
Chapter 9
Experimental Testing and Evaluation
of WECs

Arthur Pecher

9.1 Overview

The main objective of a test campaign is to investigate some aspects of a technology
or to validate them. Experimental test campaigns on a (model or subsystem) of a
WEC can be done in three different environments: in a controlled and wet envi-
ronment (referred to by tank testing), a controlled and dry environment (referred to
by test bench) and in an uncontrollable wet environment (referred to by sea trials).
Experimental tests on the full or subsystems of the device can be performed during
all the development stages of the WEC, and well beyond (Fig. 9.1).

Fig. 9.1 Flow chart of the experimental testing of WECs
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As the complexity, time and costs of the tests significantly increase with the size
of the model and the complexity of the environment, it is (often) more adequate to
investigate system variables on smaller models, even if the necessity of investi-
gating these parameters come at a later technological readiness level (TRL) stage of
the development process (Chap. 4 and [1]). That is why during the development of
WECs, there will be a continuous change in between the size of the model and the
test environment.

In Fig. 9.2, some of the main laboratory models, test benches and prototypes that
have so far been used during the development of the Wavestar WEC are presented.
This just illustrates that several different experimental test campaigns are required to
support the numerical work and the general development of a WEC.

Fig. 9.2 Some of the development efforts behind the Wavestar WEC; top row an early stage lab
model (TRL 2), a benign site prototype (TRL 5); second row a sea trial prototype (TRL 7) and a
hydraulic PTO test bench; bottom row a large single float lab model and a lab model with
advanced PTOs. Courtesy of Wavestar

222 A. Pecher

http://dx.doi.org/10.1007/978-3-319-39889-1_4


9.2 Tank Testing

9.2.1 Overview

Tank tests can be performed during the whole development process of a WEC, from
its early proof of concept up to preparing for the next serial production unit. The
objectives and testing procedures of a tank testing campaign can thereby differ,
depending on the project. Before knowing an exact location of installation of a
commercial device, all the tests should be performed on a generic basis, while
afterwards more precise investigations with the exact environmental conditions can
be done. Table 9.1 presents an overview of possible tank test campaigns together
with their main objectives.

Table 9.1 Overview of possible objectives for performing tank tests

Objectives Sea states Objective Comment

Proof of
concept

Operational Verify if the model
produces useable energy

Measurements of the
produced power is required

Power
performance
evaluation

Operational Power performance curve
or surface, enabling the
estimation of the mean
annual energy production
at one or multiple
locations

The PTO load needs to be
optimised separately for
each sea state

Assess
structural and
mooring forces

Design
(operational)

Indication of maximum
loads and effectiveness of
survival mechanism

Influence of some
additional environmental
parameters need to be
addressed as well

Parametric
study

Operational
and design

Assessing the influence of
environmental and design
parameters on:
– power performance
– motions and loads
– seakeeping or mooring
forces

Results have to be
compared to the reference
setup. One parameter has to
be assessed at the time

PTO control Operational – Improved power
performance

– Reduced loads or
improved lifetime of
components

Hydrodynamic
response

Operational
and design

– Natural periods of
oscillations

– Response amplitude
operators (RAO)

– Effect of mooring on
the motions

Can be done for the whole
structure and all moving
wave-interacting bodies

Evaluate the
numerical
models

Operational
and design

Validation, calibration
and evaluation of
numerical models

Numerical models can be
very helpful in the
development of WEC
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Note that all the tank tests related to power performance and structural and
mooring loads need to be performed in irregular waves. Regular waves should only
be used to characterise the device or to calibrate the system or numerical model (see
Chap. 10), as it does not represent a realistic marine environment. In order to have a
decent statistical ground, the duration of a test in irregular waves should include a
minimum of 1000 waves (of the predominant wave period Tp).

The environmental parameters that can have an influence on the power perfor-
mance and on the maximal structural and mooring forces can be of many kinds, for
example (non-exhaustive) (see Chap. 3):

• Water depth, as it has a strong influence on the wave steepens, wave celerity and
wave direction

• The wave spectrum, which can be composed of different wave components
coming from different storms (this defines the content of the irregular waves)

• Directional spreading (defines the direction related to the wave spectrum)
• Water currents (which can result e.g. from the wind, tides or near-shore effects

and can have an influence on the motion, directionality and loads on the WEC)
• Wind (can have an influence on the motion, directionality and loads on the

WEC)

Besides the environmental parameters, other parameters might have an influence
on the wave conditions such as the disposition of the wave energy converters array.

9.2.2 Representative Sea States

9.2.2.1 Operational Sea States

A description of the wave conditions at a certain location may be required in even a
more condensed way than given by a scatter diagram. This is often the case for tank
testing, as it would be too time-consuming to assess and optimise the performance
of a device for all the bins of the scatter diagram. The gain of time by reducing the
to-be-tested wave conditions, will benefit the assessment and optimisation possi-
bilities. In practice, this can be done by grouping various bins of a scatter diagram
into a limited amount of “zones”, also referred to as “sea states”. Each sea state will
then at least be characterised by a wave period and a significant wave height, and a
common water depth and wave spectrum type will be used. The influences of
additional environment parameters will need to be investigated separately. An
example of commonly used sea states are the five operational sea states and the
three design sea states representing the Danish part of the North Sea (Point 3) [2, 3].
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Other examples in which sea states have been used for the estimation of the AEP
can be found in [4–7].

The selection of sea states for the estimation of the AEP of a WEC has to be
done carefully. The large variability in wave conditions between different locations
(as illustrated in [8] and in Chap. 3) can result in a loss in accuracy relative to the
use of the complete scatter diagram for the estimation of the AEP, however this can
be limited if the sea states are selected carefully.

The following recommendations are for the selection and definition of the op-
erational sea states:

• The amount of sea states should be limited (less than 10 preferably)
• They should be selected in order to cover the wave energy contribution diagram

as well as possible, rather than the scatter diagram.
• The wave energy contribution of each sea state should be between 5 and 25 %

of the total, while having a probability of occurrence of at least 0.5 % of the
time, corresponding to 44 h annually.

• The same size of zones (identical intervals of Hs and Te) can be used for the
different sea states, but they can be reduced for zones with higher contribution
values in order to increase their accuracy.

• As the optimal size of a WEC in terms of AEP (usually) increases proportionally
with the wave power level of a site, it can be reasonable to have larger sizes
(larger intervals of Hs and Te) of sea states when describing more wave energetic
locations.

• For the estimation of the AEP, there is no need to include the very small or large
wave conditions, as they will not contribute significantly to the AEP [6]. This is
due to their low wave energy contribution and a WEC has usually a bad per-
formance in them, as their design is normally not optimized for them [5].

Note that the bins that are not included into sea states will not be accounted for
in the AEP estimation.

The sea state selection in Fig. 9.3 contains seven sea states with the same
parameter intervals of 2 m and 2 s for the respective Hs and Tz axis. They represent
90 % of the wave energy resource and 89 % of the probability of occurrence. In
other words, 7801 out of the 8766 annual hours are included and an average wave
power level over the included bins is of 26.3 kW/m instead of the 29.3 kW/m,
which can be derived from the whole scatter diagram. These values could be
increased by adding more sea states, however (as previously mentioned) the largest
loss in Prob and Contrib is in the smallest (below 0.5 m Hs) and largest (above
8.5 m Hs), which are not important as mentioned before.
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The wave energy contribution of every bin of the scatter diagram to the overall
wave energy resource can be calculated by:

Contribbin ¼ ðPwaveÞbin � ProbbinPn
bin¼1ððPwaveÞbin � ProbbinÞ

ð9:1Þ

Hs \ Tz 3.5 4.5 5.5 6.5 7.5 8.5 9.5 10.5 11.5 12.5 13.5 14.5
0.25 0.0066 0.0056 0.0030 0.0023 0.0011 0.0007 0.0003 0.00005

1 0.0453 0.1650 0.0906 0.0347 0.0131 0.0047 0.0019 0.00069 0.0001 0.00004 0.00007 0.00005
2 0.0018 0.0368 0.1604 0.0650 0.0229 0.0099 0.0032 0.00121 0.00009 0.00005 0.00005
3 0.0003 0.0187 0.1084 0.0335 0.0071 0.0033 0.00171 0.0004 0.00007 0.00002
4 0 0.01021 0.05565 0.01163 0.00209 0.00052 0.00034 0.00021 0.00005
5 0.00002 0.00729 0.02391 0.00301 0.00069 0.00031 0.00014 0.00005 0.00005
6 0.00012 0.00603 0.00691 0.00052 0.00007
7 0.00002 0.00009 0.00026 0.00352 0.00152 0.00016 0.00005
8 0.00062 0.00288 0.00017
9 0.00086 0.00073 0.00002
10 0.00002 0.00043 0.00016
11 0.00011 0.00014
12 0.00004

Scatter diagram

Hs \ Tz 3.5 4.5 5.5 6.5 7.5 8.5 9.5 10.5 11.5 12.5 13.5 14.5
0.25 0.00003 0.00003 0.00002 0.00002 0.00001 0.00001

1 0.0032 0.015 0.010 0.0046 0.0020 0.00082 0.00036 0.00015 0.00002 0.00001 0.00002 0.00001
2 0.0005 0.014 0.072 0.034 0.014 0.0068 0.0025 0.0010 0.00008 0.00005 0.00006
3 0.00021 0.019 0.129 0.046 0.011 0.0057 0.0033 0.0008 0.0002 0.00005
4 0 0.022 0.14 0.032 0.0065 0.0018 0.0013 0.00086 0.00022
5 0.00007 0.028 0.10 0.015 0.0037 0.0018 0.0009 0.0003 0.0004
6 0.0007 0.038 0.048 0.0040 0.0006
7 0.0001 0.0007 0.0022 0.033 0.016 0.0018 0.0006
8 0.0077 0.039 0.0026
9 0.015 0.014 0.0004
10 0.010 0.004
11 0.003 0.004
12 0.001

Wave Energy Contribution

Sea Hs Tz Te Contrib Prob Pwave Pwave*Prob

State [m] [s] [s] [-] [-] [kW/m] [kW/m]
1 1.52 5.2 6.4 0.11 0.45 7.2 3.24
2 1.72 6.8 8.3 0.06 0.14 11.9 1.61
3 3.09 6.4 7.8 0.17 0.14 36.3 4.97
4 3.66 7.7 9.4 0.23 0.11 61.4 6.61
5 5.18 8.3 10.1 0.17 0.04 133.4 4.97
6 5.69 9.6 11.7 0.07 0.01 186 2.06

7 7.43 10.1 12.3 0.10 0.01 332 2.83

sum 0.90 0.89 26.3

EMEC - Billia Croo

Fig. 9.3 Example of a possible sea states selection for Billia Croo at EMEC, which are
represented on the scatter diagram (top figure) and on the wave contribution diagram (middle) and
summarized in the table
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The characterizing Hs and Te values of every sea state are the average of the
environmental parameters of the various bins included in a sea state weighted by
their corresponding probability of occurrence. Herewith, the corresponding wave
power (Pwave), which should take the water depth into account, can be calculated by

Pwave ¼ qg2

64 p
H2

m0Te 1þ 2 keh
sinh 2 keh

� �
tanh keh ð9:2Þ

(More details in Chap. 3). The corresponding equations to calculate the char-
acterizing Hs and Te for each sea state are:

Hs SS ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiPn

SS; bin¼1 H
2
sSS; bin � ProbSS; binPn

SS; bin¼1 ProbSS; bin

s
ð9:3Þ

and

TeSS ¼
Pn

SS; bin¼1 Te SS; bin � ProbSS; binPn
SS; bin¼1 ProbSS; bin

ð9:4Þ

While, the probability of occurrence (ProbSS) and the wave energy contribution
(ContribSS) of a sea state correspond to the sums of the respective values of the bins
that each of them include.

Further information and more advanced approaches to representation of the
wave climate can be found in Kofoed and Folley [9]

9.2.2.2 Design Sea States

The design sea states correspond to a set of wave conditions with large wave
heights, in which normally the largest loads on the structure and mooring system
are expected. These often correspond to the 50 or 100 year return wave height
(depending on the design standard e.g. [10]), and related wave period. These design
sea states can be obtained by defining certain return periods of these extreme wave
events and can be derived from long-term probability distributions that are based on
past events and hindcast data (Fig. 9.4).
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The design wave height with a certain return period can be obtained through
those long term probability distribution, while there is no theory to determine the
corresponding wave period, due to the complexity and locality of the joint distri-
bution between wave height and wave period (an example of this is a scatter
diagram). The design sea state conditions are chosen corresponding to the design
wave height and a range of possible corresponding wave periods [10–12].

In the following practical example, the corresponding wave heights to the dif-
ferent return periods have been obtained through a Peak-over-Threshold analysis,
using a Generalized Pareto distribution, based on the 30 years hindcast data [13,
14]. The related wave periods to the design wave heights have been obtained
through fitting them on a trendline going through all the data points (Fig. 9.5).

It is of importance to investigate other environmental parameters and site con-
ditions that could influence the loads on the WECs. Most of these environmental
parameters are the same that need to be investigated for power production, however
some others need to be addressed as well [10, 12, 15]:

• Breaking waves
• Ice
• Current
• Water level variations

Fig. 9.4 Illustration of the possible process to define the design wave height for a certain return
period, which in this case is 12.2 m for a return period of 100 years without considering sample
variability or 14.8 m with sample variability at a 90 % one-sided confidence interval [11]
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9.2.3 Hydrodynamic Response

9.2.3.1 Natural Period

The natural period of oscillation, also referred to as the frequency of free oscillation
or the eigen period, reveals the decaying period at which a mechanical system

Fig. 9.5 Estimation of the design wave heights for different return periods (top) and
representation of the operational and design sea states superposed on the 30 year hindcast scatter
diagram of DanWEC Pt 1 (bottom)
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recovers from an initial displacement until its undisturbed rest position. Such a
system can be a floating body, such as the wave-activated bodies of a WEC, but can
as well be the water surface in an OWC or it is as well used in many other fields
such as acoustics and structural engineering. In this case, the natural period of
oscillation should be investigated for the 6 degrees of freedom (DoF) of the
structure and of all the wave-activated bodies connected to the structure [2]. The
decaying behaviour of the motion also reveals the amount of hydrodynamic
damping that is present in the structure or wave-activated body, which can be used
to calibrate the numerical models (read more about hydrodynamics in Chap. 6)
(Fig. 9.6).

The damping in the oscillations of a floating body arise from the wave-drift
damping of the hull (wave radiation and diffraction), the viscous nature of water and
possibly from the influence of other systems such as the mooring or PTO (more
details in Chap. 6). The damping ratio f derived from the logarithmic decrement d
can further describe the decaying motion besides the natural period of oscillation.
These can be calculated by the following equations:

t [s]

8 9 10 11 12 13 14

(r
ad

)
φ

-0.08

-0.06

-0.04

-0.02

0

0.02

0.04

0.06

0.08

X: 8.468

Y: 0.03975

X: 9.472

Y: 0.017 X: 10.48

Y: 0.007191

Fig. 9.6 Results of a decay test for one of the degrees of freedom of the system
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d ¼ 1
n
ln
x0
xn

ð9:5Þ

f ¼ 1ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ 2p

d

� �2q ð9:6Þ

where

• xo is the value of the first amplitude
• xn is the value of the amplitude of a peak n oscillations (periods) away

In practice, these tests assessing the natural period of oscillations for a degree of
freedom (DoF) can be performed by applying a force on the structure that would
force the body to oscillate only in the specific degree of freedom under investiga-
tion. The effect of possible coupled secondary systems, such as mooring system,
can be evaluated by repeating the test with and without them.

The natural period of oscillation of a body in any degree of freedom (Tx) is
dependent on its mass (m) and its geometry. The geometry affects its (hydrody-
namic) added mass Ma,0 and thereby the stiffness of the system k. Depending on the
DoF, these can as well be expressed in terms of mass moment of inertia Iyy and
added mass moment of inertia Iayy. The stiffness in heave is in function of the density
of the fluid and the waterplane area Awp, while for pitch and roll it depends on the
metacentric height GM [16].

Generic resonance period equation:

Tx ¼ 2p

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
mþMa;0

k

r
ð9:7Þ

Heave resonance period:

TH ¼ 2p

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
mþMa;0

qgAwp

s
ð9:8Þ

Pitch resonance period:

Tpitch ¼ 2p

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Iyy þ Iayy
DGMg

s
ð9:9Þ

Roll resonance period:

Troll ¼ 2p

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Ixx þ Iaxx
DGMg

s
ð9:10Þ
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In order to modify the resonance frequency, the size, the mass, the shape or the
inertia of the body can be changed.

9.2.3.2 Response Amplitude Operators

The response motion of a wave-activated body under wave interaction (corre-
sponding to a forced excitation) can be assessed in regular and irregular waves. The
analysis in regular waves presents a direct visual and intuitive representation of the
response motions. The response amplitude operators (RAOs) are the ratio between
the amplitudes of the motion in one of the degrees of freedom and the amplitudes of
the incoming the waves. The RAOs can also be derived from the motion and wave
spectra, as the spectra are proportional to the amplitudes squared. The ratios
between the spectra of the motion and the spectra of the incoming waves are denote
the transfer function, which therefore is the RAO squared.

In Fig. 9.7, the response motion in one degree of freedom of a wave activated
body is represented. The successive tests were done with equal wave height but
incrementing wave periods. Each individual test should last for 30–120 s, which
should be sufficient to have a stable motion.

The wave period presenting the largest motions, correspond to the resonance
period of the wave activated body. The regular wave trials could also give infor-
mation concerning the phase difference between the resulting motion of the device
and the excitation. This can in some cases be a very interesting feature as at a phase
shift of 90° resonance occurs.

Fig. 9.7 Illustration of the response motions in 1 DoF of a wave-activated body in regular waves
having a same wave height but incrementing wave period (The vertical axis represents the absolute
motion of the body)
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Figure 9.8 illustrates the transfer function of the pitch motion of a device
obtained experimentally in regular and irregular waves. Note that (in this particular
case) the wave spectrum drops to zero around the resonance frequency. This makes
it difficult to obtain a reliable transfer function for these frequencies and therefore
other tests should be performed that covers better the corresponding wave periods.

Note that structures such as ships or floating oil platforms, that are required to be
stable at all times, will be designed so that their resonance frequencies will be
outside the range of the wave spectrum. This is not always true for WECS, as they
might want the main reference structure to be stable, while their wave absorbing
body (/-ies) could benefit from the larger resonance oscillations, e.g. the
Weptos WEC or the Wavestar WEC.
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Fig. 9.8 Illustration of the wave spectrum and in heave obtained in different irregular waves
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9.2.4 Power Performance Evaluation

9.2.4.1 Introduction

For experimental tank testing, it is suggested to measure the absorbed power Pabs

by the device as early as possible in the power conversion chain (from
wave-to-wire), in order to obtain the best representation of its wave power capturing
abilities. The following power conversion stages should not be incorporated in the
performance measurement, as they physically could be subject to serious modifi-
cations and their losses and design are usually difficult to scale. This Pabs by the
model can be converted using different kind of PTOs, e.g. mechanical, pneumatic or
hydraulic, which depends on the working principle of the device.

Based on Pabs and the available wave power to the device Pwave, the performance
can be expressed by a non-dimensional performance ratio called the “capture width
ratio” or CWR (or η). The fact that it is non-dimensional presents the advantage that
the same results can be used for different scaling ratios of the device, meaning that
only the wave parameters needs to be adapted correspondingly to the scaling ratio
and site. The available wave power to the device corresponds to the average wave
energy content per meter of wave front multiplied by the characteristic or active
width of the device (widthactive), which corresponds to the width of all the com-
ponents of the device that are actively involved in the primary conversion stage
from wave to absorbed energy.

CWR ¼ Pabs

Pwave � widthactive ð9:11Þ

Depending on the tested wave conditions, a performance curve (2-dimensional)
or surface (3-dimensional) can be created, which represents CWR relative to one or
two wave parameters and are illustrated in Fig. 9.9. The performance curve or
surface could present CWR relative to its most influential wave parameter (Tp or
Hs), which should be determined during the tank tests, or relative to corresponding
non-dimensional values. Tp could for example be made non-dimensional by
dividing its corresponding wavelength in deep water (Lp,0) by the diameter of the
main wave absorbing body (d), while Hs could directly be divided by d to obtain a
dimensionless parameter [17]. Note that the most influential parameter can in this
case easily be derived from the performance surface, as CWR increases significantly
with decreasing Tp, while it remains relative constant for different values of Hs.

Note that the peak wave period (Tp) is used as reference in Fig. 9.9, instead of
Te, as the wave frequency spectrum for all the lab tests was user-defined. During sea
trials, the shape of the wave frequency spectrum changes with the conditions; there
it is more representative to present the performance relative to Te, as it presents a
more robust average of the wave conditions. Tp represents only one parameter of the
spectrum (the peak), which makes it very unstable and not very representative. Te is
derived from the whole spectrum, which is thereby more reliable.
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9.2.4.2 Power Performance Estimation Based on Sea States

Based on the performance of the device obtained in irregular waves (the influence
of 3D waves will be assessed through a parametric study) and after optimization of
the PTO load in the tested sea states, the mean annual energy production (MAEP) of
the device can be estimated. Table 9.2 illustrates how the performance of a device,
based on tank testing with sea states, is calculated and can be presented.

The upper part summarizes the wave characteristics and corresponding perfor-
mance results for the full-scale model based on CWR obtained through tank tests.
The bottom part presents the resulting values that give an overall overview of the
performance. Definitions of the different terms are given after the table. An esti-
mation of the actual generated electrical power (Pel) can also be added if the
efficiency of the PTO system (ηPTO) of the full-scale device is known. This value
can (normally) not be deducted from the tank tests as the rest of the conversion
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Fig. 9.9 Illustration of a performance (in terms of CWR = η = ND performance) curve and surface
that can be obtained through tank testing [18]
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chain after the energy absorption, from wave-to-wire, will normally not be included
in the model or not be representative of its full-scale version in terms of efficiency.

The non-dimensional performance or CWR of the device for each sea state (ηSS),
as described in Sect. 9.2.4.1 and by Eq. (9.11), is the ratio between the absorbed
power by the device and the wave power available to the device for the wave
conditions corresponding to the respective sea state.

The average absorbed power by the device or Pabs for a sea state can be cal-
culated with the ηSS and Pw for the wave conditions corresponding to a sea state:

ðPabsÞSS ¼ gSS � ðPwÞSS � widthactive ð9:12Þ

The overall non-dimensional performance can be obtained by the weighted sum
of the ηSS relative to their wave energy contribution:

goverall ¼
Xn
WS¼1

gSS � ðContribÞSS ð9:13Þ

The overall average absorbed power Poverall is calculated by the weighted sum of
the Pabs of each sea state relative to their Prob or by taking the product of the
overall non-dimensional performance and the available wave power. Note that
Pwave corresponds to the overall available wave power calculated based on the
scatter diagram (the gross available or theoretical wave resource) and not only what
is included in the sea states. If the calculation of ηoverall is based on the technical
resource, then this will be significantly overestimated.

ðPabsÞoverall ¼
Xn
SS¼1

ðPabsÞSS � ðProbÞSS ð9:14Þ

or

ðPabsÞoverall ¼ goverall � ðPwaveÞOverall � widthactive ð9:15Þ

The annual (absorbed) energy production (AEP and given in kWh) is then
obtained by multiplying (Pabs)overall by the duration of a year (8766 h):

AEP ¼ 8766 � ðPabsÞoverall ð9:16Þ

The capacity factor (CF) represents the average usage of the installed capacity,
which corresponds to the ratio between the overall average absorbed energy and
maximum absorbed energy in any wave condition. (This is based on the average
absorbed power in the maximum sea state and does not take the possible maximum
value of the absorbed power in the maximum sea state into account.)

9 Experimental Testing and Evaluation of WECs 237



CF ¼ ðPabsÞoverall
maximum ðPabsÞSS

ð9:17Þ

Figure 9.10 presents an example of the evolution of ηSS over the various sea
states together with their corresponding wave energy contribution, absorbed power
and the product of the absorbed power with the probability of occurrence.

The representation of the performance enables to visualise the various param-
eters over the different sea states. In this case, the non-dimensional performance
peaks at sea state two while the maximum wave energy contribution peaks between
sea state three and four. The mean annual energy production (MAEP) could be
increased by trying to match these peaks better. This could be done by increasing
the size (scaling ratio) of the full-scale device (which has been discussed in
Sect. 9.2.5.3). However, Pabs is in the same range in sea state three, four and five.
This is an advantage as the device will require roughly the same capacity of PTO
system for these wave states (leading to a high capacity factor), which is most-likely
not the case if the peak of the non-dimensional performance is close or beyond the
peak of the wave energy contribution curve. The Prob * Pabs curve shows that most
of the energy will in average be absorbed in sea state 2, which correspond to 1 m
(Hs) waves, and the least in sea state five.

Fig. 9.10 Example of the representation of ηSS (blue line), ContribSS (red line), Pabs and
Prob * Pabs for the different sea states, based on the values given in Table 2
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9.2.4.3 Power Performance Estimation Based on the Scatter Diagram

The performance analysis and estimation of the MAEP presented as a
non-dimensional performance surface is similar to the one based on sea states. The
main difference is that the performance is not only given for a limited amount of sea
states, but is given individually for every “bin” of the scatter diagram. Therefore, in
the equations given in Sect. 9.2.4.2, the subscript “SS” should be replaced by “bin”
and they are then applicable in this context.

The power performance of the device is represented by the 3-dimensional per-
formance surface (as illustrated in Fig. 9.9), while the wave conditions at the
location can be represented by the scatter diagram and by the wave energy con-
tribution diagram (see Sect. 9.2.2.1). The resulting performance of the full-scale
device corresponds to the power matrix and Pmech * Prob graph, in which Pmech

represent the mechanical absorbed power, as given in Fig. 9.11.

Note that it is off course of importance that the wave energy contribution dia-
gram is well covered by the tested sea states, otherwise excessive extrapolation will
have to be done in order to obtain a representative performance curve. This is
particularly difficult when a large range of scaling ratios are used.

Note also that the power matrix derived from testing can only be applied to
offshore locations that have a similar environment (e.g. water depth, …) and wave
conditions (e.g. spectral shape, …). To broaden the usability of this power matrix,
additional parametric studies can be performed in order to investigate the influence
of certain important parameters (e.g. water depth).

Fig. 9.11 Power matrix and Pmech * Prob plot with scaled tested wave conditions (blue dots) and
corresponding sea states (green squares) (Illustration of the WEPTOS WEC in Danish North Sea
wave conditions at a scaling ratio of 1:35 and with a maximum full-scale Pmech of 2400 kW)
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9.2.4.4 Testing Procedure for Power Performance Analysis

As tank testing is relatively time-consuming (from a couple of weeks to months
usually) and the time in the tank facilities is limited, it is important to have a
well-defined test procedure. The main steps during the power performance
assessment of a WEC are:

What How

Part 1: Identification and characterisation of the system

Identify hydrostatic and hydrodynamic
response of the WEC

– Stability and GM centre of mass and
buoyance etc

– Asses the natural period of oscillations and
decay response

– Asses the hydrodynamic response in regular
waves

Identify the sensitivity and range of the PTO
and sensors

– In regular waves asses the required range of
the PTO and sensors, and adapt them
accordingly to the maximum

Identify the influence of physical parameters,
which are intended to be assessed in depth in
irregular waves later

Perform elementary regular wave batches
(0.5–2 min tests with increasing wave period),
while changing one variable at the time
between batches. This could give a good
feeling on the importance of the parameter

⇨ Possibly make adjustments on design, sensors and/or scaling ratio, as now the natural period
of oscillation and the range of usage of the sensors and PTO have been identified

Part 2: actual test campaign

Irregular waves on reference setup – Optimise PTO load for each sea state
– Duration of tests is 1000 waves (relative to Tp)

Optimisation of the design – Asses the influence of alterations to the
design, in order to optimise its power
performance, hydrodynamic behaviour, ….
Start with tests in sea state 2 and 3, as these
contribute the most to the MAEP

– The PTO load needs to be optimised for
each sea state

– These tests will also provide the final RAO’s

Asses the influence of additional physical
parameters

– e.g. mooring configuration, water depth,
oblique waves …

– The PTO load needs to be optimised for
each sea state

Asses the influence of additional
environmental parameters

– This is of importance when later trying to
estimate the performance of the device for
different wave conditions, e.g. water depth,
oblique waves, 3D waves, …

– The PTO load needs to be optimised for
each sea state

⇨ The data of each test should be processed after each individual test in order to be able to
compare the results with the one of previous tests
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Fig. 9.12 Illustration of the effect of the PTO loading on the non-dimensional performance (η),
given for three different configurations of the same WEC model

To begin with, a general appreciation of the hydrodynamic behaviour of the
device should be made. This can in practice be done in regular waves and without
any PTO loading, by making various short tests (0.5–2 min each) where the wave
height is maintained constant and the wave periods are each time incremented. This
should be repeated for constant wave periods and increasing wave heights, and it
could for example be used to identify the resonance frequency of the structure or of
the wave activated body and show the range of effect of the wave conditions.
A similar approach could possibly be used to investigate the influence of different
configurations, for example if the device has an adaptable geometry, weight or
floating level.

After the hydrodynamic behaviour, the sensitivity and relevant working range
of the PTO loading adjustment system have to be assessed. In this case, the load
should be increased again in batches (0.5–2 min each) for a couple of the tested
wave conditions. In practice, this can be done by incrementing the load between
each batch by 10 % of its full range and repeated for the smallest, one or two
medium and the largest sea states. Although these tests are not crucial, they often
lead to a significant gain in time.

Note that in order to maintain the same wave energy content in between regular
and irregular waves, the significant wave height (Hm0) from the irregular waves has
to be divided by √2 to obtain the wave height for the regular waves, while main-
taining the same wave period (T = Te). However, in the case that the response or
performance of the device is mostly dependent on the wave period, it might be
beneficial to match the wave period in regular waves with Tp, as this is the dominant
wave period in irregular waves.

The actual performance assessment is based on long-crested irregular waves,
having a specific wave spectral shape (e.g. JONSWAP spectrum with ɣ = 3.3).
Each individual IW lab test should have a length of 1000 peak wave periods (for
statistical robustness), which should take about 20–30 min, depending on the scale.
Moreover, in each wave condition the PTO load needs to be optimised for optimal
energy production (as presented in Fig. 9.12). Ideally, an exact reproduction of the
waves should be performed in between those tests. Depending on the complexity
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and possibilities of tuning the PTO loading, this step will require generally between
3 to 5 tests for each sea state. However, if the device contains various design
variables, then they need to be investigated as well in some of the sea states.

After having obtained the best performance of the device in all the sea states, the
influence of other environmental parameters can be investigated and the influ-
ence of some extraordinary components or modifications on the performance and
hydrodynamic behaviour can be assessed. Regarding the wave conditions, the
sensitivity of the performance to the wave frequency spectrum, wave direction and
wave directional spreading (3D waves) should be investigated. This should be done
with various values for them, probably focusing on the most wave energy con-
tributing sea states. The load optimisation should be done for each case and their
result should be compared to the reference long-crested irregular waves. The same
goes for the tests analysing the influence of some extraordinary components or
modifications on the performance and hydrodynamic behaviour.

9.2.5 Scaling

9.2.5.1 Defining the Scaling Ratio

The scaling ratio indicates the ratio between the model or prototype and the
commercial WEC. The size of the model should be chosen in function of the
laboratory facilities and the purpose of the tests, while the size of the commercial
WEC depends on the WEC technology and on the commercialisation strategy of the
developer, which is often a trade-off between financial resources and optimising its
cost of energy. The scaling ratio, and thereby the size of the commercial WEC, can
be optimised all along the development of the WEC as it has a strong influence on
the overall cost and power production of the device, but as well on the capacity
factor and fluctuations in the power produced by the WEC. However, in order to
obtain representative wave conditions for the tank tests model, a scaling ratio needs
to be used to scale the sea states and water depth.

In most cases, the first serial production of a WEC, will be smaller than the
scaling ratio leading to maximum power production, in order to keep capital
expenditures lower. In this case, the scaling ratio will need to be as large as the
financial resources allow for it.

Whenever, the power production needs to be maximised, the scaling ratio will
intend to have the resonance period of the wave-activated bodies (e.g. point
absorbers, OWCs and pitching flaps) in function of the predominant wave period,
which corresponds to the peak of the wave energy contribution. Other WECs,
where the structure is required to be stable (such as floating overtopping devices)
will try to keep their resonance period as far out as possible from the wave peak
period.
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In Fig. 9.13, an illustration is given on how the main influential power perfor-
mance factors might overlap. Note that the resonance period of the wave absorbing
body corresponds to the peak of the capture width ratio, and that the predominant
wave period, corresponds to the peak of the wave energy contribution.

The scaling ratio affects directly the mass and geometry of a body, which thereby
influences its natural period of oscillation (more details in Chap. 6).

To give an order of magnitude of the optimal size in terms of power production
for generic full-scale WECs in a location with relatively high wave power level:

• Point absorbers will be in the size of 5–15 m in diameter
• Salter’s duck will have diameters in the range of 10–20 m
• Pivoting flaps will be in the range of 15–25 m wide and their thickness between

2–10 m.
• A floating overtopping WEC (or any reference structure) would optimally be at

least as long as one wavelength, in order to be stable.

9.2.5.2 Scaling Law

When addressing the scaling of the mechanical interactions between fluids and
solids, three main kind of forces are of importance: the inertia, gravitational and
viscosity force. Depending on the case, the relative magnitude of those forces
varies. Their relative importance can be quantified using two non-dimensional
numbers: The Froude and Reynolds numbers [19]. Ideally, the same balance
between the different forces should be maintained for the model tests as for the
full-scale ones.

As inertia forces are normally predominant for the scaling of the body-fluid
interaction of WECs, the Froude’s Model Law (Fr) is used to transfer data between
different scales. It ensures the correct similarity in between geometrical, kinematical
and dynamical features. Froude’s scaling law can be summarized as:

Capture width ratio

Resonance period   
Wave energy contribution

Tp, peak wave period [s] 

Fig. 9.13 Illustration of a
possible overlap between the
resonance period of the wave
absorbing body, with the
capture width ratio of the
WEC and the wave energy
contribution given against the
peak wave period
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Fr ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Inertia forces
gravity forces

s
¼ Uffiffiffiffiffiffi

gL
p ð9:18Þ

Umffiffiffiffiffiffiffiffi
gLm

p ¼ Uf

gLf
¼ �Uf ¼ Um

ffiffiffi
S

p
ð9:19Þ

where:

• S ¼ Lf =Lm = scaling ratio, requiring geometrical similarity (–)
• U = velocity (m/s)
• g = gravitational acceleration (m/s2)
• L = dimension (m)
• Subscripts m and f stand for model and full-scale

Table 9.3 presents more explicitly the direct application of Froude’s Model Law
for scaling lab model related characteristics and results. The column presenting an
example, presents the multiplication factor that has to be used on the model results
for the different parameters to obtain the full scale, equivalents.

Note that whenever possible, test results should be expressed as
non-dimensional values, meaning that they are applicable for different scaling ratios
e.g. the capture width ratio of a device.

Scaling of other (non-inertia dominating) parameters depend on other specific
scaling laws, meaning that for example dimensions are not scaled on the same way
as compressibility or as friction. This makes it particularly difficult to scale systems
such as OWC’s or PTO systems (more details in Chap. 6). Thereby, it can be very
difficult to scale systems accurately, as each system need to comply with the scaling
laws in order to be representative.

9.2.5.3 Optimising the Scaling Ratio

Before starting the tank test campaign, a scaling ratio needs to be defined in order to
scale the sea states. In practice, the offshore wave conditions and the specifications

Table 9.3 Scaling of
parameters following
Froude’s scaling law

Parameter Unit Scaling
ratio

Example of scaling by
1:20

Length m S 1 ! 20

Area m2 S2 1 ! 400

Volume m3 S3 1 ! 8000

Time s S0.5 1 ! √20

Velocity m/s S0.5 1 ! √20

Force N S3 1 ! 8000

Power W S3.5 1 ! 35777
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of the wave tank are fixed, while an estimation of the size of the full-scale WEC,
should be made. A suitable scaling ratio needs to be found, that allows a decent
representation of these scaled wave conditions in the tank, and a model needs then
the be made following the same scaling ratio. Note that a larger scaling ratio
corresponds to smaller scaled wave conditions, water depth and model.

An illustration of the main power performance result of tank tests is presented in
Fig. 9.9. It contains the non-dimensional performance (η or CWR) for all the sea
states tested with a fitted curve through the results. The results from this test
campaign, can then be used as well for other scaling ratios, based on approxima-
tions with the fitted curve.

In the following figures, an example is given of the effect of having a too small
or too large scaling ratio on the performance and the maximum power production
(based on the values given in Table 9.2). As mentioned before, by adapting the
scaling ratio to the tank test wave conditions are modified and the resulting
non-dimensional performance can be obtained from the fitted power curve. In
between the 3 case, the curve is translated in function of the scaling ratio; while off
course the full scale wave conditions and thereby the wave energy contribution
curve remain the same. Note that the wave energy contribution is usually the largest
for the average wave conditions, while they decrease for the largest and smallest
ones (Fig. 9.14).

Figure 9.14 illustrates that a too small scaling ratio will lead to a peak in the
non-dimensional performance curve (η, corresponding to the resonance period of
the wave activated body) well below the peak of the wave energy contribution
curve (contrib). In this case, η decreases and the wave power content increases with
the sea states. Although the peak on the wave energy contribution is found for sea
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Fig. 9.14 Illustration of the possible effects of the scaling ratio, with as reference the lab model,
on the performance of the device. In this figure, the curves for the smallest size of the WEC are
presented
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state 3 and 4, the maximum absorbed power contribution (Pabs x Prob) is found at
sea state 2. This mismatch indicates that the resource could be better exploited. The
resulting values for this scaling ratio are:

• Pabs, overall of 226 kW
• ηoverall is 0.116
• Capacity factor is approximately 0.36.

In the second case (Fig. 9.15), the size of the device is enlarged, which results in
a peak of the η curve at sea state 3, which is close to the maximum wave energy
contribution. This has an immense effect on the absorbed power in the sea states, as
here η increases with the wave power in the first 3 sea states, however it also comes
at a large cost of the capacity factor. The results are:

• Pabs, overall increases to 425 kW
• ηoverall to 0.218
• Capacity factor approximately 0.13

Although the large gain in power production, the capacity factor is significantly
reduced as the maximum Pabs, SS is approximately five times larger, while Pabs,

overall is only approximately twice larger. This indicates that although the energy
production has significantly increased, the PTO system and structure got larger and
thereby more expensive, which might not always result in a more cost-effective
solution

In the last figure of the illustration (Fig. 9.16), the device is even further
increased in size, which makes the peak of the ND performance curve to coincide
with sea state 5. In this case:
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Fig. 9.15 Illustration of the possible effects of the scaling ratio, with as reference the lab model,
on the performance of the device. In this figure, the curves for the intermediate size of the WEC are
presented
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• Pabs, overall decreased to 366 kW
• ηoverall decreased to 0.188
• Capacity factor is even further diminished.

In this example, the optimal scaling ratio will most likely be slightly lower than
the intermediate sized WEC, as there will be the best compromise between energy
production and size of the device and its PTO system. However, a complete cost
model should be included in order to find the most cost effective size of the
structure including installation, power connection mooring and maintenance. This
requires also that the structural design of the scaled models can handle the scaled
loads of the extreme conditions (see more in Chap. 4).

9.2.6 Structural and Mooring Loads

9.2.6.1 Introduction

The objective of structural and mooring load tests is to obtain a good sense of the
maximum loads that can be expected on these parts of the system. These tests need
therefore to be executed on a very representative model and in the wave conditions
resulting in these maximum loads (design wave conditions), which usually corre-
spond to the extreme wave conditions. A set of extreme wave conditions, combining
wave, current and wind specifications are provided in relevant design standards,
such as the DNV standards on offshore wave and wind energy [10, 12, 15].

Before being able to obtain these resulting loads, usually the mooring config-
uration needs to be optimised. This will physically correspond to adapting the
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Fig. 9.16 Illustration of the possible effects of the scaling ratio, with as reference the lab model,
on the performance of the device. In this figure, the curves for the largest size of the WEC are
presented
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force-displacement response of the mooring system, which can be done by
changing the length, mass, buoyancy and other possible parameters of its different
members. Once the mooring configuration is optimised, then the structural and
mooring forces can be obtained.

9.2.6.2 Mooring Forces

A rough estimation of the mooring forces can be obtained by various numerical
means, e.g. with the Morison equation (see Chap. 7). For a given water depth,
maximum excursion of the WEC and the maximum horizontal mooring force at the
WEC, a suitable mooring solution can be designed. A static analysis of the
force-displacement curve can then be calculated, against which the experimental
tests will provide the dynamic analysis.

As the motions and the mooring forces are strongly influenced by the mooring
stiffness, the mooring stiffness, and thereby the force-displacement curve, needs to
be scaled accordingly. In practice, if a catenary mooring system is used then it can
be possible to directly scale the mass/unit length of the chain and the geometry and
mass of a buoy. If elastic properties of the system are of importance then the
selection of the material is important and the right stiffness can be obtained
(Fig. 9.17).

Fig. 9.17 Example of the force displacement—curves and stiffness relative to displacement
curves for a catenary and tension leg mooring system [20]
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Note that the surge excursion of the WEC will be strongly affected by wave
groups, even more than from one large individual wave. It is therefore important to
repeat the same design wave conditions with different wave trains.

9.2.6.3 Structural Design and PTO Loads

Each component of the WEC requires to be dimensioned in function of the highest
loads (e.g. 1/250 force) and adequate safety factors. Multiple sensors need thereby
to be incorporated at strategic places in the structure and other components, so that
decent measurements of the maximum loads can be made (Fig. 9.18).

It is highly recommended to complement these experimental tests with addi-
tional calculations or numerical models.

9.2.7 Parametric Study

9.2.7.1 Physical Alterations to the Model

The objective of making changes to the model is often to investigate ways to
increase its performance, or to test other hydrodynamic, structural or more eco-
nomically design solutions.

It can be sufficient to perform only a few trials to assess the impact of alterations.
If the alteration is not tested in all operational or design sea states, it should

Fig. 9.18 Picture of a floater of the Wavestar WEC being experimentally tested for wave loads.
Courtesy of Wavestar
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especially be investigated in the conditions where it is the most critical, e.g. where
the wave energy contribution is the highest or where the model obtains its highest
loads. The results of the test should be compared to a reference tests, being the
original setup without any alterations. Every alteration should be investigated
separately in order to identify the influence of every parameter individually.

9.2.7.2 Modification of Wave Parameters

In a laboratory environment, normally long crested irregular waves are used that are
defined by an Hs and Tp values together with a defined wave spectrum, which
corresponds to a sea state. However, the environmental parameters describing a
marine location (wind, currents, bathymetry, directional wave spectrum, …) are
numerous and can in many cases vary independently from each other. Therefore, it
is of importance to asses to influence of each of these relevant environmental
parameters in operational and design wave conditions.

The influence of these additional environmental parameters needs to be
addressed separately and over the whole range of their possible extent, which can
then be compared with the original reference situation.

9.3 Sea Trials

9.3.1 Introduction

After extensive tank testing and individual components analysis on test benches, the
first sea trials marks the beginning of a new very exciting but demanding stage in
the development of a WEC. It is initiated by an intense preparation effort, requiring
to investigate a vast range of new grounds and challenges, just to make everything
ready and to be prepared for the new uncontrolled environment with restricted
access. Sea trials can be performed for a wide range of objectives, which can have a
strong influence on the capabilities of the WEC prototype and on the test location.
Besides the data gained from the sea trials, the construction of WEC and the
experience with its operation and maintenance, are as well highly valuable. Some of
the main objectives for sea trials can be:

• To demonstrate the technology in real ocean conditions.
• To (ultimately) operate the system as an autonomous power plant.
• To measure, verify and validate loads, motions and power performance calcu-

lations and estimations.
• To refine the Levelized Cost of Energy (LCoE) estimations, based on the new

and more representative mean annual energy production (MAEP), capital costs
(CapEx) and operation and maintenance costs (OpEx) evaluations.
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Based on the sea trials, many cost and power performance estimations will be
made for a commercially operated WEC array. However, there will be some sig-
nificant differences between the situation of the sea trial and of the WEC array, in
terms of design and size of the WEC, environmental conditions and array effects.
An overview of the situation is presented in Table 9.4.

The influences between the two situation can have significant influence on the
mean annual energy production and cost of the WEC. Therefore, they need to be
carefully investigated, possibly during the sea trials, but otherwise complemented
by representative model tests or validated numerical models.

In this chapter, especially the power performance evaluation is emphasized. The
presented methodology can be applied to all WECs and its aim is to estimate the
electricity production of a full-scale WEC (array), operating as a power plant, at
another location, based on the measurements of the sea trials. Methods for this are
being currently drafted under the IEC 62600-102/CD [21].

9.3.2 Performance Assessment of WECs Based on Sea
Trials

9.3.2.1 Introduction

A condensed overview of a methodology to equitably assess the performance of
wave energy converters based on sea trials will be presented here [22, 23] and case
studies of it can be found for the Pico OWC and the Wave Dragon WEC [24, 25].

The “Equitable Performance Assessment and Presentation” methodology aims at
assessing the performance of any device, based on sea trials, in a transparent and
equitable way, resulting in an estimation of the mean annual energy production
(MAEP) together with a corresponding accuracy.

Sea trials are (generally) very expensive and time-consuming, as they require
heavy equipment and some wave conditions only occur sporadically [1]. Moreover,
various problems might occur and different parameters have to be tested and
optimized. This (usually) leads to a vast amount of discrepancy in the recorded
performance of the device, which each should be clearly marked—especially in the
early stages of testing. The methodology thereby accepts incomplete and inter-
rupted data series from sea trials, which were not obtained during autonomous
mode. It, however, expects the developer to provide clear and transparent

Table 9.4 Estimating of
costs and power production of
a commercially operated
WEC, based on sea trials

Source: sea trial Estimation: WEC array

# of WECs 1 or several Multiple

Scale �1:6–1:1 ! Full-scale

Location Test site (site 1) WEC array site (site 2)
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information regarding the data and the sea trials. On the contrary, for (near to)
commercial devices all the data recorded over a given time period under continuous
and autonomous operation of the WEC would need to be used, without exceptions
(IEC 62600-100/TS) [26].

A robust but flexible methodology is required that can take the discrepancy of
the power performance into account, while enabling the estimation of the MAEP of
the device at the test location and of the full-scale device at any location of interest.
The methodology favours larger data sets as it makes the resulting performance
more robust and the corresponding uncertainty interval smaller.

An overview of the methodology is given in Fig. 9.19.

9.3.2.2 Preparing the Environmental and Performance Data

The first part is to process separately the power performance data and the envi-
ronmental data of the test and possibly of another given location.

In order for the environmental data to be representative, it requires to cover a long
period of time (>10 year) and it can be measured or hindcasted. This will usually be
condensed into a bi-variate scatter diagram (Hs − Te) in order to represent the wave
conditions. However, this can be extended to more detailed (n + 2) scatter diagrams
by including other environmental parameters, such as e.g. wave direction, as they
can be of significant influence on the power performance of the WEC. In case that
the MAEP is calculated for another location, it will be needed to take the

Fig. 9.19 Overview of the power performance assessment procedure
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environmental parameters that are different and that have an influence on the per-
formance of the WEC into account in the description of the environmental condi-
tions. This could also be important, if the environmental conditions during the sea
trials have not been representative for the long-term average conditions (Fig. 9.20).

The same method can be used if the environmental matrix is represented more in
detail than just by a bi-variate scatter diagram. The performance data will then have
to be divided over the different scatter diagrams and the probability of occurrence of
these different scatter diagrams will have to be known. Afterwards, their results can
be added to each other to obtain the overall MAEP.

Besides the long-term environmental data, there will also be the performance
and environmental data that is collected during the sea trials. This recorded data,
referred to as the “performance data”, needs to include a wide range of environ-
mental and device dependent parameters that are evaluated over a defined timespan,
usually 30 min [27]. The list of parameters to be included depends on the desired
application and is especially large whenever a parametric study or a wave-to-wire
analysis is intended to be produced. The key and indispensable environmental and
performance parameters required for each data sample are:

Fig. 9.20 The overall bi-variate scatter diagram with data points and corresponding directional
wave rose (left) or the directional scatter diagrams with corresponding data points
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• Hm0 Significant wave height derived from spectral moments
• Te Wave energy period
• Pw Wave power (taking the water depth into account)
• Pel Produced electrical power
• Pabs Primary absorbed power by the device
• η Capture width ratio (CWR)

This list will usually be broaden by various parameters describing the envi-
ronmental conditions more specifically, such as e.g. the wave direction, or by
parameters describing the configuration and setup of the device, e.g. control
strategy. It is important to include any possible environmental parameter that has a
strong influence on the power performance of the WEC (i.e. wind, current and
water level).

It is also desirable to have a measurement of the power directly absorbed by the
WEC from the waves, Pabs, without further power conversion modules in between.
This is because the Pabs represent the upper limit of the system (and it is scalable
and can be used to define the efficiency of the PTO). These other components in the
PTO could possibly also be changed or improved afterwards and could possibly be
difficult to scale. However, for full-scale devices that are ready to be commer-
cialized, the representative power performance measurement will most-likely be at
the grid connection, as it will give the most accurate representation and estimation
of the MAEP of the whole device.

9.3.2.3 Scaling of the Performance Data

In case that the power performance analysis has to be made for a larger size of the
WEC, than tested during the sea trials, then the environmental parameters of the
performance data can possibly be scaled at this moment of the procedure. Froude
scaling should be used, as stipulated in Sect. 9.2.5, on the environmental param-
eters, while only the relative measures for the power performance parameters
(capture width ratio) can then kept being used.

The optimal size of the WEC can depend on various parameters, from hydro-
dynamics to economics and logistics, on which a brief approach on the hydrody-
namic optimization is given in Sect. 9.2.5.3.

9.3.2.4 Categorising the Data

All the performance data collected during an one straight operational period of the
WEC, without interruption or incomplete data, will be used to asses the overall
performance. The more data that is available, the more robust the estimation will be
and thereby the lower the uncertainty related to the obtained performance of theWEC
in real sea conditions. The sea trial experience could as well give an indication on the
expected availability of the WEC, which as well has an influence on the MAEP.
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The relevant performance data will be categorised into subsets, according to the
definition of the bins of the scatter diagram and possibly also according to the
abundance of performance data. Note that in some cases, only a scatter diagram will
be available for a given location (and not the long-term timeseries); here the same
bins will have to be used as the one defined in the scatter diagram.

An illustration of these bins dividing the data into subsets is presented in
Fig. 9.21. For each of these bins, corresponding to data subsets, an average CWR
and related uncertainty value will calculated.

The bins are delimited by a certain range of wave height and wave period (Hm0

and Te), which is suggested to be the same for all of them. This corresponds
normally to bins of 0.5 or 1 m in significant wave height and 0.5, 1 or 1.5 s in wave
period. In practice, the size of the bins, will influence the resolution of the power
matrix, the amount of data points that will be found in a bin, the variation between
the performance of different data points and thereby the uncertainty related to the
average power performance of a bin.

So far, no standard selection criterion exist (or been completed) as not enough
developers have shared their results and approaches, however some specifications
can be suggested:

• The bins should all have the same size.
• The performance data analysis has to be done with the respective η value and

with the absolute performance in kW.
• At least five performance data points have to be included in the data selection of

each bin. However, it is strongly encouraged to increase the amount signifi-
cantly when sufficient data is available, in order to obtain a more robust per-
formance representation.

• All the acquired performance data in a certain period should be used to represent
the overall performance. This can be difficult for new prototypes undergoing sea

Fig. 9.21 Scatter diagram with performance data (left) and zoning of the performance data (right)

9 Experimental Testing and Evaluation of WECs 255



trials, which did not acquire sufficient data during long enough autonomous
operation of the WEC. Exceptions to this rule could be then accepted (meaning
that the developer choses to only include a subset of the available performance
data, by screening the performance data), as long as this is clearly stated and
done on a transparent manner. This will indicate that the WEC is still a pro-
totype version (Fig. 9.22).

For each of the bins representative wave and performance have to be calculated.
The parameters characterizing the wave conditions (Hm0, Te), probability of
occurrence (Probbin) and the wave energy contribution (Contribbin) have to be
derived from the long term environmental data, given by Eqs. (9.3) and (9.4).

The average and uncertainty of the performance of the WEC for a bin has to be
based on the performance data. This is given in terms of a non-dimensional per-
formance value (ƞbin) and the uncertainty is expressed in terms of sample standard
deviation (sbin) and confidence interval (CIbin), using a standard confidence level at
95 % and a Student’s t-distribution. The distribution might not be the most suitable
and can be adapted in order to be more representative and accurate.

This approach incites the WEC operation to focus on demonstrating good per-
formance over longer periods of time (resulting in a greater amount of performance
data points) in order to stabilise the ƞbin and to reduce the CIbin. The average ƞ and
its corresponding confidence interval for each bin, based on the selected perfor-
mance data points (n), can be calculated as such:

Fig. 9.22 Representation of the performance data for all bins
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gbin � CIbin ¼
Pn

i¼1 gi

n
� t�

sffiffiffi
n

p ð9:20Þ

9.3.2.5 Complementing the Performance Data

As mentioned before, at the end of the sea trials there might not be sufficient
performance data to cover the whole scatter diagram abundantly, as the sea trial
period is limited, some wave conditions only occur infrequently, and the WEC
might not always be in operation. Therefore, it is likely that some bins of the scatter
diagram might not be populate with sufficient performance data in order to calculate
for it a representative performance value.

The power performance of the WEC might be estimated based on the measured
performance data from the sea trials through validated numerical models or expe-
rience from tank testing. This off course has to be done very carefully, and therefor
these estimations have to be very conservative (Fig. 9.23).

Note that the use of estimated power performance data, has to be explained and
clearly stated together with the mean annual energy production estimation.

9.3.2.6 Estimating the MAEP

The Pabs by the WEC for the environmental conditions linked to each bin can be
obtained by multiplied their non-dimensional performance values by their corre-
sponding Pw. This will in other words lead to the absorbed power matrix.

Fig. 9.23 The original (left) and extended (right) bins zoning the power performance data (little
dots) obtained through sea trials and estimations
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The absorbed power matrix can then be multiplied by the PTO efficiency matrix,
which can be derived from the sea trials, in order to obtain the electrical power
matrix. Note that the PTO efficiency matrix could be updated, to take improvements
of the system into account or differences due to scaling. This is acceptable as long
as this is explained, clearly indicated and that the changes are conservative
(Fig. 9.24).

The resulting mean annual energy production, with its uncertainty, can be cal-
culated similarly as in the case of the performance estimation based on experimental
tank testing (Sect. 9.2.4.2). It corresponds to making the sum of the product of the
electrical power matrix with the scatter diagram [8, 28].

The unbiased estimate of the overall standard deviation (soverall) and confidence
interval (CIoverall) can be obtained with Eq. (9.21), in which X can be replaced by
s or CI in order to obtain their individual overall appreciation:

Xoverall ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiXn
bin¼1

g2
bin þX2

bin

� � � Contribbin � Xn
bin¼1

gbin � Contribbin
 !2

vuut ð9:21Þ

The estimation of the annual energy production together with an estimation of its
uncertainty will give a strong indication of the accuracy and technological readiness
of the WEC.
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