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Abstract- Classification systems have provided useful
benefits when considering the design of energy conversion
systems. Typically, a classification system aims to ensure that
a new design is compatible with multiple sites across a
significant number of locations around the globe, thus
supporting the rollout of the technology. When designing a
specific class of devices, technology developers may
standardise their approach, potentially avoiding under- or
over-designing the systems. Such practices can in turn help to
limit the costs as well as contain the risks of failures during
the project lifetime.

I.

INTRODUCTION

In the wind energy industry, a two-dimensional classification
system [1] has been developed to support the project
development of wind farms. The first dimension is based on
the average wind speed on site. Three ranges of increasing
mean values of the wind speed are defined so that a project
developer may consider rotor size that allows capturing as
much power as possible, however withstanding the loads that
apply to the wind turbine structure. The second dimension is
the wind turbulence intensity. Three ranges of increasing
turbulence intensity are also defined so that a project
developer can anticipate the level of variation of the loads on
the wind turbines, and design a wind farm that handles the
level of fatigue and extreme loads to be expected throughout
the project lifetime.

In the present work, a probabilistic approach to wave energy
converter (WEC) design is considered. Extreme loads with 5,
25 and 50-year recurrence interval (surge and heave
excitation forces) are calculated at a number of sites along the
Western European (WE) coast for two types of point absorber
WECs. In an attempt to define WEC classes, the results were
analysed in parallel with the extreme values of the freesurface elevation at the sites.

To date, no WEC classification scheme has yet been
developed and implemented, although there is ongoing work
on the subject [2], [3]. From the onset, a critical step in the
development of a classification system for WECs is the
identification of the dimensions that can be used to infer
salient features that may characterise of WEC class
behaviour.

To define the environmental conditions at the sites, the
variation in the shapes of the environmental contours was
assessed using multiple probability distributions (e.g. inverse
gaussian or generalised extreme functions). Essentially, the
variability observed in the results and the potential impact on
the design process highlight the critical need for procedures
to monitor the quality of the statistical fit. Future work can
extend the assessment to the statistical distributions used to
characterise resistance (load) and stress.

Similar to a wind turbine, a WEC should be designed to
optimise power capture per unit cost, and the site average
energy flux per meter of wave crest heavily influences the
WEC power production. The annual average wave energy
flux is therefore a potential first dimension to distinguish
between three wave energy resource classes (e.g. classes III
to I, increasing in energy content). In [2], the potential of such
classification was investigated for over three thousand wave
sites in the United Kingdom and Ireland.

Using short-term extreme value analysis, the long-term
extreme values for the free-surface elevation and the linear
surge and heave excitation forces were derived, showing to a
considerable spread which can be associated with the large
range of environmental conditions across the WE coast, and
its effects on the WEC responses. However, when combining
the WEC forces and free-surface elevation data, a typical
response emerges, and the long-term extreme values
converge towards a reference distribution, highlighting a
possible WEC class effect.

To date there has been no direct equivalent of the wind
turbulence intensity developed for wave energy conversion.
However, one common fundamental principle of wave energy
conversion is that the WEC’s ability to maximise power
capture will usually depend on the capacity to tune the
dynamic response of the WEC to the wave periods at sea. A
significant amount of WEC designs are expected to work in
near-resonance conditions with regard to the incident waves,
which may consequently drive the size of the device. Extreme
loads – surge and heave excitation force as well as the force
acting on the power take-off, PTO – on a single point
absorber WEC were studied in [3], in an attempt to assess the
impact of the variation of significant wave heights (𝐻𝑠 ) and
energy periods (𝑇𝑒 ) over the dominant loads. A design
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parameter characterised by the extreme free-surface elevation
with N-year recurrence interval was investigated for a small
set of three deployment sites. By performing a full long-term
analysis to predict the WEC response in these three sites,
using a complete environmental characterisation based on the
I-FORM approach, a methodology for normalising the
extreme loads by the free-surface elevation was developed.
The results indicated that the extreme value of the freesurface elevation with 50-year recurrence interval is a
potential candidate variable to assist in the WEC
classification process.
II.

2)
3)

Long-term extreme return values – linear loads
model and derivation of the long-term extremes.
Qualitative assessment of the long-term extreme
value distribution
C. WEC models

This study focuses on two types of point-absorber WECs,
namely the same reference WEC (RM3) as used in [3] and the
Bref-SHB reference WEC of the NumWEC project [4]. Each
model is briefly introduced below.

BACKGROUND AND OBJECTIVES

The RM3 WEC is a surface self-referenced two-body WEC
consisting of an axisymmetric buoy (float) that is allowed to
move vertically along the main axis of a spar buoy with a
water-entrapment plate. The geometrical properties of the
surface self-referenced two-body heaving point absorber
design are shown in Figure 1 whilst the mass, PTO and
mooring properties are listed in Table 1.

A. Preliminary analysis of the long-term extreme loads
A preliminary analysis of the long-term extreme loads on the
RM3 two-body WEC was conducted at three sites on the U.S.
coast [3]. The preliminary analysis used 1-hour averaged
buoy measurements of the significant wave height 𝐻𝑠 and
energy period 𝑇𝑒 . Approximately 200 sea state samples were
derived from a Principal Component Analysis (PCA) and a
standard Pierson-Moskowitz spectral shape was assumed. A
linear WEC-Sim model was used to derive the variables of
interest, namely the excitation forces in surge and heave and
the PTO force. The results of this preliminary analysis
indicated that the long-term extreme value of nondimensional
loads for return periods ranging from 1 to 100 years could be
used as a metric to identify WEC class behaviour. In such
context, the nondimensional loads were derived as the ratio
between the excitation force (in surge or heave) and a
characteristic wave load, calculated via:

The Bref-SHB WEC is a surface bottom-referenced singlebody WEC consisting of an axisymmetric buoy with an
ellipsoidal cross-sectional shape connected to a hydraulic
PTO system (see diagram in Figure 2). In this study, the
device was upscaled to a 250kW power rating, compared to
the original 100kW rating used in the NumWEC project [4].
Throughout this paper, the WEC is referred to as Bref-SHBlike. The main geometrical, PTO and mooring properties of
the WEC are summarised in Table 2.

𝐹𝑤,𝑖 = 𝜌𝑔𝜂𝐴𝑖
where 𝜌 is the water density, 𝑔 is the modulus of the
acceleration of gravity, 𝜂 is the free-surface elevation and 𝐴𝑖
the characteristic area of the device in surge or heave,
respectively.
B. Objectives
Following the preliminary studies presented in [3], the
present work aims to extend the analysis to a large number of
sites along the Western European (WE) coast. Calculations at
a large number of sites within the WE coast are conducted to
assess if any salient features that may be related to a WEC
class behaviour can be derived. The study focuses on two
types of point-absorber WECs, namely the same reference
WEC (RM3) as used in [3], and the Bref-SHB reference WEC
originally presented in the NumWEC project [4].

Figure 1: RM3 geometry characteristics (dimensions in m)

Mass (ton)
Draft (m)
PTO
Type
Control
Stiffness
Damping
Moorings Type
Locked DoF

The methodology to calculate the long-term extreme loads
can be summarised in three steps, which are summarised
below and detailed in Section III:
1)

1605
30
1D translational PTO
Linear damping
N/A
10.0MNs/m
Linear
Sway, roll, yaw

Table 1: RM3 mass, PTO and moorings properties

Environmental characterisation – discretisation of
the 1-year environmental contour.
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solver NEMOH [6]. The hydrodynamic coefficients were
then combined with the 3-hour sample time series of the freesurface elevation to produce the desired load time-series,
namely linear surge and heave excitation forces.
A Weibull tail fit was then used to fit the peaks of all eleven
load time-series from the contour samples. Subsequently the
short-term extreme distribution was derived to obtain the
long-term return period estimates.
C. Qualitative assessment
The long-term extreme loads derived as described in III. B.
were calculated at 147 hindcast locations along the WE coast.

Figure 2 Bref-SBH schematics – from NumWEC [4]

Geometric

PTO

Moorings

Mass (ton)
Height (m)
Diameter (m)
Type
Control
Stiffness
Damping
Type
Locked DoF

For different return periods, the distribution of the long-term
extreme values of the selected variables of interest were
calculated at each site, in the form of histograms. One of the
objectives is to ascertain if any dominant features related to a
WEC class can be identified. In this regard and for return
periods of 1, 5, 25, 50 and 50 years, for each selected variable
of interest and for each device considered, histograms of the
long-term extreme value for the specific return period were
generated. The shape of the histograms was then qualitatively
assessed.

76.9
6.5
9.1
1D translational PTO
Linear damping
100kN/m
100kNs/m
N/A
Sway, roll, yaw

Table 2: 250kW Bref-SHB mass, PTO and moorings properties

III.

Finally, the above described procedure was also applied to
loads divided by free-surface elevation in order to assess
whether nondimensional long-term extreme values could be
used as a metric to identify WEC class behaviour, as indicated
from previous results [3].

METHODOLOGY

A. Environmental characterisation
Hindcast data (3-hour average) for the WE coast is sourced
from [5]. The hindcast data is used to characterise the wave
resource and a parameterised Bretschneider spectrum is
assumed to compensate for the lack of information spectral
shape information for the samples issued from the analysis.

IV.

RESULTS AND FINDINGS

A. Environmental characterisation
Calculations at 147 sites within the WE coasts were
conducted to infer any salient features that can be related to a
WEC class behaviour. The location of the sites is shown in
Figure 3 below.

Several methods can be followed to obtain long-term extreme
loads for a WEC at a specific site. In the present study, the
long-term extreme values are processed following a contour
approach, using the discretisation of the 1-year contour and
applying short-term extreme value analysis.
In this method, a principal component analysis (PCA) is used
to estimate the 1-year contour of the wave resource, and
samples are selected to discretise the contour. For each
sample, a Bretschneider spectrum is assumed and a 3-hour
sample time series of the free-surface elevation is produced.
B. Long-term extreme return values
In order to derive the long-term extreme values associated
with the key load metrics, a short-term extreme analysis was
first conducted. In such analysis, the load time-series
corresponding to each sea state sample were obtained from
linear models of the WECs.

Figure 3 Location of the sites selected for environmental
characterisation

The linear models used hydrodynamic coefficients for each
WEC computed using the boundary element method (BEM)
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For each site, the wave resource was characterised from the
hindcast data and the short-term extreme analysis was used
based on a discretisation of the 1-year contour.
The estimation of environmental contours of extreme sea
states typically involves the generation of probability
distributions for the variables under analysis. Critically,
distributions and parameter models are fitted to significant
wave height (𝐻𝑠 ) and energy period (𝑇𝑒 ) scatter diagrams to
capture their inherent interdependency. In order to assess the
variation of the 1-year contour with the selected probability
distribution, the contour was estimated using four different
functions, namely an inverse gaussian, an inverse gamma, a
generalised extreme and a generalised Pareto probability
distribution function.

Figure 5: Comparison between environmental contours derived
for 1-year (black), 50-year (dark grey) and 100-year return
periods (light grey) at hindcast location 49N 5W (offshore
Roscoff, France)

Figure 4 shows the 1-year contours at hindcast location 49N
5W (offshore Roscoff, France) obtained for the different
probability distribution functions selected. In total, 30y on
hincasts data (1979-2009) were used. It can be seen in Figure
4 that most distributions tend to overestimate the 1-year
contour, in particular for large estimates of Hs and Tp, which
can in turn be associated with the poor quality of the statistical
fit. Based on the results, a generalised extreme method was
selected to derive the environmental contours of each site.

Histograms of the long-term extreme values of the freesurface elevation across the 147 sites along the WE coast
were also derived for a shortlist of long-term return periods,
namely 5, 25 and 50 years (see Figure 7).

Figure 6: Long term return value histogram – free-surface
elevation
Figure 4: Comparison between 1-year environmental contours
at hindcast location 49N 5W (offshore Roscoff, France), derived
from different probability distribution functions: inverse
Gaussian (black), inverse gamma (dark grey), generalised
extreme (medium grey) and generalised Pareto (light grey)

B. RM3 point-absorber WEC
Similar to the free-surface elevation histograms, histograms
of the long-term extreme values of the linear surge and heave
excitation forces across the 147 sites along the WE coast were
derived for the 5, 25 and 50-year long-term return periods.
These are shown in Figures 7 and 8, respectively.

It is also pertinent to assess the evolution of the environmental
contours with increasing values of the return period. Figure 5
features the environmental contours for 1, 50 and 100-year
return periods at the same location 49N 5W (offshore of
Roscoff, France) using a generalised extreme probability
density function. As expected, tt can be seen that the gap
between environmental contours tends to reduce for
increasing values of the return period.
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Figure 7: Long term return value histogram – RM3 linear surge
excitation force

Figure 9: Long term return value histogram – RM3
nondimensional linear surge excitation force

Figure 8: Long term return value histogram – RM3 linear heave
excitation force

Figure 10: Long term return value histogram – RM3
nondimensional linear heave excitation force

It can be seen in Figure 7 and Figure 8 that the long-term
return values are spread over a wide load range. Considering
the similarity in the distribution of the free-surface and
excitation force histograms, the same exercise was conducted
on the nondimensional values, defined in [3] as the ratio
between the variables of interest and the free-surface
elevation (see definition in Section IIA). These are shown in
Figures 9 and 10. The resulting distribution is notably
narrower for the nondimensional versions of the long-term
extreme values, in what could potentially highlight a possible
WEC class effect.
Finally, Figures 11 and 12 present normal probability
distributions fits associated with the long-term return values
of the RM3 nondimensional linear surge and heave excitation
forces, respectively. The relative insensitivity of the return
period in the derived nondimensional statistics is again clear.

Figure 11: Normal probability distribution fit on the long-term
return values for the RM3 nondimensional linear surge
excitation force
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Figure 14 Long term return value histogram – Bref-SHB-like
nondimensional linear heave excitation force

Figure 12 Normal probability distribution fit on the long-term
return values for the RM3 nondimensional linear surge
excitation force

In the following section, the same exercise was repeated for
another type of point-absorber WEC, to assess if similar
trends could be observed for other types of WEC systems.
C. Bref-SHB-like point-absorber WEC
Figures 13 and 14 show the histograms of the long-term
extreme values of the nondimensional linear surge excitation
force and the nondimensional linear heave excitation force,
respectively, across the 147 sites along the WE coast, derived
for the 5, 25 and 50-year long-term return periods. Figures 15
and 16 display the normal probability distributions associated
with the long-term return values of the nondimensional linear
surge and heave excitation forces, respectively.
Similar observations as highlighted in the case of the RM3
WEC (see IV. B.) can be made for the nondimensional surge
and heave excitation forces acting on the Bref-SHB WEC,
where the distribution also appears to converge towards a
reference distribution, highlighting a possible WEC class
effect.

Figure 15 Normal probability distribution fit on the long-term
return values for the Bref-SHB nondimensional linear surge
excitation force

Figure 16 Normal probability distribution fit on the long-term
return values for the Bref-SHB nondimensional linear heave
excitation force

Figure 13 Long term return value histogram – Bref-SHB-like
nondimensional linear surge excitation force
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D. Summary of the results

of conditions encountered. Such additional study could
assume different spectral shapes to estimate the short-term
extreme distributions of the surge and heave excitation forces
and compare the results with the linear model. Other
nonlinear effects associated with e.g. wave-structure
interactions, estimation of the long-term free-surface
elevation values and WEC sub-systems may also be explored.
Such nonlinearities, once accounted for, are likely to affect
the variability of the distributions as a function of the longterm return period.

The following preliminary conclusions summarise the
qualitative analysis of the results presented:
• In the configurations studied and for the free-surface
elevation, the linear surge excitation and the linear
heave excitation force, there is a shift in the
histograms towards higher values when the return
period increases.
• Overall, the histograms of the three variables exhibit
a considerable spread, which demonstrates the large
range of environmental conditions across the WE
coast.
• However, in the nondimensional versions of the
long-term extreme values the shape of the
distribution is narrower and appears to converge
towards a reference distribution, highlighting a
possible WEC class effect.
V.
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Finally, the impact of nonlinearities, both in the description
of the environmental conditions and the analysis of the WEC
response, could also be investigated in future work, by e.g.
conducting a similar exercise using a nonlinear modelling
tool such as WEC-Sim for a few sea states covering the range
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