. Pre-processing of the data

3.1. Environmental matrix

Characterising the real sea environment for which WECs are
intended is complex, as the number of parameters that are involved
is large and their possible definition can be ambiguous, e.g. the
description of the characteristic wave height. The environmental
matrix, comprising n dimensions, therefore represents a summary
of the numerous parameters describing the environmental condi-
tions at a particular location. To capture the overall variability of the
environment, they should be based on time series of data covering

sufficient duration — 10 years or more for waves [10] — although it
can be difficult to find 10 years of verified measured wave data for
a particular site. Therefore, in order to maintain the minimal
environmental uncertainty, it is common to resort to computer
model predicted data, using a validated model, typically calibrated
against short-term (3—4 months) measurements at location. Some
of the main required environmental parameters used with wave
energy converters are:

m Hpo:Significant wave height derived from spectral moments,
4/mg

m Te:Energy period (m_1/mg)

m Groupiness factor and wave height distribution

m Spectral characteristics (e.g. spectral width, etc.)

m Dominant wave direction and directional spreading

m Tidal range

m Water current speed and direction

In order to condense the large amount of information in the n-
dimensional environmental matrix and to make it easier to use, it
has to be simplified. This results in a scatter diagram that
summarises the long term average probabilities of occurrence
(Prob) of all wave height—wave period combinations (Hpo, Te). The
environmental scatter diagram is segmented into “bins”, of typi-
cally 0.5 m of wave height by 1 s of wave period. However,
depending on the conditions (and accuracy of the environmental
parameters etc.), the sizes of the bins can be adapted. For each bin,
representing a defined sea state, the probability of occurrence has
to be calculated.

In some cases, characterisation of the environment at the exact
location of the WEC is not possible, but is at some distance around
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it. For deep water conditions, this does not have a significant
impact, but for WECs placed on or at the coast line or in shallow
water sites, the measurements might not adequately represent the
conditions at the location of the WEC, e.g. the measured parameters
can be influenced by the object interference or diffraction,
including from the WEC itself. In this case, advanced 3D wave
measurement is required or another distant but robust measure-
ment can be used as reference for the plant, e.g. in deep water
conditions. The distant wave measurement might not very accu-
rately represent the wave conditions at the plant, but it is easier to
implement and is more reproducible, and therefore it can also be
more representative in order to estimate the AEP of the same WEC
at another location of interest.

3.2. Configuration of the data

All the measured time series of environmental and performance
data are reduced into characteristic values, representative over
a defined time span. The most commonly used time span is half an
hour [11], as for typical conditions it gives the best trade-off
between the accurate evaluation of the observed environmental
parameters and the statistical accuracy of the measurements. The
data selection will exclusively be based on the non-dimensional
device performance parameters and the environmental parame-
ters; therefore the corresponding n for every performance data
point (n;) should be included from the beginning. The n (sometimes
also referred to as efficiency) is the ratio between the power output
at the stage of consideration P, e.g. power supplied to the grid, and
the available wave power resource Py, for the given characteristic
width of the WEC (Eq. (1)).

_ P
" Pwave -width

Ut (M

Depending on the desired application, the amount of environ-
mental, performance or device dependent parameters of interest
can differ. In the basic case, where the performance of the WEC and
the estimation of its power production capabilities at test or other
location are assessed, only the most important wave parameters
(normally Hpmo, T and Pyave) and the power output is processed for
every data point. The power output can be calculated at any stage of
the conversion chain between the available wave power and the
electrical power supplied to the grid. For full-scale devices it is
desirable to do the power assessment as close to the grid
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connection as possible in order to obtain as confident power
production estimates as possible. For small scale devices it can be
useful to use an earlier reference in the power conversion chain,
from wave to wire, as losses in various power conversion steps
might change with device scale and power conversion losses
typically do not follow the Froude scaling law, which is typically
used for the scaling environmental parameters and overall geom-
etry of the WEC. These losses must be scaled following their specific
scaling law and thus still be integrated.

If the performance of the WEC is to be assessed at various power
conversion stages, then the related non-dimensional performance
parameters should be included. However, in the case that the
influence of another parameter, environmental or device depen-
dent is assessed, then the data should be arranged relative to this
new parameter. In other words, the data should be separated into
different data sets with respect to the influential parameter that is
being analysed. This influential parameter of interest can be of any
kind, e.g. it could define an aspect of the waves, such as their
groupiness factor, or it could define an aspect of the WEC, e.g.
a control strategy or some configuration of the WEC or one of its
components.

4. Processing of the data
4.1. Zoning

The definition of the zoning, which divides the Hy,o — T, scatter
diagram in various areas or “zones”, should be done according to
the available performance data and the environmental scatter
diagram. A zone should not be larger than necessary, and can even
be resolved down to the size of a bin of the environmental scatter
diagram, but it should contain sufficient data points. The number of
data points is important in order to obtain an average 7 of the
selected performance data in a zone (7zne) at an acceptable
statistical uncertainty (explained more in detail in Section 4.2). It is
also suggested to limit the size of a zone in such a way that
a maximum of 20 per cent of the total available wave energy
resource at the test location is found within a single zone. This will
be referred to as the contribution to the available wave energy
(Contrib, Eq. (2)). Whenever a zone includes various bins, it is
recommended to enlarge the zone with respect to the least influ-
ential environmental parameter (Hpyg or Te) on the performance of
the device. An example of such enlarged zones is given in Fig. 2,

*  Performance data points

HmO [m]

5 L L L L | L .
0 1 2 3 4 5 6 7

HmO [m]

Fig. 2. The data points defining the environmental matrix (left) and the available performance data points (right), both with the zones overlaid.
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where zoning favours a good resolution on the wave height axis
rather than the wave period axis, as the performance of the con-
cerning WEC is less dependent on the wave period as on the wave
height. The configuration of the zones can be chosen in order to
present the best results and it should be re-evaluated over time
when more performance data becomes available.

Fig. 2 presents examples of zone layouts over the environmental
and the performance data. The zones are designed with a focus on
representing the performance data, which can leave a part of the
environmental scatter diagram uncovered. This could result from
incomplete test procedures if these wave conditions did not occur
during the sea trials, or because the WEC just does not operate in
these wave conditions. In the first case, these unmarked zones can
still be included in the AEP; however their performance will have to
be based on numerical models. In the second case, the performance
of the WEC will have to be set to zero for all the wave conditions in
which it will not operate.

Every bin of the environmental scatter diagram has a charac-
terising Hpo and T, value that corresponds to its centre and an
associated probability of occurrence. This allows derivation of the
corresponding wave power (Pyave) — Which should take the water
depth and other environmental parameters into account — and the
wave energy contribution (Contrib) to the overall wave energy
resource. The wave energy contribution of every bin to the overall
wave energy resource can be calculated by:

(Pwave)in - Probyn
> bin1 ((Pwave)bin : PrObbin)

The characterising environmental parameters of every zone
(Hmp and T,) are the average of the environmental parameters of the
various bins included in the zone, weighted by their respective
wave energy contribution. The corresponding equations to calcu-
late the characterising Hs and T, for each sea state are:

Contriby,;, =

(2)

n 2
> bin—1Hmobin - Probpin
n
> bin—1PTODpiy

(3)

HmOzone =

and

> bin—1Tebin - Probpin
Tezone = = (4)
> bin—1Probpin
The probability of occurrence (Prob,one) and the wave energy
contribution (Contrib,one) of a zone is the sum of the respective
values of the bins that are included in each.

4.2. Selection of the performance data

A central element in the method is that a subset of all the
performance data points for each zone is selected, and this subset is
then used for the calculation of the non-dimensional performance
(n) and related statistical uncertainty of the performance of the
WEC for the environmental conditions represented by the zone.

The selection of the performance data points should be done
carefully, observing the following stipulations:

e The performance of the WEC must be supplied in terms of the
non-dimensional performance (1), as the selection of perfor-
mance data points has to be done on their respective 7 and not
on their absolute performance in kW. For full-scale devices it is
suggested to use the final power measurement as reference,
while for device in reduced scale the first power measurement
on the device should be used (Section 3.2).

e It is recommended to include at least 5 performance data
points in the selection of every zone. However, it is strongly
encouraged to increase this number in order to present more
robust values and the amount of selected performance data
does not need to be the same in each zone.

The selection of which data points to include is not strictly
specified, since it is a question of compromise. Including more
data points into the subset will typically result in lowering the
corresponding statistical uncertainty but also the correspond-
ing 7z0ne and vice-versa. Therefore, the selection of data for the
subset consists of finding the right balance between the stated
Nzone, the related statistical uncertainty and the quantity of
performance data points to include.

The fact that only a subset from all the available performance
data is used indicates that the WEC is still in its development
process; otherwise all the acquired performance data should
be used to represent the overall performance. It is obvious that
performance data points having especially low performances
will not be favourable for inclusion in the subset. Similarly,
performance data presenting anomalous high performances
can be problematic, since they would increase the uncertainty
on the stated 7,0ne considerably. These data points should also
be excluded as they probably result from either inaccurate
wave measurements or some occasional beneficial event. Such
an example can be seen in zone 2 and 3 on the left of Fig. 3,
where some high performance data points are not included in
the selection.

Consistent selection criteria must be used when choosing the
performance data points in all the zones, and should be stated
with the results. This would enable the reproducibility of the
results of this methodology.

There is at present no commonly accepted, widely applicable or
optimal selection criterion for performance data points and as such
none is specified herein. Developments of suitable criteria are
anticipated to come through an extensive use of this methodology
on different types of WEC in different development phases and are
likely to be fairly project specific: the various foreseeable selection
criteria might possibly be WEC, instrumentation, location or case
dependent. Two applied case studies can be found in [12] and [13].

In Fig. 3, the selection of the performance data is presented for
each zone in two different ways. The left plot presents 5 for the
selected data points (larger red dots) and of the non-selected
performance data (smaller green dots) for each zone, together
with 7z0ne and the related confidence interval (indicated by the
larger circle and triangles). The plot on the right presents the
selected performance data (larger red dots) and the non-selected
performance data (smaller green dots) together with the layout
of the zones.

The left plot of Fig. 3, presents the selected and not-selected
performance data points for each zone, together with the 7one
and its related confidence interval. In almost all the zones, some
performance data points with low performances have been
excluded (green dots located below the 7,9pe), While in zones 2 and
3 data points with very high performances have been disregarded.
This resulted from the selection criterion designed to avoid exces-
sively large confidence intervals [12]. It could be argued that any
other disproportionately high performance data points should be
disregarded (e.g. in zone 5 or zone 20): this indicates again that the
definition of the selection parameters is very subtle and difficult to
generalise.

In the right plot in Fig. 3, the spreading of the selected and
deselected performance data points can be seen over the zones. In
most cases, the spreading of the selected performance data points
is reasonably consistent (all the zones in the middle, with
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a significant number of performance data points). In some other
cases the spreading is limited (e.g. zone 1 and 11). These zones
could have been disregarded, included in another zone or simply
been allocated a zone (as it was the case here). This is also a very
delicate choice and probably case dependent. In this particular case,
the device was having structural problems that caused it (in
general) not to be operational in small wave conditions; however in
the next model these problems should be resolved. This makes the
device operational in these conditions and thereby this zone ought
to be included, as long as the performance data is good — which is
the case — and can be seen in Fig. 3 (plot left). Another issue can
arise from temporal correlation, which corresponds to selected
performance data points that appear to be to consecutive
measurements (zone 18 and 34). Although these performance data
points are correct, they only represent a single event and thereby
do not include a wide range of variations in environmental

parameters that could be found for these wave conditions. This is
likely to result in underestimating the “real” standard deviation and
confidence interval.

A good verification of the representativeness of the stated 1zone
can be done by converting all the non-dimensional values into the
absolute power output (expressed in kW), as can be seen in Fig. 4.
This can be done by multiplying the stated 7,one — calculated
following Eq. (5) — by the corresponding available wave power. This
can be calculated with the characterising environmental parame-
ters of a zone using Egs. (3) and (4). In some cases, the stated
absolute power production can be unrealistically higher than the
data points on which it was based, e.g. zone 6 in Fig. 4. The reason
can be that the selected performance data points are not well
spread over the zone and are clustered more at the top or bottom of
the zone. This can induce a kind of levering effect, and may result in
a mismatch between the average Py.ve Of the selected performance
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Fig. 4. Data selection set for each single zone for non-dimensional and absolute power production values.
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data and the of the Py e Zone. The size or shape of the related zones
can be modified in order to avoid this; however they are often
restricted to the bins of the scatter diagram. Besides the selected
and deselected performance data, Fig. 4 also presents the statistical
uncertainty of the average value expressed as a confidence interval
(Eq. (5)).

4.3. Evaluation of the selected performance data

The performance and the uncertainty parameters of each zone
are calculated based on the selected data points. The n,gne is calcu-
lated by taking the average of the non-dimensional performance (n;)
of the selected data points in a zone (the left term in Eq. (5)). The
confidence interval (Clpe) of the stated n,one can be calculated
based on the level of confidence (t*), the sample standard deviation
(s) of the nj; of the selected data points and the number of data points
(n) which are considered. This provides an uncertainty margin
related to the stated n,one, Which normally gets narrower with an
increasing number of data points or smaller standard deviation. The
proposed confidence level is to be 95% using the Student’s t-distri-
bution. In order to propose a general and common approach to
describe the distribution of the n of the performance data points in
azone, use of the Student’s t-distribution is suggested. However, this
distribution might not be the most suitable in all cases; especially as
samples sizes can possibly be very small. In this case, more sophis-
ticated treatment can be required, e.g. non-symmetric distributions,
and the distribution used should clearly be stated with the perfor-
mance assessment results.

This approach encourages the WEC operation to focus on
demonstrating good performance over larger periods of time
(resulting in a greater amount of performance data points) in order
to stabilise the n,one and to reduce the Cl,ope. The average n and its
corresponding confidence interval for each zone, based on the
selected performance data points (n), can be calculated as:

(5)

n
— i—1Mi S
nzone+CIzone _ Zl;lnl + t*

; vn

These non-dimensional values can be multiplied by the avail-
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table (Fig. 5) can be created stating the results for the main
parameters of interest, in this case the zone number, n, Nzone, Szones
Prob and Payerage. Every zone also contains a blue dot, used for visual
verification of its calculated “centre” in terms of Hy,o and T, based
on the wave energy contribution of its constituent bins in the
scatter diagram.

Fig. 6 includes an overview of the distribution of the available
wave power (left), an overview of the n,one (middle) spread over an
Hpmo — T diagram and the absolute power output (Payerage) On the
right plot, which is based on the two previous plots. The plot on the
right also corresponds to the effective power matrix, representing
the performance of the WEC during sea trials.

5. Post-processing and presentation of the data

5.1. Assessment of the performance and estimation of the energy
production

Based on the derived performance data for each zone, an over-
view can be created of the performance of the WEC (Fig. 6) as well
as an estimation of its annual energy production (AEP). These
values will indicate how the WEC has been performing, especially
during the “better” periods, i.e. representing its potential and, as
long as these conditions are maintained, how it can perform on an
annual basis. The summarising table, given in Table 1, indicates the
various parameters and results of each zone in three sections:

e The first section contains the environmental parameters such
as the wave height (Hpo), wave period (Te), the available wave
power (Pyave), probability of occurrence (Prob), the multipli-
cation of the two previous (Py.ve*Prob) and its contribution to
the wave energy resource (Contrib);

e The section in the middle presents the non-dimensional power
performance parameters such as the non-dimensional perfor-
mance of each zone (n), its standard deviation (s) and the
corresponding confidence interval (CI), which is based on the
number of data points (n) selected for the respective zone.

e The last section contains a combination of the prior two, as the

able Py, to obtain the absolute power output, and an overview average power production (P), standard deviation and
B Zonedin 9
ND perf 00685
stdev  €0.00985
Prob 0.257
12 KW 253
Zone25n 13 Zone26n 20 Zone27 n 18 Zone28 n 18 Zone29 n 17 Zone30n 16
ND perf 0.0752 ND perf 0.11 ND perf 0.0881 ND perf 0.0619 ND perf 0.0385 ND perf 0.0282
stdev  0.0155 stdev  €9.00745 stdev 900735 stdev  €0.00469 stdev  ©.0029 stdev  0.00239 «
Prob  0.445 Prob 13 Prob  1.37 Prob  1.08 Prab  1.03 Prob  0.942
e kW 139 KW 396 KW 527 kw553 KW 48 KW 528
Zone20n 17 Zone21n 20 Zone22 n 22 Zone23n 18 Zone24 n 26 Zone18n 14 Zonel9n 9
ND perf 0.127 ND perf 0.122 ND perf 0.105 ND perf 0.0698 ND perf 0.0482 ND perf 0.0238 ND perf 0.019
stdev  0.0121 stdev  0.00821 | stdev 0.00576 | stdev 0.00555 | stdev 0.00257+ stdev  0.00457 | stdev 000188
Prob 151 Prob 3861 Prob 3.08 Prob 25 Prob 1.44 Prob 0.294 Prob 0.154
— 10— KW 229 kw 43 KW 61.2 KW 60.8 kW 66.1 kw 494 kw 49
> Zone13n 15 Zoneldn 19 Zonel5n 22 Zonel6n 19 Zonel7 n 25 Zone12n 9
o ND perf 0.141 ND perf 0.12 ND perf 0.0919 ND perf 0.0821 ND perf 0.0606 ND perf 0.0297
L stdev  0.0228 stdev  0.0087 stdev  €.00598 | stdev 9.0054 stdev 9.00306 | stdev 0.00541
Prob 347 Prob 57 Prob  3.48 Prob 168 Prob 12 Prob  0.702
gl KN 245 KW 4038 KW 518 KW 692 KW 714 KN 46
Zone7 n 17 Zone8 n 16 Zone9 n 17 Zonei0On 15 Zonelin 8
ND perf 0.157 IND perf 0.133 ND perf 0.0937 ND perf 0.0765 ND perf 0.0465
stdev  0.016 stdev  9.0146 stdev ©0.00694 | stdev ©.00957 | stdev ©.0162
Prob 56 Prob 438 Prob 277 Prob 134 Prob 0.ees
gl KW 261 KW 434 KW 505 KW 616 KW 523
Zonel n 6 Zone3 n 16 Zoned n 14 Zone5 n 15 Zone6 n 16
ND perf 0.054 ND perf 0.123 ND perf 0.113 ND perf 0.0715 ND perf 0.0468
stdev  0.0218 stdev €0.013 stdev  0.0193 stdev  €9.0159 stdev  €.00583
Prob 109 Prob 7.7 Prob 565 Prob 235 Prob  0.873
7 w291 KW 192 KW €34 KW 361 KW 353
Zone2 n 12
ND perf 0.0609
stdev  €0.0307
Prob 5.48
6l KW 8.61
| | | \ | | | | \ |
0 05 1 1.5 2 25 3 35 4 45 5

HmO [m]

Fig. 5. Overview table containing some of the main environmental and performance parameters.
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Fig. 6. Overview graphs of the wave energy contribution of each bin, and the corresponding non-dimensional performance and absolute power production.

confidence interval are calculated based on the non-
dimensional parameter and the corresponding available wave
power.

The overall appraisal of environmental and performance values
and the estimation of AEP and the load factor is given at the bottom
of the Table 1. Some of the values of the zones are simply summed,
while others have to be calculated relative to a weighting function,
which is relative to Contrib,gpe.

The overall non-dimensional performance (9overall) represents
the weighted average of the non-dimensional performance of all
the zones:

n
Noverall = Z Nzone - CONtTibzone (6)

zone=1

An unbiased estimate of the overall standard deviation and
confidence interval can be obtained by applying the following
equation, in which X can be replaced by s or Cl in order to obtain an
overall value:

From the average power production of the WEC, the yearly total
converted energy or annual energy production (AEP) can be
calculated by multiplying the average power production by the
number of hours in a year (=8766):

AEP = Paverage . 8766 (9)

The load factor (LF) represents the average usage of the installed
capacity:

LF — Paverage (10)
P installed

5.2. Estimating the WEC performance at another location of interest

The environmental matrix varies between different site loca-
tions and therefore a new environmental matrix (often reduced to
the Hpy — T scatter diagram) should be created for each alternative
location of interest.

Xover.alll =

zone=1 zone=1

The average power production of the WEC can be obtained on
the same way as the overall n, which corresponds to the sum of the
power production of every zone, weighted with regards to its
probability of occurrence (Eq. (5)). The corresponding uncertainty
parameters can be obtained by multiplying their non-dimensional
values by the average power production of the WEC:

n
Paverage = Z Pzone - Probzone (8)

zone=1

2
n n
> (n%one +X§0ne) -Contribzgne — ( > nzone-Contribzone) (7)

If the device is intended to have a different size than in the
original case, the original performance data of the zones requires
scaling for the alternative location. The scaling ratio between the
original and the new location of interest should be equivalent to the
variation in size between the two physical models, e.g. if the orig-
inal performance data were obtained on a 1:4 prototype deployed
at a benign site and the performance is intended to be estimated for
a full-scale WEC installed in the open ocean, then the environ-
mental parameters that correspond to the non-dimensional
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Table 1
The summarising table of the WEC performance and its estimated energy production.
T : Performance A;sesment of the P:co VWave Energy IIDIant - Rated Pow:er 400Kkw : I
Environmental Parameters Non-Dimensional Parameters Performance parameters
Zone  HmO Te Pwave  Prob Pwave'Prob Contrib. 1 s n Cl P 3 Cl P*Prob
T T T T T T T T
- 1 Performance Assesment of the Pico Wave Energy Plant - Rated Power 400KV
2 Environmental Parameters Non-Dimensional Parameters Performance parameters
| 3 [ Zone Hm0 Te  Pwave Prob Pwave'Prob Contrib. 1 5 n cl P s cl F*Prob N
4 [m] s] (k) [%] (k) (%] [l [%] [l (%) (V] kW] kW] (k)
5 | 21 1.75 105 353 36 13 3 0.12 67 20 26 43 29 1.1 16 —
= 6 22 225 105 5835 3 18 42 0.1 55 2 2 61.2 34 1.2 1.9
7 23 275 105 871.7 25 2 51 0.07 8 18 33 608 48 2 1.5
g8 | 24 345 105 1372 1.4 20 48 0.048 53 26 18 6.1 35 1.2 0.95 ]
B 9 25 1.25 16 184.6 0.45 0.82 021 0.075 2 13 10 139 29 14 0.062
10 26 175 15 3619 13 47 12 0.1 68 20 26 396 27 1 0.52 —
- 11 27 225 15 598.2 1.4 8.2 21 0.088 83 18 34 527 44 18 0.72
12 28 275 15 8936 1.1 95 24 0.062 76 18 31 5.3 42 17 059
13 B 29 325 15 1248 1 13 32 0.038 75 17 3.2 48 36 15 0.49 ]
B 14 30 398 1.5 1872 0.94 18 44 0.028 85 16 37 528 45 2 05
15 31 1.75 125 3686 0.26 095 025 0.069 14 9 88 253 36 22 0.065 —
= 16 32 225 125 609.4 0.27 1.7 0.45 0.057 14 16 6.3 348 5 22 0.0%5
17 33 275 125 910.3 0.26 23 062 0.047 1 14 53 424 47 22 0.1
18 [ 34 175 135 374.4 0.051 0.19 0.054 0.059 8.4 13 41 219 1.8 09 0.011 N
B 19 35 275 135 9246 0.14 1.3 0.36 0.036 34 12 18 33 " 58 0.045
20 - Weighted Average 348 0062 14 282 4 =
Total 455 834 348 773 553 282
- Yearly Production [MWh/Year] 247 +-35 -
Load Factor [-], installed capacity = 400 kKW 0.0705
| | | | | | | |

performance data should be scaled to the ratio of 1—4 following
Froude’s scaling law [14]. However, if the same scale model is to
be used at another location, no scaling should be applied even if the
wave energy content differs.

The losses that the device incurs throughout the power
conversion chain (e.g. bearing and electrical losses) can change
depending on the scale of the device. If the performance has been
evaluated at different power conversion stages, these can be taken
into account by adapting the n of the corresponding power
conversion stage.

The original definition of the zones can be adapted depending
on how the scaled performance data overlaps the new environ-
mental scatter diagram. Some zones might not cover any longer
spaces where there is environmental or performance data and
thereby become excessive, or others might need to be enlarged or
created. Where parts of the new environmental matrix are not
represented by a zone, then the performance in these zones might
be calculated using a validated numerical tool (possibly validated
against the original performance data).

Fig. 7 shows a schematic overview of the procedure. In the top
left figure, performance data that were obtained using a reduced
size model are presented on top of the wave energy contributions
in the bins of the scatter diagram for the location of interest for the
full-scale device. The performance data are then scaled to the
environmental scatter diagram for the new location of interest in
the top right figure.

This scaling ratio corresponds to the actual increase in size of the
WEC, while maintaining geometrical similarity. In this figure,
increasing colour darkness corresponds to a greater contribution to
the wave energy resource of each bin. In the lower figures,

rectangles mark zones that are initially defined where abundant
performance data are available and ellipses are used to indicate
blank but still relevant sea states. As long as the WEC is intended to
operate in the corresponding conditions, the performance of these
zones will need to be calculated through validated numerical tools.
Obviously there is no need to estimate the performance of a WEC in
e.g. 7 m waves if it is not intended to operate in them, and these
areas on the environmental scatter diagram should just be left
blank or the performance of the device should be set to zero for
these conditions.

5.3. Assessment of the WEC performance at various conversion
steps

The aim of this analysis is to create an overview of the various
conversion steps. This is done by breaking the energy conversion
chain from wave to wire into its various components and by pre-
senting their behaviour over the environmental scatter diagram. As
this creates a complete overview of the power conversion chain it
can lead to a better understanding of the WEC, possibly giving
valuable insights into the behaviour of some components of the
device for specific environmental conditions.

Depending on the WEC and available data, the n can be esti-
mated at various conversion steps. After the data selection (which
is stipulated in Section 4.2), the n can then be calculated for the
various conversion steps. It could be interesting to see if a different
AEP would be obtained if the data selection procedure were based
on another conversion step.

Fig. 8 presents as an example the conversion n of an OWC plant
from the wave power to pneumatic power in the chamber and then
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Fig. 7. Representation of scaling. The performance data from the original sea trial site are scaled up (1:4) to the environmental scatter diagram of the alternative location of interest
(top figures). The designation of zones for performance assessment (rectangles) and to be completed with numerical tools (ellipses) is shown in the lower figures. The intensity of
the background colour illustrates the level of the wave energy contribution (Contrib) of the bins.
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Fig. 8. Presentation of the wave-to-pneumatic (blue line) and pneumatic-to-active (red line) power conversion n. The values of the various points correspond to the difference
between their Y-axis value and the Y-axis value corresponding to the bottom of their zone. (For interpretation of the references to colour in this figure legend, the reader is referred
to the web version of this article.)
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Performance from the sea trials performed at Point 3 in Danish North Sea - Directional spreading =4 - 6 I
Performance from the sea trials performed at Point 3 in Danish North Sea - Directional spreading = 2 - 4 |
Zone Performance from the sea trials performed at Point 3 in Danish North Sea - Directional spreading =0 - 2
Tt Environmental parameters Non-dimensional parameters Performance parameters
1 — Hmo| Te |[Pwave| Prob |Pwave.Prob| 7 s n CI P s CI | P.Prob
2 1 [m] | [s] | [kW] [-] [kW] [-] [-] [-] [-] [kW] (kW] | [kW] | [kW] |
3 2 1 1 5.6 59 | 0.468 35 0.195 | 0.041 | 80 | 0.009 12 2 | 1 5
< 3 2 2 7.0 | 295 | 0.226 133 0.284 | 0.062 | 67 | 0.015 84 18 | 4 19
3 4 3 3 84 | 797 | 0.108 172 0.152 | 0.044 | 48 | 0.013 | 121 35 l 10 13
6 5 4 4 9.5 | 1603 | 0.051 164 0.098 | 0.029 | 13 | 0.017 | 157 46 | 28 8
Weid 6 5 5 | 11.2 | 2953 | 0.024 142 0.063 | 0.015 | 27 | 0.006 | 186 44 | 17 4
Weid ¢ 6 | 13.0 | 4936 | 0.012 118 0.038 | 0.017 5 0.020 | 188 84 96 2
Weighted average | 392 0.133 | 0.069 0.027 52 27.0 10.6
Total 0.889 392 52
Fig. 9. Performance results of the various data sets following a third influential parameter (directional spreading).
from this pneumatic power to the active (electrical) power output, 5.4. Assessment of the influence of a specific environmental or
over the various zones. It is structured in a way that the curves cross device dependent parameters
through zones that have an identical environmental parameter
(Hmo or Tg). The curves follow the same axis as the environmental This analysis can give an insight on the influence of other
parameters, except that their reference must be translated to the environmental or device dependent parameters — besides Hp,0 and
bottom of their respective zone. T, — on the overall performance or specific power conversion steps.

Performance from the sea trials performed at Point 3 in Danish North Sea
Environmental parameters Non-dimensional parameters Performance parameters
Hmo | Te Direc?. Pwave | Prob |Pwave.Prob| 1 s n CI P s CI | P.Prob
Zone Spreading
[m] [s] kW] | [ [kW] 1 [ T[] | (kW] W] ) kW] | [kW]

1 1 5.6 1.0 59 0.198 12 0.195 | 0.010 | 12  0.029 12 0.6 1.7 2
3.0 59 0.160 9 0.155 0.008 | 8 0.018 9 0.5 1.1 1
5.0 59 0.110 6 0.115  0.006 | 6 0.010 7 0.3 0.6 1
2 2 7.0 1.0 295 0.110 32 0.284 0.014 | 15 0.060 84 4.2 17.9 9
3.0 295 0.066 19 0.179  0.009 | 6 0.024 53 2.6 7.1 3
5.0 295 0.050 15 0.152 0008 | 7 @ 0.017 45 2.2 5.1 2
3 3 8.4 1.0 797 0.048 38 0.152  0.008 | 14 0.017 121 6.1 13.8 6
3.0 797 0.035 28 0.124  0.006 | 7 @ 0.012 99 4.9 9.2 3
5.0 797 0.025 20 0.096 0.005 | 5 @ 0.007 77 3.8 5.5 2
4 4 9.5 1.0 1603 0.021 34 0.098 0.005 | 7 @ 0.007 157 7.9 11.5 3
3.0 1603 0.017 27 0.072  0.004 | 6 0.004 115 5.8 6.2 2
5.0 1603 0.013 21 0.051  0.003 | 5 @ 0.002 82 4.1 3.1 1
5 5 11.2 1.0 2953 0.012 35 0.063 0.003 | 6 @ 0.003 186 9.3 8.8 2
3.0 2953 0.007 21 0.038 0.002 | 5 0.001 112 5.6 3.2 1
5.0 2953 | 0.005 15 0.012 0001 5  0.000 | 35 1.8 0.3 0
6 6 13.0 1.0 4937 | 0.009 44 0.038 0.002 | 5 0.001 188 9.4 53 2

3.0 4937 - - - - - - -

5.0 4937 - - - - - - - - -

Weighted average 378 0.133 | 0.006 0.013 42 2 S
Total 0.886 378 42

Yearly Production [MWh/y] 367
Load factor [-] (400kW installed capacity) 0.10

Fig. 10. Overview table based on the performance data taken an additional (third) parameter into account. In this case the zones are equal for the different data sets, which is not
mandatory. (This figure is based on illustrative values).



110 J.P. Kofoed et al. / Renewable Energy 52 (2013) 99—110

It can also provide a more accurate estimation of the AEP, resulting
from the enhanced resolution of the environmental climate. As long
as it is configurable and measurable, any device dependent
parameter — either physical or logical (e.g. control strategy) — can
be considered.

At the beginning of the procedure, the original performance
data should be grouped following the new parameter of interest
into separate data sets. The same data selection procedure can be
applied on each individual data set, resulting in n-dimensional
matrices. This is represented in Fig. 9 by various tables containing
the performance and the related uncertainty for the different
zones.

Although the zones do not need to be the same for the various
data sets, this facilitates the performance comparison. Based on the
individual results of all the zones, an overview table can be made
estimating the overall performance and AEP. This table can thus
reveal more detail than the one based on only 2 influential
parameters (Table 1). An example of this is given in Fig. 10. If the
environmental matrix of another location of interest includes
information concerning this third parameter, then a more accurate
estimation of the AEP can also be made for this new location.

In order to have a better global schematic representation of the
influence of a third parameter, a similar graph can be drawn as
Fig. 8. This will demonstrate the trend and variation of the
performance due to the third parameter of influence for different
wave heights or wave periods, holding one of them constant.

6. Conclusions and further development

The presented methodology provides an equitable means to
estimate the power production capabilities of a WEC based on trials
within the natural environment, where incident environmental
conditions are not prescribed. The methodology includes an
appreciation of the uncertainties associated with the estimated
performance. Several approaches for presenting the mean perfor-
mance are suggested. It has the benefits of being fully based on
performance data from sea trials (i.e. realistic uncontrollable
conditions) of the WEC and also that it presents the accuracy of the
stated performance. The developer has the opportunity to use
a common but adaptable approach that allows a selection of the
performance data in a transparent way, which does not punish the
“trial and error” testing and that rewards the persistent demon-
stration of the capabilities of the device.

The estimation of the power production capabilities can be
expressed in terms of annual energy production at the test location
or any other location of interest, however it can also include input
from various performance data analysing and presentation tools. By
considering other environmental parameters than the predomi-
nant Hyo and T, the environmental conditions can be described
with a higher resolution. An identical procedure can be followed in
order to analyse the influence of configurable elements of the WEC,
e.g. control laws or the adaption of physical components.

The power conversion chain, from wave power to generated
electricity, can also be investigated following the same principle. It
enables a developer to observe, both graphically and numerically,
the variations of the performance at various conversion steps for
various sea states, and facilitates the creation of an overview of the
behaviour of the WEC.

In practice, the same methodology can also be applied to other
energy converting technologies, such as tidal energy converters [9].
The presentation of the methodology was based on wave energy

but the environmental matrix can be adapted in order to suit other
technologies, which also have their own power conversion chain.

The work leading to this paper has by large been carried out
within the EU-FP7 funded project EquiMar, which ended in spring
2011. The key outcome of the EquiMar project is presented in [8]
and [9]. International efforts to develop guidelines and standards
within the field of marine renewable energies also include the IEC
TC-114. Within TC-114 a new work item, to follow up on [15], has
been established by the Danish Standardization Organization based
on the methodology presented in this paper. Thus, it is the inten-
tion to develop this methodology into a Technical Specification
within the IEC framework. The methodology has already been
applied on two different WECs, the results of which are given in
[12] and [13].
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