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A B S T R A C T

Emerging offshore renewable energy technologies are expected to become an important part of the future
energy system, and reliability for these new technologies in different metocean scenarios must be guaranteed.
This poses a challenge in extreme weather scenarios like storms, in particular for less mature technologies
such as wave energy. Not only the offshore survivability must be controlled; the restoration after disruptive
events and failures should be addressed and optimized. Offshore operations are costly and cannot be carried
out if the weather is too harsh, and the resulting downtime after failures may be financially devastating for
projects. In this paper, the resilience of large wave energy systems is studied with respect to wave conditions,
metocean dependent failure rates, and weather windows available for offshore repair operations. A metocean-
and time-dependent failure rate is derived based on a Weibull distribution, which is a novelty of the paper.
The performance of the farm is assessed using the varying failure rates and metocean data at different offshore
sites. Critical metocean thresholds for different offshore vessels are considered, and the resilience is quantified
using relevant measures such as unavailability and expected energy not supplied. The resilience analysis is
coupled to an economic assessment of the wave farm and different repair strategies. Our results show that
the commonly used assumption of constant failure rates is seen to overestimate the annual energy production
than when a more realistic varying failure rate is used. Two offshore sites are compared, and the availability
is found to be higher at the calmer site. Most of the evaluated repair strategies cannot be considered to be
economically justified, when compared to the cost of the energy not supplied.
1. Introduction

To exploit the vast amounts of renewable energy available offshore,
renewable energy systems (RES) are today being installed around the
world at a rapid speed. At the US Pacific coast alone, the available
offshore wind, wave and tidal energy potential is estimated sufficient
to supply energy to a million households (Schwartz et al., 2010; Haas
et al., 2011; Jacobson et al., 2011). The majority of the installations are
offshore wind turbines installed in shallow waters, but investments are
also being put into less mature energy technologies such as wave and
tidal energy. Wave energy is a promising energy source, but no concept
has yet demonstrated a performance and cost compatible with offshore
wind (Chang et al., 2018), although several technologies are currently
in the pre-commercial testing phase.

The electric grid is a cornerstone of modern society. Disruption
in the electricity supply would have a considerable impact on the
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society, and the increasing penetration of offshore RES in the electric
grid implies that the reliability of these new energy systems must be
targeted and guaranteed. For less mature offshore RES such as floating
offshore wind, wave and tidal energy, this still poses a knowledge
gap, and in particular the vulnerability to, or the survivability in,
weather extremes is a challenge. This vulnerability not only affects the
reliability of the electricity supply, but also to a large extent the costs
of the system, as offshore operations are extremely costly (Clark and
DuPont, 2018).

Vulnerability has been identified as one of the main challenges for
offshore wind systems (Carroll et al., 2016; Gintautas and Sørensen,
2017), and the challenge can be expected to be even larger in wave
and tidal energy, due to the low maturity and large diversity in the
developed technologies. In addition, wave energy systems are often
designed to be highly dynamical and responsive, which poses an ad-
ditional challenge to the reliability, at least at the current stage of
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technology development. Indeed, Walker et al. (2011), O’Connor et al.
(2013a) and Clark and DuPont (2018) all concluded that failures and
the related downtime is one of the main costs for wave energy systems.
The offshore site can only be accessed during periods of calm metocean
parameters, during so called open weather windows.

Resilience of a system, defined as the ‘‘ability to anticipate, ab-
orb, respond, and rapidly recover from an external, high-impact, low-
robability disturbance’’ (Panteli and Mancarella, 2015), includes not
nly low vulnerability to different hazards, but also the recovery pro-
ess when failures have occurred. Both downtime and offshore repair
perations may become very costly, and to obtain offshore energy
ystems with a low levelized cost of energy (LCOE), the recovery
rocess after failures must be analysed when optimizing the system.
nother term often used when quantifying the reliability of an energy
ystem is availability, defined as the percentage of the time that the
ystem is able to operate and produce power according to its design
pecifications. Availability and performance as functions of weather
indows have been studied within the context of wave energy in a

ange of works. Aizpurua et al. (2022), developed a method for condi-
ional anomaly detection for air turbines in the Mutriku wave power
lant, using rare real data as input. O’Connor et al. (2012, 2013b)
tudied weather-dependent availability and accessibility of offshore
ES. The results suggested that the accessibility at some sites on the

rish west coast was too low to allow for offshore maintenance, and
hat failed devices at these sites should always be transported to shore
or repair. Procedures for assessing accessibility of marine energy sites
ere evaluated by Noguera et al. (2010), and the time-series approach
as recommended over the simpler stochastic method. de Andrés et al.

2015) compared failures of wave energy converters (WECs) as well as
peration and maintenance (O&M) operations for different sites, and it
as concluded that failures that need a long weather window to repair
re demanding because they increase the overall downtime, despite
heir rate of occurrence being low. Availability and performance of

farm of 5 Pelamis WECs was studied by Rinaldi et al. (2016a,b),
nd it was seen that the results depended heavily on the choice of
essels and their metocean thresholds for operation. The availability
f a 10 MW wave energy farm was studied by Kennedy et al. (2017),
nd it was seen that the combined impact of weather window criteria,
eliability levels and available vessels can cause a backlog of failures
hat cannot be rectified, which would force the availability of the
arm to an unacceptable level. Göteman et al. (2018) used different
nput values of failure rates, repair rates, and metocean thresholds to
tudy the availability of a wave farm, and it was seen that a farm
nstalled at a site with milder wave climate could potentially achieve

higher annual energy production than if it was installed at a site
ith a more energetic wave climate, due to the lower availability at

he latter site. Walker et al. (2011, 2013) studied the cost implications
f maintenance operations, and it was seen that the downtime due
o weather windows has a large impact on the total costs. Accessible
eriods for installation were identified, using the UK WaveHub site as
test case. Motivated by the lower accessibility of offshore RES as

ompared to onshore systems, the approach of continuous condition-
ased maintenance strategies was reviewed by Mérigaud and Ringwood
2016), particularly highlighting the expertise that can be drawn from
he more mature offshore wind sector and other established offshore
echnologies, where risk-based inspection and maintenance planning
re standard procedures. A framework for assessing reliability, avail-
bility, and maintainability was presented by Rinaldi et al. (2018),
here failures were modelled based on adjusted failure rates from

omponents obtained from Thies et al. (2009). The models for the
ailures, accessibility, O&M, and energy absorption by the farm were
ombined in a Monte-Carlo simulation to obtain probabilistic results
or the performance of a Spar Buoy wave farm over 10 years. One of
he conclusions of the study was that repair costs are the major driver of
&M costs, and that the failures of a few components might make the
2

ifference between a successful and unsuccessful project. Guanche et al.
(2015) computed O&M costs at different sites with different accessibil-
ity. 60 years reanalysis data was used, and the accessibility was studied
for different vessel thresholds. The authors concluded that O&M costs
were considerably lower in milder wave climates, and recommended
milder locations when testing prototypes and non-mature technologies.

In the research area of the electric grid, resilience is a well-known
concept and analysis measure (Bie et al., 2017). Kiel and Kjølle (2019)
studied the power system availability as a function of weather exposure.
Instead of using constant average failure rates, time dependent failure
rates were used, and this was seen to affect the resilience of the system
to a large extent, as measured in energy not supplied (ENS).

The resilience concept has been applied for offshore wind sys-
tems (Wang et al., 2019; Feng et al., 2019), but it has not been
studied within the context of wave energy systems to the same degree.
As defined above, resilience deals not only with the vulnerability to
hazards, but also with the recovery process. Even if vulnerability of
wave energy systems to extreme wave conditions is a well-studied
research area both numerically and experimentally (Zhao and Hu,
2012; Ransley, 2015; Hann et al., 2015; Göteman et al., 2015a; Rafiee
and Fiévez, 2015; Madhi and Yeung, 2018), very few have connected
the extreme wave loads impacted on the system to the probability of
failure, and even fewer to restoration and performance during and
after disruptions. One of the few papers that have discussed wave
energy systems in the framework of resilience is by Korde (2019),
motivated by the hypothesis that wave energy could provide a more
resilient energy system to remote and isolated electric grids. However,
the vulnerability of the wave energy system to extreme events was not
studied explicitly by Korde (2019) (rather, it was assumed to be low);
instead the resilience was studied as a method to recover full power
capacity by control optimization.

As reviewed above, the availability of wave energy systems as
function of metocean conditions, failures and offshore vessels has been
assessed in a number of works (O’Connor et al., 2012, 2013a,b; Walker
et al., 2013; de Andrés et al., 2015; Guanche et al., 2015; Rinaldi
et al., 2016a,b; Kennedy et al., 2017; Göteman et al., 2018; Clark and
DuPont, 2018). However, despite the expectation that the probability of
failures depends on the environmental loads (e.g., Guanche et al., 2015
concluded that failures should be more frequent during winter time due
to the harsher weather, and larger peak loads have been measured or
modelled during extreme wave scenarios in a large number of works),
this has, to the best of knowledge of the authors, not been taken
into account in previous works. In wind energy, as well as in other
engineering areas, the use of a fragility curve is a common strategy to
determine the vulnerability of the system due to external environmental
loads.

In this paper, we take the similar approach to wave energy systems.
The metocean dependent vulnerability of the system is then used to
derive a failure rate that is metocean dependent and changing over
the year due to the wave loads. This gives a more realistic prediction
of the failures, as they are more likely to happen during storms and
violent metocean conditions. As recommended by Noguera et al. (2010)
and inspired by the power system resilience analysis by Kiel and Kjølle
(2019), a time-domain analysis of the availability of the system is
carried out.

Due to the lack of published data for wave energy systems, very
little is known about the actual offshore performance, both relating
to the power production and to the failure in different conditions.
The approach of the current paper is to develop a methodology of
assessing the availability and resilience of wave energy systems due to
weather conditions, by using the data that is available, and constructing
the other required input values based on experience, modelling, and
on data for related systems. To analyse the performance of the wave
energy farm given the number of available devices and sea state at each
time step, a simplified model for the park interaction is applied.

The novelties of the paper are that (1) failures of a wave energy

system are connected to the environmental loads; (2) weather data for
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offshore sites is analysed, both to predict long-term extreme weather
predictions, and for detailed time-domain studies, to which the varying
failure rates are connected; (3) a new simplified model is applied
for the park interaction, which allows a performance evaluation of
the total power production without a time-consuming simulation of
the hydrodynamic interactions in the farm; (4) the availability and
resilience of a large wave energy farm is derived as functions of the
weather dependent failure rates and the different offshore vessels,
and quantified in terms of appropriate measures; (5) an economical
assessment is carried out, both of the net present value as function of
the power ratings of the WECs, and of the different repair vessels and
their operational weather thresholds.

The rest of the paper is structured as follows. The theory and method
are presented in Section 2, including extreme weather analysis, weather
dependent failure rates, and the resulting power production by the
farm. Results are then presented in Section 3. In Section 4, uncertain-
ties related to the method and the input parameters are discussed,
and strategies for future work are outlined. Finally, conclusions are
presented in Section 5.

2. Theory and method

The aim of this paper is to study the performance and resilience
of an offshore wave energy farm as a function of weather conditions.
The performance and resilience will be analysed quantitatively in terms
of power production (or the lack thereof), availability, and economical
metrics. For this matter, we must first characterize the weather param-
eters and model the wave energy system. Then, an understanding of the
probability of failures in different weather scenarios must be developed,
as well as a realistic modelling of conditions during which the devices can
be repaired after they have failed. Finally, assembling this information
gives input to the system availability and the power production as a
function of the extreme weather conditions. In the next five subsec-
tions, theory and methods for these tasks will now be reviewed and
developed.

2.1. Extreme weather characterization

The low-probability, high impact events of interest when assessing
the resilience of offshore RES are extreme weather conditions, such
as high winds and waves occurring during storms. To understand the
probability of failure due to an external hazard, the probability of the
hazard must be understood. Here, we will describe the extreme value
theory used to analyse the weather hazard, and provide details for the
offshore sites and weather data used in the paper.

2.1.1. Extreme value theory
Two common methods to analyse extreme value data are the peak-

over-threshold method and the block-maxima method. In the peak-
over-threshold method, all data points above a specified threshold
are identified as the extreme value points, and in the block-maxima
method, the data is divided into non-overlapping periods (blocks)
of equal and suitable size, and the maximum is identified in each
block. Both methods come with their advantages and drawbacks; in
the peak-over-threshold method, the results are sensitive to the choice
of threshold, and in the block maxima method some extremes may be
missed since only the maximum in each block is captured. In the block
maxima method, the periods should be long enough to cover seasonal
periodicities, and long-term (over decades) data is required. Due to the
availability of long-term data in this project, block size can be chosen
to one year, and the block-maxima method will be applied to avoid the
bias of thresholds.

Let (�̃�11,… , �̃�𝑚1, �̃�21,… , �̃�𝑚𝑛) be an observation that can be split into
𝑛 blocks, each of size 𝑚, for instance the recorded significant wave
height or average wind speed each hour 𝑚 during 𝑛 years. Let 𝑥𝑗 =
3

max(�̃�𝑖𝑗 ) be the maximum values in each block. By the extreme value
theorem (Fisher and Tippett, 1928; Gnedenko, 1943), the generalized
extreme value (GEV) distribution is the only possible limit distribution
of properly normalized maxima of a sequence of independent and
identically distributed random variables. The GEV distribution takes the
form

𝑓 (𝑥) = 1
𝜎

(

1 + 𝑘
(𝑥 − 𝜇

𝜎

))−(1+ 1
𝑘 ) 𝑒−

[

1+𝑘( 𝑥−𝜇𝜎 )
]−1∕𝑘

(1)

where 𝑘 ≠ 0 is the shape parameter, 𝜎 the scale parameter, and 𝜇
the location parameter. For 𝑘 > 0, the distribution is called a GEV
distribution of type II, or a Frechet distribution, whereas for 𝑘 < 0,
it is called a GEV distribution of type III, or a Weibull distribution. In
the special case when 𝑘 = 0, the distribution is said to be of type I, or
a Gumbel distribution, and takes the form

𝑓 (𝑥) = 1
𝜎
𝑒

(

−𝑒
𝑥−𝜇
𝜎 + 𝑥−𝜇

𝜎

)

. (2)

The cumulative distribution function (CDF) of a random variable 𝑋
for a probability distribution 𝑓 (𝑥) is the integral

𝐹𝑋 (𝑥) = ∫

𝑥

−∞
𝑓 (𝑥′)𝑑𝑥′ (3)

nd satisfies 𝐹𝑋 (𝑥) → 0 as 𝑥 → −∞ and 𝐹𝑋 (𝑥) → 1 as 𝑥 → ∞, i.e., the
umulative probability that the variable 𝑋 takes no value or any finite
alue is zero and one, respectively. When the variable 𝑋 represents a
eather parameter as in this paper, 𝑋 ≥ 0 and the integral in Eq. (3)

s taken from 0 to 𝑋. In the case when the probability distribution
unction takes the form of a GEV distribution of type II or III as in
q. (1), the explicit form of the CDF is

𝑋 (𝑥) = 𝑒−
[

1+𝑘 𝑥−𝜇
𝜎

]−1∕𝑘

. (4)

The cumulative distribution function 𝐹𝑋 (𝑥) thus gives the proba-
bility that the variable 𝑋 takes the value 𝑋 ≤ 𝑥, and conversely, the
function 1 − 𝐹𝑋 (𝑥) gives the probability that the variable exceeds the
alue 𝑥. For instance, if 𝑋 denotes the wave height and 1−𝐹𝑋 (10) = 0.1,

the probability of a wave height above 10 m is 0.1; in one year, 𝑋 > 10
m is expected to occur 0.1 times, or one time in 10 years. This defines
the return period 𝑇𝑅 as the estimated average time between 𝑋 > 𝑥 as

𝑇𝑅(𝑋 > 𝑥) = 1
1 − 𝐹𝑋 (𝑥)

, (5)

from which follows that 𝐹𝑋 = 1 − 1∕𝑇𝑅. Design codes for offshore
structures typically stipulate that they should be able to withstand
environmental loadings corresponding to return period of 100 years,
or in some cases as high as 10 000 years. The choice of return period
for the design codes is based on the structure and on its required degree
of reliability, e.g., manned oil and gas rigs are subject to higher relia-
bility requirements than unmanned wind turbines. For offshore RES,
the recommended design return period is usually 50–100 years (IEC
International Electrotechnical Commission, 2015; Coe et al., 2018).

In the same way as we can map an extreme value 𝑋 > 𝑥 to a return
period 𝑇𝑅(𝑋 > 𝑥) by the CDF in Eq. (5), we can map the extreme value
corresponding to a return period by the inverse cumulative distribution
function 𝐹−1

𝑋 as

𝑋 = 𝐹−1
𝑋

(

1 − 1
𝑇𝑅

)

. (6)

An explicit expression for the return value can also be found using the
explicit expression for the cumulative distribution function in Eq. (4)
and setting it equal to 1 − 1∕𝑇𝑅 according to Eq. (5). Taking the
logarithm of both sides and solving for 𝑥 gives an equivalent explicit
expression for the extreme value corresponding to return period 𝑇𝑅,

𝑋 = 𝜇 + 𝜎
(

−1 +
[

− ln
(

1 − 1∕𝑇𝑅
)

]−𝑘
)

. (7)

𝑘
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Table 1
Offshore sites considered in the study. Short name of the site used in the paper, owner, station number, location, position, period of data sample, and data parameters.

Short name Data owner Station Location Position Period Parameters

SE site SMHI 35056 Almagrundet, Sweden 59.1495N 19.1297E 1976–2010 𝑊𝑠, 𝐻𝑠, 𝑇avg
US site NDBC 44025 Long Island, NY, USA 40.251N 73.164W 1991–2020 𝑊𝑠, 𝐻𝑠, 𝑇peak
i

t
g
o

𝐽

i
i

2.1.2. Sites
Two offshore sites have been studied and compared in this paper;

one in the Baltic Sea close to Stockholm, Sweden, and one in the
Atlantic Ocean just outside Long Island in the USA. Whereas the first
site represents a very calm offshore site, the second has more energetic
weather conditions. However, both represent mild wave climates, with
average energy flux of 3.1 kW/m and 7.9 kW/m, respectively. Both
sites are close enough to the shore and have a water depth suitable for
offshore renewable energy installations. The details of the two sites are
listed in Table 1. At the US site, the weather data has been recorded by
the National Data Buoy Centre (NDBC) at the station numbered 44025.
At the Swedish site, the wave data has been recorded by the Swedish
Meteorological and Hydrological Institute (SMHI) at station 35056, and
the wind data at station 99090 which has a slightly different location
(59.1547N, 19.1298E). For brevity, the Swedish and US site will simply
be referred to as the SE site and US site, respectively.

The wave data at the SE site has been sampled during a shorter time
than the wind (1978–2003). At both sites, the average wind speed 𝑊𝑠
and significant wave height 𝐻𝑠 have been sampled. At the SE site, the
average wave period 𝑇avg during each hour has been sampled, whereas
at the US site, instead the peak wave period 𝑇peak has been reported.

At both sites, there are several longer and shorter periods of missing
and erroneous data. This has not been considered when identifying the
annual maximum for wind speed and wave height to characterize the
extreme weather. When studying the hourly weather data to analyse
weather windows and varying failure rates, two years of good quality
data has been chosen from the respective sites. The chosen years are
1984 and 1996 for the SE and US sites, respectively.

2.2. Wave energy farms and energy absorption

2.2.1. Farm model
A wave energy converter (WEC) is a device designed to absorb the

energy available in ocean waves and convert it to a useful form of
energy, usually electricity. Many different wave energy concepts exist,
and differ fundamentally in their dimensions, dynamics, and energy
absorption technology. In this paper, we focus on generic WECs of small
dimensions in relation to the wave length, so called point-absorbers.

Consider a farm of 𝑁 available point-absorber WECs at time 𝑡. We
will assume that the WECs are characterized by a device width 𝐷 and a
capture width ratio (CWR) 𝜏, specifying how large ratio of the incident
available wave energy that the device can absorb,

𝜏 =
𝑃abs
𝑃avail

. (8)

The available power 𝑃avail = 𝐷𝐽 to the WEC is obtained from the energy
lux 𝐽 in the waves and the device width 𝐷, and the absorbed power
abs is modelled for all sea states. The numerical model is based on lin-
ar potential flow theory and solves the dynamics and power absorption
f a WEC subject to incident waves. It is implemented in MATLAB and
as previously been utilized and compared to experimental data for a
ange of different settings (Eriksson et al., 2007; Sjökvist et al., 2017).

The area of the wave farm site is of the size 𝐿park × 𝐿park, where
park is the side of the square. At each instant, instead of considering

he actual positions of the WECs, we will assume that the WECs are
ositioned on a quadratic grid. This assumption is illustrated in Fig. 1,
here instead of the actual farm in (a) we model the approximate farm

ayout in (b). This farm layout strategy is indeed an approximation, that
ould be expected to work reasonably well for large and densely pop-
lated farms subjected to realistic irregular and short-crested waves.
4

Fig. 1. Farm layout approximation used in the study. (a) Example of a farm of 200
WECs, with 30 WECs currently unavailable, shown as red crosses. (b) The modelled
farm, where the remaining available WECs are distributed on a quadratic grid with a
larger separation distance between the devices.

However, a more accurate description of the park interaction would
need to account for the actual positions of the failed and available
WECs, as well as the complete hydrodynamic interaction by scattered
and radiated waves within the farm. Whereas this has been the topic
of many of our and many other authors’ previous works investigating
optimal farm layouts (Göteman et al., 2015b, 2020), it is beyond the
scope of the current paper.

The interaction between the WECs in the farm, and the resulting
power absorption, is modelled using the simplified park interaction
model derived by Stavropoulou and Göteman (2022). For clarity, it will
here be reviewed.

With the given farm layout as a function of the number of available
devices 𝑁 , the average separation distance between WECs in the farm
at any given time is

𝑑 =
𝐿park

√

𝑁 − 1
(9)

in units m. Note that it only makes sense to talk about a separation
distance between devices when 𝑁 > 1, hence the separation distance
s positive and tends to infinity for 𝑁 → 1.

Assume that the irregular waves are long-crested and incident along
he 𝑥-direction of the farm. The available energy flux is, for deep water,
iven in terms of the significant wave height 𝐻𝑠 and energy period 𝑇𝑒
f the waves as

=
𝜌𝑔2

64𝜋
𝐻2

𝑠 𝑇𝑒 (10)

n units W/m. The available energy incident on a device of width 𝐷
s thus 𝐷𝐽 , and the capture width ratio in Eq. (8) is 𝜏 = 𝑃abs∕(𝐷𝐽 ).

A passive damping is assumed, such that the power take-off (PTO)
damping can be adjusted to the current sea state. This means that the
generator damping is adjusted once per hour to optimize the energy
absorption in the varying wave conditions. The approach requires no
wave forecasting (Göteman, 2022) and is more realistically feasible
than an active control approach, although the latter can be used to
obtain a higher energy absorption. The PTO damping and the computed
absorbed power for a single WEC is shown for 10 days at the SE site
in Fig. 2. The average power absorbed by the

√

𝑁 devices in the
first row perpendicular to the incident waves is

√

𝑁𝜏𝐷𝐽 . Since the
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Fig. 2. (a) The PTO damping is modified to an approximately optimal value in each sea state, corresponding to passive damping. The figure shows energy period during 10 days
at the SE site, and the corresponding PTO values. (b) The energy flux and the computed absorbed power of a single WEC during the same period.
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power absorbed by the first row is not available to the second row, the
available energy flux to row 2 is 𝐽 (1−𝜏𝐷

√

𝑁∕𝐿park). Consequently, the
power absorbed by row 2 is

√

𝑁𝜏𝐷𝐽 (1 − 𝜏𝐷
√

𝑁∕𝐿park). In general, it
can be established that the power absorbed by row 𝑗 is

𝑃abs,row 𝑗 =
√

𝑁𝜏𝐷𝐽

(

1 −
𝜏𝐷

√

𝑁
𝐿park

)𝑗−1

. (11)

To this end, we introduce the parameter

𝑠 = 1 −
𝜏𝐷

√

𝑁
𝐿park

(12)

nd notice that it satisfies 0 < 𝑠 < 1, that 𝐷
√

𝑁 is the total width of all
devices in a row, and that for few devices in the farm, 𝑠 → 1. The total
ower absorbed by the farm during each hour can then be obtained as
geometric sum over the

√

𝑁 rows,

𝑃 =

√

𝑁
∑

𝑗=1
𝑃abs,row 𝑗 =

√

𝑁𝜏𝐷𝐽

√

𝑁
∑

𝑗=1
𝑠𝑗−1

=
√

𝑁 𝜏𝐷 𝐽 1 − 𝑠
√

𝑁

1 − 𝑠
. (13)

Identifying the park interaction in expression (13) as

𝐼 = 1 − 𝑠
√

𝑁
(

1 − 𝑠
)
√

𝑁
, (14)

we can write the full power of the farm in terms of the park interaction
as

𝑃 (𝑡) = 𝑁(𝑡)𝜏(𝑡)𝐷𝐽 (𝑡)𝐼(𝑡). (15)

In Eq. (15), the device width 𝐷 is constant, whereas the capture width
atio 𝜏, the number of available devices 𝑁 , the incident energy flux 𝐽

and the park interaction factor 𝐼 may take different values each hour,
hich has been indicated by the explicit time dependence.

When the number of devices in the farm decreases, the park inter-
ction tends to unity 𝐼(𝑡) → 1, implying that the interaction between
he devices can be neglected and the power can be computed simply as
= 𝑁𝑃WEC, where the power of the individual WECs is 𝑃WEC = 𝜏𝐷𝐽 .

On the other hand, the park interaction 𝐼 decreases with increasing
number of available devices 𝑁 , with increasing capture width ratio 𝜏
or device width 𝐷, and with decreasing farm area. The park interaction
thus behaves as intuitively expected: it acts as a destructive shadowing
effects which reduces the total power of the farm, an effect which grows
with more densely populated farms, and it can be neglected when the
5

WECs in the farm are few and separated by large distances. i
2.2.2. Rated power
A realistic wave energy converter is subject to constraints in terms

of maximal displacements, turbine velocities, or similar, restricting the
dynamics and amounts of energy that can be absorbed. In this paper,
the scope is not to model the dynamics of individual devices, as we
aim to keep the discussion on a more general level. Instead, the upper
constraint on performance is included in terms of the power rating.

Specifically, the WECs are given a certain power rating 𝑃rated, and
when computing the total hourly power of the farm according to
Eq. (15), the power can never exceed the total rated power of the
available devices. The full power of the farm is therefore computed
according to Eq. (15) when this value is below the total power rating,
and is otherwise set equal to the rated power at that time instant,

𝑃 (𝑡) = min
(

𝑁(𝑡)𝜏(𝑡)𝐷𝐽 (𝑡)𝐼(𝑡), 𝑁(𝑡)𝑃rated

)

. (16)

he effect of this constraint can be seen in Section 3 when discussing
he total power of the farm over time. Whereas this constraint does not
nclude a dynamical understanding of the upper limits of the energy
bsorption of the WECs, it excludes the unrealistic results that the
nergy absorption would simply grow with increasing energy flux 𝐽 ,
ithout upper bound.

WECs come in different power ratings, and different dimensions
ay be suitable in different wave climates and locations (Pascal et al.,
018; Tan et al., 2021). To account for this, three different power
atings have been considered: 20 kW, 50 kW, 100 kW. These cover
he usual range of power reported for small point-absorber WECs as
tudied in the current paper. In addition, in Section 3.6.1, an economic
ssessment will be carried out to find the optimal rated power in the
ange 0−100 kW at the two sites.

.3. Repair operations and weather windows

Offshore sites can be accessed by different vessels and methods,
ach with their constraints and thresholds for when operations can
e safely carried out. For instance, operations requiring divers have a
ifferent upper level for wave heights than operations with a heavy
ift vessel or a rubber boat. The thresholds define weather windows –
ime periods when weather conditions are such that operations can
e conducted, and conversely closed periods when repair cannot be
arried out. During the closed periods, failed WECs cannot be re-
aired, as is implemented to evaluate the number of available devices
n Eq. (24). The significant wave height is usually considered as a
ominant threshold for offshore operations (Teillant et al., 2012; DNV,
011). When lifting operation is required, the wind speed will also be

mportant to ensure safe procedures.
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It should be noted that some works have defined weather windows
only with respect to the weather parameters (Gintautas and Sørensen,
2017; O’Connor et al., 2012; Martini et al., 2017), whereas others have
taken into consideration also the specific offshore operation that is to
be performed (Kennedy et al., 2017) or at least focused on the specific
duration of the weather window (Silva and Estanqueiro, 2013; Walker
et al., 2011). In this paper, the first definition has been used, to avoid
restricting to certain operations or making assumptions on the type of
failures and required duration of the weather windows. The weather
windows definition used in the present paper is thus equivalent to
the approachability of the wave farm. This approach provides a more
eneric analysis, but also a simplistic one. The complexity could be
ncreased by analysing different kinds of failure modes, together with
he time required for their repair operations, and the corresponding
uration of weather windows.

Different vessels and their weather thresholds have been considered
n reliability analyses of wave energy systems by O’Connor et al.
2012), de Andrés et al. (2015, 2016), Rinaldi et al. (2016b), Gueguen
2016) and Göteman et al. (2018). The thresholds range from maximal
ignificant wave heights of 𝐻𝑠 ≤ 1 m for a ‘‘workboat’’ (Gueguen, 2016)
r ‘‘unspecified vessel’’ (de Andrés et al., 2015) up to maximal wave
eights of 𝐻𝑠 ≤ 3 m and maximal wind speed of 𝑊𝑠 ≤ 15 m∕s for a

HF4 (high-flow installation 4) vessel (Rinaldi et al., 2016b).
Common O&M strategies for offshore marine energy converters and

offshore wind energy systems are:

• Crew transfer vessels are used for transferring technicians and
small components with 26 knots maximum speed (Ioannou et al.,
2018).

• Helicopters can transfer personnel and their equipment with max-
imum speed of 245 km/h (Ioannou et al., 2018).

• Diving support vessels are rented for underwater inspections
(Ioannou et al., 2018).

• Jack-up vessels are used for heavy repair operations and compo-
nent installations (Ioannou et al., 2018).

• Cable laying vessels are chartered for replacing the cables (Ioan-
nou et al., 2018).

• Boats for carrying a remotely operated vehicle (ROV) or ROV
vessel are chartered for remote underwater operation and inspec-
tions (Chatzigiannakou, 2019; Rémouit et al., 2018).

• Tugboats pulling a crane barge can transfer WECs to or from the
site. A harbour crane is required in this case (Chatzigiannakou,
2019).

Table 2 summarizes different offshore vessel options with different
weather threshold and day rates.

In this paper, the thresholds for maximal wave height and wind
speed have been defined as 𝐻𝑠 ≤ 1.1 m and 𝑊𝑠 ≤ 17 m∕s for the
ulk of the analysis, corresponding to the ‘‘two tugboat and a crane
arge’’ vessel specified in Table 2. To evaluate different repair vessel
trategies and their impact on the resilience and economical viability
f the system, the seven different vessel options specified in Table 2 are
nalysed in Sections 3.5–3.6. The effect of different threshold levels is
urther evaluated in a sensitivity analysis in Section 3.7.

.4. Weather dependent failure rates

For structures such as wind turbines or buildings, the vulnerability
o external weather hazards can be quantified in terms of fragility
urves. These can be established by physical or numerical modelling.
o develop a fragility curve, the first order reliability method (FORM)

s an established method to assess the structural reliability of an object
ased on the probability of exceeding certain limit states at given
nvironmental loads. For offshore wind turbines, fragility curves have
een developed as functions on the wind and wave loadings, and used
o assess the reliability and resilience of the systems (Pokhrel and Seo,
019; Zuo et al., 2020). The same methodology will be applied here.
6

Table 2
Repair vessel options specifications.

Vessel type 𝐻𝑠 𝑊𝑠 Day/rate
[m] [m/s] [ke/day]

Crew transfer vessela 1.8b 16b 4c

Jack-up vesselb 2b 10b 131b

Helicopterd 99d 20d 5.5d

Diving support vesselb 2b 25b 70b

Cable laying vesselb 1b 10b 116b

Two tugboat and a crane bargee 1.1e 17f 18e

ROV Vessel + ROV deviceg 3.5g 20g 49g

aBard and Thalemann (2012).
bSmart et al. (2016).
cDalgic et al. (2014).
dRademakers et al. (2009).
eChatzigiannakou et al. (2014) and Chatzigiannakou (2019).
fTraidMachinery (2022).
gClarkson (2022).

As wave energy is not a mature energy technology, and there has
been no convergence to a single or a few concepts, there are no fragility
curves available in the literature for wave energy systems. Several
papers have analysed and presented constant failure rates for wave
energy systems. One recommended approach has been to use estab-
lished failure rates for specific components and adjust them according
to (constant) environmental and uncertainty parameters, by simply
multiplying the known failure rates with estimated safety factors (Wol-
fram, 2006). Thies et al. (2009) computed failure rates for different
components of the Pelamis WEC in this way, ranging from failure
rates of the power transmission system of 0.47/year to the hydraulic
power take-off system of 2.42/year. Cretu et al. (2016) established
a failure rate of 1.9526/year for a linear generator, based on failure
rates for some of the components. Failure rates of many components as
well as subsystems were computed by a similar method by Ericsson
and Gregorson (2018) for a point-absorber WEC with direct-driven
power take-off. Based on the failure rates for subsystems, an overall
failure rate for the WEC was computed in a fault tree analysis to
1.3186/year. The approach of using known failure rates for components
and adjusting them is equipped with uncertainties, and a few papers
have also presented failure rates of wave energy components based on
experimental (Weller et al., 2015) as well as numerical works, mostly
considering fatigue failures and adopting a rainflow analysis (Thies
et al., 2011). However, few or no actual failure rates or fragility curves
have been published as a function of wave loadings.

In this paper, we have therefore taken the approach of constructing a
fragility curve as a function of the significant wave height. The fragility
curve has been designed such that it gives plausible failure rates at calm
and violent wave height conditions, based on the constant failure rates
reported in the literature. Motivated by Kiel and Kjølle (2019) where
time-dependent failure rates were seen to have a large effect on the
predicted resilience of a power system, we will then use the varying
failure rate to analyse the resilience of the system.

Let 𝑓 (𝑥) be a probability distribution of the failure of a WEC unit
ue to an environmental parameter 𝑥, for instance on the form of a
EV distribution as in Eq. (1). The probability that the unit should fail

n weather conditions 𝑋 < 𝑥 is given by the cumulative distribution
unction in Eq. (3). Analogously, the probability that the unit will not
ail in weather conditions 𝑋 < 𝑥 is given by the reliability function,
(𝑥) = 1 − 𝐹 (𝑥). The instantaneous failure rate at weather conditions
= 𝑥 is given by the hazard function,

(𝑥) =
𝑓 (𝑥)

1 − 𝐹 (𝑥)
. (17)

Note that since the weather conditions (here: the significant wave
height) differ in time, the failure rate will be implicitly dependent on
time, 𝜆 = 𝜆(𝑥(𝑡)).
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Fig. 3. Wave height dependent cumulative failure probability and failure rate used in
the study.

Specifically, if the failure probability in terms of the wave height
𝑥 = 𝐻𝑠 is given on the form of a 3-parameter Weibull distribution,1

𝑓 (𝐻𝑠) =
𝑘
𝑎

(

𝐻𝑠 − 𝑏
𝑎

)𝑘−1
𝑒−

(

𝐻𝑠−𝑏
𝑎

)𝑘

, (18)

the cumulative probability of failure up to wave heights 𝐻𝑠 and the
elated reliability function will be

(𝐻𝑠) = ∫

𝐻𝑠

0
𝑓 (𝐻 ′

𝑠)𝑑𝐻
′
𝑠 = 1 − 𝑒−

(

𝐻𝑠−𝑏
𝑎

)𝑘

, (19)

𝑅(𝐻𝑠) = 𝑒−
(

𝐻𝑠−𝑏
𝑎

)𝑘

. (20)

From Eq. (17), the instantaneous failure rate of the WEC is

𝜆(𝐻𝑠) =
𝑘
𝑎𝑘

(𝐻𝑠 − 𝑏)𝑘−1, (21)

nd the average failure rate during some time interval [𝑡𝑖, 𝑡𝑗 ] is then

̄𝑖𝑗 =
1

𝑡𝑗 − 𝑡𝑖 ∫

𝑡𝑗

𝑡𝑖
𝜆(𝐻𝑠(𝑡𝑘)) d𝑡. (22)

A priori, the probability of failure and thus the failure rate may
epend explicitly of both the time and the environmental parameters.
he explicit time dependence is often modelled as a so called bathtub
urve, with a decreasing failure rate in the early stages of the lifetime
f the unit, a lower and approximately constant failure rate during the
perational ‘‘useful life’’ of the unit, and increasing failure rate at the
nd of the life time. The higher failure rate in the early life stages
infant mortality) can be due to material defects, design mistakes or
ssembly errors, while the higher failure rate at the end of the life is
ue to wear out of the components, or fatigue. In this paper, we focus
n the main, operational period, and do not consider fatigue or varying
ailure rates as a function of the age of the system. The failure rate will,
owever, be implicitly dependent on time, since it will be a function of
he environmental parameters, which vary over time.

To construct a realistic failure probability 𝑓 (𝑥), we assume that
t takes the form of a Weibull distribution as in Eq. (18), as this
s the standard form of representing failure probability distributions.
ext, we require the failure rate of the full WEC in Eq. (21) to be
.2/year in very calm conditions 𝐻𝑠 = 0.5 m, and 3504/year in

violent conditions, defined by wave height 𝐻𝑠 = 20 m. In addition, we
impose the requirement that the failure rate should be valid for wave

1 Note that the expressions for the Weibull distributions in Eq. (1) and (18)
ave been defined differently, to agree with the standard definitions of the GEV
nd Weibull distributions. The two expressions are related by redefinitions of
he parameters 𝑘, 𝜎, and 𝜇 in terms of the parameters 𝑘, 𝑎, and 𝑏.
7

heights 𝐻𝑠 ≥ 0. These three constraints uniquely determine the three
nknown parameters 𝑎, 𝑏, 𝑘 in the distribution function Eq. (18), and
he cumulative failure distribution in Eq. (19) as well as the failure
ate in Eq. (21) can be determined as functions of the wave height,
nd are shown in Fig. 3. For reproduction purposes, the parameters are
dentified as 𝑘 = 3.69, 𝑎 = 15.61, and 𝑏 = −1.16 ⋅ 10−16 ≈ 0, making it

in practice a two-parameter Weibull distribution. Note that in Fig. 3,
and from here on, the failure rate will be given in unit/hour, as this
is the time step for computing the weather parameters and wave farm
availability in the paper.

2.5. Weather dependent availability and resilience

2.5.1. Availability
Availability is defined as the ability of the energy system to operate

as normal; consequently unavailability is the time when the system
has failed and is waiting to be repaired or replaced, in other words
the downtime. Availability is usually given as an average or converged
constant value over an extended period of time, and measures the
percentage of time that the system is able to operate as normal. Here,
a time-varying failure rate is used, and the availability 𝐴(𝑡) will be a
function of time. The number of available WECs is the farm that are
able to operate as normal is thus 𝑁(𝑡) = 𝐴(𝑡)𝑁(𝑡0), where 𝑁0 is the
total number of WECs in the park. The average availability over a time
period 𝑇 is then the average of the instantaneous availability,

𝐴 = 1
𝑇 ∫

𝑇

0

𝑁(𝑡)
𝑁(𝑡0)

𝑑𝑡. (23)

Kennedy et al. (2017) and Göteman et al. (2018) used constant
ailure rates to assess the availability of WEC systems as function
f weather parameters and maintenance operations. A failure rate of
.752/year was used by Kennedy et al. (2017) and it ranged between
/year to 10/year by Göteman et al. (2018), with a particular focus
n failure rate 1.752/year. Here, a similar approach will be taken,
ut instead of a constant failure rate, the failure rate will be weather
epending (and thus time dependent), 𝜆 = 𝜆(𝐻𝑠(𝑡)), based on the failure

rate shown in Fig. 3.
The number of available (i.e., operational) WECs 𝑁𝑖 in the farm

t a given time step 𝑡𝑖 is defined by the number of devices in the
revious time step, minus the devices that failed during the time step,
nd plus the number of the devices that were repaired during the time
tep. Devices can only be repaired/reinstalled if offshore operations
re allowed, i.e., during open weather windows 𝑇open. Failures of the
evices will occur both during open and closed weather windows
although the failure rate will be higher in violent weather conditions,
hich coincide with closed weather windows). The number of WECs
𝑖 at time step 𝑡𝑖 is thus

𝑖 =
{

𝑁𝑖−1
(

1 − 𝜆𝑖 d𝑡
)

, 𝑡𝑖 ∉ 𝑇open
𝑁𝑖−1

(

1 − 𝜆𝑖 d𝑡
)

+
(

𝑁0 −𝑁𝑖−1
)

𝜇𝑖 d𝑡, 𝑡𝑖 ∈ 𝑇open
(24)

where the time step is d𝑡, the initial number of devices is 𝑁0, and the
failure and repair rates at time 𝑡𝑖 are given by 𝜆𝑖 and 𝜇𝑖, respectively.
Note that, if repair rate was zero or equivalently there were no open
weather windows available for repair, the number of devices would be
strictly declining during each time step as 𝑁𝑖−1

(

1−𝜆𝑖
)

. Similarly, if the
failure rate is zero, the number of devices will be strictly increasing, up
to a maximum of the initial number of devices 𝑁0.

In this paper, the repair rate is assumed constant with the value
𝜇 = 26/year, i.e., if there are 100 failed devices at a certain time, we
assume that 100⋅26∕24∕365 = 0.3 of those are repaired during that hour.
The downtime of the component between the moments when it fails
and is back in operation is called mean time to repair (MTTR). In terms
of the repair rate, it is defined as MTTR = 1∕𝜇. A repair rate of 26/year
thus implies a mean time to repair of 1∕26 = 0.04 years, or 2 weeks.
The chosen repair rate has been based on the study by Ericsson and
Gregorson (2018), who analysed and evaluated repair rates for different
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Fig. 4. CAPEX per rated power of WEC reported in the literature. Details are discussed
in Section 2.6. Results for WECs in wave farm installations are shown with star markers;
results for single-WEC installations shown with crosses.

types of failures of a similar point-absorber WEC. Different repair rates
were also evaluated by Göteman et al. (2018), and the same repair rate
of 𝜇 = 26/year was seen as a conservative yet realistic estimate of a
generic failure.

2.5.2. Resilience metrics
To quantify resilience of power systems, either the availability in

Eq. (23) or unavailability of the system can be used. Another common
index is to use the expected energy not supplied (ENS), i.e., the amount
of energy that was not delivered due to the disturbance. The index is
sometimes given in units of kWh, and sometimes as a percentage of
the total energy production had the disturbance not occurred (Espinoza
et al., 2016). Here, the latter approach is used, and the percentage of
the energy not supplied is defined as

ENS% =

(

1 −
∫ 𝑃 (𝑡)𝑑𝑡

∫ 𝑃 full avail.(𝑡)𝑑𝑡

)

⋅ 100, (25)

where 𝑃 full avail.(𝑡) = min
(

𝑁0𝜏(𝑡)𝐷𝐽 (𝑡)𝐼0, 𝑁0𝑃rated
)

is the absorbed
energy at time 𝑡 given full availability. Note that in the denominator,
the energy flux 𝐽 (𝑡) and the capture width ratio 𝜏(𝑡) are the only varying
uantities, whereas the number of available devices 𝑁0 = 𝑁(𝑡0) and the
ark interaction 𝐼0 = 𝐼(𝑡0) are constant values. For the input parameter
alues as chosen in this paper, 𝑁0 = 200, 𝐼0 = 0.849, and the initial
alue of the parameter in Eq. (12) is 𝑠0 = 0.975.

2.6. Economical assessment method and values

Since wave energy technology has not yet reached a commercial
maturity, economical input values are equipped with large uncertain-
ties. Published day rates for the vessels are shown in Table 2 and
capital expenses (CAPEX) for WECs in Fig. 4. All vessel rates and the
averaged CAPEX values are used as input to the present study. Due to
the uncertainty in economical values for wave energy, the cost values
will be compared to analogues from offshore wind.

Conversion rates used are 1 CDS = 0.70 EUR, 1 AUD = 0.63 EUR,
GBP = 1.16 EUR, and 1 USD = 0.88 EUR.

.6.1. CAPEX
Dunnett and Wallace (2009) presented CAPEX for the AquaBuOY

point-absorber), Pelamis (linear attenuator), and WaveDragon (termi-
ator) devices, rated at 250 kW, 750 kW, and 7000 kW each. The
8

conomical assessment was based on a 25 GWh wave farm at several
Canadian locations. In Canadian dollars, the costs were 935, 4155, and
2803 CDN/kW, respectively. The same results were used by Behrens
et al. (2012) and Hayward et al. (2012) in a farm with total rated power
of 21 MW (84, 3 and 28 devices).

Astariz and Iglesias (2015) used costs for three WECs with power
rating 250 kW, 500 kW, 1000 kW as 5000, 4000, and 3000 EUR/kW.
In addition, roughly the costs as in Dunnett and Wallace (2009) were
used for the AquaBuOY (250 kW), Pelamis (750 kW) and WaveDragon
(7000 kW), not duplicated in Fig. 4.

The techno-economic properties of seven WEC technologies in-
stalled in larger farms were assessed by Oliveira-Pinto et al. (2019).
The rated power and CAPEX per WEC capacity were: bottom-referenced
submerged heave-buoy, 906 kW, 937 EUR/kW; floating three-body
oscillating flap, 5687 kW, 610 EUR/kW; floating oscillating water
column, 2930 kW, 1116 EUR/kW; Pelamis, 1116 kW, 2987 EUR/kW;
small bottom-referenced heaving buoy, 52 kW, 3312 EUR/kW; floating
heave-buoy array, 3964 kW, 588 EUR/kW; floating two-body heaving
converter, 2022 kW, 1137 EUR/kW.

CAPEX costs of 3899 EUR/kW were reported by Giassi et al. (2019)
for a single point-absorber WEC with a rated power of 20 kW. The costs
included installation, decommission and labour costs, but excluded
costs for transmission and electrical equipment, as these were computed
depending on the length of cables. In a subsequent paper, CAPEX values
of 1093–5462 EUR/kW were reported for WECs with power ratings in
the range 20–100 kW (Giassi et al., 2020).

Contestabile et al. (2017) computed CAPEX for the breakwater
integrated overtopping WEC device OBREC. Two options for the power
production were used: (1) a large number (125–675) of very small
pico-turbines, with a nominal power of 1.5 kW each; (2) 3–5 larger
Kaplan or screw turbines. 9 different configurations were considered
for each option. Here, option (1) has been averaged as a single WEC
with nominal power 711 kW, and option (2) as a single WEC with
averaged nominal power 582 kW. CAPEX for the first option was 2185
AUD/kW, and for the second option 2531 AUD/kW or 2318 AUD/kW
depending on if screw or Kaplan turbines were used. The CAPEX for
the breakwater has not been included.

Based on 20 years development and scale tests in wave tanks and
in the real sea, Soerensen and Friis-Madsen (2010) presented expected
costs for a WaveDragon devices with rated power of 4, 7 and 12 MW to
4000, 3200 and 2700 EUR/kW. After deployment of 100 devices, these
device costs were expected to reduce to 2300, 1875 and 1575 EUR/kW,
respectively.

Some references have presented CAPEX costs without explicitly
stating the rated power of the devices and/or the number of WECs
in the wave farm installation. Three scenarios with a CAPEX of 3000,
4000, and 5000 EUR/kW were used by Lavidas (2019) for an wave
energy installation of total 1 MW. Têtu and Fernandez Chozas (2021)
presented CAPEX costs targets of 3800–4200 EUR/kW for an LiftWEC
installation rated at 0.75–2 MW.

All CAPEX costs reviewed above have been collected in Fig. 4. The
average of the data points is shown as a dotted line and used as input
values to this study. As can be seen from the figure, the costs per kW
reduce slightly for increased power rating.

To verify the costs estimations for wave energy installations re-
viewed above, comparisons to costs reported for offshore wind energy
can be made. Vieira et al. (2019) discussed costs for European offshore
wind turbines (OWTs), and reported average CAPEX for three turbine
classes rated at 2.5, 3.8 and 6.9 MW as 3200, 3900, and 3350 EUR/kW.
From those values, there is no trend that increased turbine size reduces
cost per capacity. When studying the CAPEX for known offshore wind
farms as function of total farm capacity, Vieira et al. (2019) found
that the CAPEX/kW increases almost as a linear function with the
capacity, except for very large farms where a scaling effect will reduce
the CAPEX costs relative the linear trend. Such a scaling effect would
agree with the ocean energy report of OES Ocean Energy Systems

(2015), anticipating that CAPEX/kW will reduce significantly with
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project capacity, but is to be validated in the future when more large
farms have been commissioned. Vieira et al. (2019) also showed that
the CAPEX/kW is generally lower for wind farms installed in shallower
water (roughly 1250–4500 EUR/kW), than in deeper water (roughly
2000–5000 EUR/kW). In their NREL report, Stehly et al. (2020) listed
CAPEX costs for onshore and OWTs. The total CAPEX of a fixed and
floating 6.1 MW OWT was summarized as 4077 and 5328 USD/kW,
respectively, of which the turbine cost was 1301 USD/kW.

When compared to Fig. 4, it can be seen that the CAPEX costs
reported for offshore wind energy are in the upper, but same range as
the ones reviewed above for wave energy systems. The average values
used in the study (shown by dotted line in Fig. 4) can thus be viewed
as a good, and possibly slightly optimistic, estimate for the CAPEX.

2.6.2. OPEX
Dunnett and Wallace (2009) presented operational expenses (OPEX)

for AquaBuOY (point-absorber), Pelamis (linear attenuator), and Wave
Dragon (terminator) as 0.069, 0.047, and 0.020 CDS/kWh, respec-
tively. A yearly OPEX cost amounting to 5.5% of the initial CAPEX
was assumed by Contestabile et al. (2017), whereas Têtu and Fernan-
dez Chozas (2021) proposed 2.5%–4%, or annual OPEX values ranging
between 65 and 340 EUR/kW. For the seven WEC technogies analyzed
by Oliveira-Pinto et al. (2019), the OPEX for the wave farms were in
the range 59–331 EUR/kW.

For offshore wind energy, annual OPEX costs of 124–130 USD/kW
have been reported by Stehly et al. (2020). In the present study, the
upper range of these values, 130 USD/kW, has been used as input value
for the OPEX. This corresponds to 4% of the CAPEX costs, and is within
the range of OPEX values typically reported and used for wave power
systems.

2.6.3. FIT and discount rate
Feed-in tariffs (FIT) have been introduced to promote investments in

renewable energy technologies and differ between different countries
and over time. For instance, Vieira et al. (2019) reported that com-
missioning of relevant offshore wind capacity in Germany only started
when the tariff rose from 91 to 150 EUR/MWh. An average of 110
EUR/MWh was used by Astariz and Iglesias (2015), and Contestabile
et al. (2017) used a FIT of 40 AUD/MWh. A FIT of 250 EUR/MWh
was reported in Lacroix et al. (2009) and has been used in several
works (Giassi et al., 2019, 2020), and will be used also here.

A discount rate is used to assess the present day value of future
costs and income. Contestabile et al. (2017) used a discount rate of
9%, and discount rates in the range 5%–10% were mentioned by Têtu
and Fernandez Chozas (2021). Discount rates of 8% were reported
by Chozas et al. (2014), Callaghan and Boud (2006), Ingram (2011),
and also in the wave power assessment carried out in the NREL report
by Black and Veatch (2012), and has been used in the present study.

2.6.4. Costs of repair vessels
To assess the economic performance of different repair options in

the event of a harsh weather condition, the repair vessel costs are
assessed, based on the vessel specifications given in Table 2 regarding
weather thresholds and vessel costs, and compared to the energy not
supplied. The day rate for each option is seasonal dependent, and here,
only an approximate average rate is considered.

The cost for the repair vessels is computed as the cumulative costs
of the hourly rate 𝐶𝑀 of the vessel,

𝐶vessel(𝑡) = ∫

𝑡

0
𝑓𝐶𝑀

(𝜏) 𝑑𝜏 (26)

where 𝑓𝐶𝑀
(𝜏) is the cost during each hour, which is zero if the vessel

is not used,

𝑓𝐶𝑀
(𝑡) =

{

0, 𝑡𝑖 ∉ 𝑇open

𝐶𝑀 , 𝑡𝑖 ∈ 𝑇open.
(27)

Hence, the cost is accumulated only when the offshore site is accessible
for repair.
9

2.6.5. Economical measures
Using the economical input values discussed in the previous subsec-

tions, financial quantities will be computed to evaluate different design
and resilience strategies.

The net present value (NPV) is a quantity used to evaluate the
profitability of a project. It is defined as

NPV = −CAPEX +
𝑌−1
∑

𝑗=0

𝐸annual,𝑗 ⋅ FIT − OPEX𝑗

(1 + 𝑟)𝑗
(28)

where CAPEX is the total capital costs for the project, OPEX𝑗 are the
operational costs in year 𝑗, 𝐸annual,𝑗 the annual energy production in
year 𝑗, FIT the feed-in tariff, 𝑟 the discount rate, and 𝑌 the expected
lifetime of the project. The OPEX costs in Eq. (28) depend only on
the installed capacity in the farm, and are independent of the vessel
strategy chosen. The costs for vessels as defined in Section 2.6.4 are
evaluated explicitly in Section 3.6.2.

The NPV is computed in Section 3.6 and used to evaluate the
feasible power rating strategies at the two sites.

To evaluate the repair strategies from an economical perspective,
quantities computed over the whole lifetime of the farm are not suit-
able. Instead, the energy not supplied after a disruptive event can be
given an economical measure in terms of the cumulative cost of the
energy not supplied,

𝐶ENS(𝑡) = ∫

𝑡

0

(

𝑃 full avail.(𝜏) − 𝑃 (𝜏)
)

⋅ FIT 𝑑𝑡 (29)

here, according to Eq. (25), 𝑃 full avail.(𝑡) and 𝑃 (𝑡) are the power
roduced at time 𝑡 for a farm with full and reduced availability,
espectively. The cost of the energy not produced can then be valued
gainst the cost for repair vessels in Eq. (26).

.7. Numerical implementation

The theory and methods described in the above subsections has been
mplemented in a MATLAB script and simulations have been carried out
n a standard desktop PC. For the extreme weather characterization,
he weather data for the US site was available on an hourly basis,
hereas for the SE site the sampling frequency was 1/h for the wave
ata but 0.25/h for the wind data in the first 10 years 1976–1986, after
hich the frequency increased to 1/h. The wind data at the SE site was

herefore interpolated to an hourly interval for the first 10 years of data.

. Results

.1. Extreme weather characterization

The annual maximum value of the average wind speed and sig-
ificant wave height (both computed over one hour, and thus do not
epresent the actual maximal wind speed or wave height) have been
dentified and are shown in Fig. 5 for the two sites. The annual maxima
re roughly in the same interval for the two sites, but a few larger wave
eight extremes can be seen for the US site, and a few lower wind speed
alues can be seen for the SE site.

According to the block maxima method reviewed in Section 2, the
nnual extremes for average wind speed and significant wave height
ave been fitted to generalized extreme value (GEV) distributions,
ccording to Eq. (1) and (2). The parameters defining the GEV dis-
ributions are listed in Table 3. For the SE site, the shape parameters
or the wave height and wind speed are negative, showing that their
xtremes are best described by a Weibull distribution. For the US site,
he shape parameter is close to zero (although slightly positive for the
ave height and negative for the wind speed), showing that the wind

peed and wave height can be approximately described by a Gumbel
istribution. The Gumbel distribution is skewed to the left as compared
o the Weibull distribution, which is skewed to the right. This indicates
hat most extreme values at the US site are found in the upper tail of
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Fig. 5. The annual maximal wind speed (average over 1 h) and significant wave height
at the two sites. The SE site is shown with solid lines, the US site with dashed lines.

Fig. 6. Quantile–quantile plot for wave and wind data at the two sites. The SE site is
shown in dark blue colours and solid line, the US site in red colours and dashed line.

Table 3
Identified parameters in the GEV distribution for the annual significant wave height
𝐻𝑠 and hourly average wind speed 𝑊𝑠 maxima.

Parameter SE site US site

𝐻𝑠 GEV 𝑊𝑠 GEV 𝐻𝑠 GEV 𝑊𝑠 GEV

Shape 𝑘 −0.230 −0.332 0.0672 −0.0414
Scale 𝜎 1.018 2.172 0.918 1.492
Location 𝜇 5.209 19.970 5.518 19.841

the weather population, whereas they are found in the lower tail at
the SE site. Expressed differently, the wave heights and wind speeds
corresponding to the same return period 𝑇𝑅 are expected to be higher
at the US site, as compared to the SE site. Similar conclusions were
obtained by Jonathan and Ewans (2007) when comparing extreme
wave heights at locations in the Gulf of Mexico and the Northern North
Sea.

To analyse the goodness of fit, quantile–quantile (qq) plots are
shown in Fig. 6 for the two sites. Fig. 6 shows that the extreme wave
and wind data follow the GEV distribution defined by the parameters
in Table 3 well at the SE site. For the US site, the fit is also satisfactory,
but some deviations in the highest quantiles can be observed.
10
Table 4
Weather windows 𝑇closed closed for repair according to weather thresholds 𝐻𝑠 ≤ 1.1
m and 𝑊𝑠 ≤ 17 m∕s, average failure rates �̄�, and percentage of time when the failure
rate 𝜆 is lower than the average failure rate, computed at the two sites for the year of
focus.

Site Year 𝑇closed �̄� 𝜆 < �̄�

SE site 1984 76 days 1.25/year 83%
US site 1996 178 days 4.13/year 81%

To compare the extreme weather conditions at the two sites, the
return periods and corresponding extreme values are computed, accord-
ing to Eq. (6), or, equivalently, by Eq. (7). The return periods of 𝑇 =
10, 25, 50, 100, 1000, 10000 years are evaluated, and the corresponding
maximum significant wave height and hourly average wind speed are
shown for the two sites in Fig. 7.

As could be apprehended from the slightly higher maximal annual
wave heights at the US site and the slightly lower annual wind speeds
at the SE site (shown in Fig. 5), the weather is predicted to be more
extreme at the US site, with weather parameter values corresponding
to the same return periods. In particular, this holds for the long return
periods of 1000 years or more. It should be remembered, however, that
the uncertainty in the prediction increases with the return period, as
only a limited amount of data have been used for the extreme value
analysis.

3.2. Weather windows and failure rates

To study the weather dependent failure rates and performance of the
farm, one year of data have been analysed in more detail at both sites,
as described in Section 2. According to the hourly wave and wind data
and the defined thresholds for offshore operations, weather windows
closed for repair have been identified, and are shown as grey shaded
areas in Fig. 8. For clarity, a zoom of the first 30 days at each site is
shown. During these days, it is clear that the US site has fewer time
slots available for repair operations, than the SE site. The same trend
holds throughout the year as is also reported in Table 4: at the SE site,
76 days are closed for repair operations this particular year (and with
the chosen weather thresholds), whereas the corresponding number for
the US site is 178 years, i.e., almost half of the year.

As the next step, the weather dependent failure rates are computed
during each hour according to the instantaneous failure rate (hazard
function) given in Eq. (21) and shown in Fig. 3. Note that the failure
rates for the WECs are computed as functions only of the (time-varying)
wave height, whereas the weather windows are functions of both the
wave height and wind speed. The rationale is that the wind speeds
affects the WEC device to a smaller degree than the offshore vessel sea
keeping and offshore repair operations.

The resulting varying failure rate as well as the significant wave
heights at the sites are shown for the full year in Fig. 9 for both sites.
It is clear from the figure that the failure rates increase with increased
wave height, and that some instances of violent wave conditions give
rise to peaks in the failure rate. The average of the failure rates are
shown in Fig. 9 as black dotted lines, and can be seen to be higher at
the US site than at the calmer SE site. The average failure rates are listed
in Table 4 and amount to 0.000143/h, or 1.25/year, at the SE site, and
to 0.000472/h, or 4.13/year, at the US site. As can also be anticipated
from Fig. 9, during most of the year the failure rate is below the average.
Indeed, at the SE and US sites, the percentage of the time when the
failure rate is below the average failure rate, 𝜆(𝐻𝑠(𝑡)) < �̄�, is 83%
and 81%, respectively. Only during times of storms and harsh weather
conditions is the actual failure rate higher than the annual average.
The developed method thus gives realistic results; the obtained average
failure rates are in the same range as those reported in literature, but
higher failure rates are obtained in severe metocean conditions.

From the computed time-varying and average failure rates, the

reliability function can be derived as a function of time, according to
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Fig. 7. Return values for significant wave height and average wind speed for different return periods. (a) SE site; (b) US site.

Fig. 8. The metocean parameters during 30 days. Repair operations cannot be carried out when the parameters are above the thresholds 𝐻max
𝑠 = 1.1 m or 𝑊 max

𝑠 = 17 m∕s (shown
as grey shaded areas). (a) SE site; (b) US site.

Fig. 9. The weather dependent failure rates at (a) SE site; (b) US site. The average failure rate is shown by dashed black line.
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Fig. 10. The reliability function computed with weather dependent (‘‘exact’’) and constant failure rate (‘‘approximate’’) at sites (a) SE site, (b) US site. Note that no repair is
considered.
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Eq. (20) where the wave height is a function of time, 𝑅 = 𝑅(𝐻𝑠(𝑡)).
Eq. (17) for the failure rate can be rewritten as

𝜆(𝑡) =
𝑓 (𝑡)

1 − 𝐹 (𝑡)
=

−𝑅′(𝑡)
𝑅(𝑡)

= − d
d𝑡

(

ln(𝑅)
)

(30)

from which it follows that the reliability function can be expressed in
time in terms of the instantaneous failure rate as

𝑅(𝑡) = 𝑒− ∫ 𝑡
0 𝜆(𝜏) d𝜏 . (31)

The computed reliability is shown in Fig. 10 for the two sites. In solid
black is the reliability function computed for the instantaneous failure
rate throughout the year, and in dotted red is the approximation when
the failure rate is the average (22) over the time interval [0, 𝑡]. Note
that no repair is considered in Fig. 10; it is the decreasing reliability of
a WEC over time, if no repair is carried out. From the figure, it can be
seen that the milder wave climate at the SE site results in a reliability
function that is decreasing more slowly, than at the site NBDC with
harsher wave conditions.

3.3. Weather dependent availability

The reliability in Fig. 10 is computed without considering repair of
the devices, and is therefore strictly decreasing. To compute the actual
number of available WECs in the farm throughout the year, Eq. (24)
should be used, which includes repair of failed devices whenever the
metocean conditions allow for repair operations, 𝑡 ∈ 𝑇open. The result
can be seen in Fig. 11 for the two sites. When comparing to the
reliability in Fig. 10, it is clear that the number of devices increase
during open weather windows.

In Fig. 11, the number of available devices is shown both for the
time-varying failure rate 𝜆(𝑡), and also for the case when the failure
rate is approximated by the constant yearly average failure rate �̄�. As
was reported above, during the majority of the year, the weather is
calm and the actual failure rate is below the average failure rate. This
implies that during calm weather, the number of WECs computed with
the average failure rate overpredicts the number of failures, whereas
they are underprediced during periods of harsh weather. This can be
clearly seen in Fig. 11, where the constant failure rate gives a less
dynamic prediction of the number of available WECs in the farm.

From the results of the number of available WECs shown in Fig. 11,
the availability can be computed according to Eq. (23). The average
availability of the year is shown in Table 5, and amounts to 95% for
the less energetic SE site, and 76% for the high resource US site.
12
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3.4. Weather dependent power production

3.4.1. Park interaction
The US site will be used to illustrate the effect of the park interaction

model and the power rating constraint. In Fig. 12, the total power of
the farm (computed as hourly averages) is shown for the US site at
power rating 50 kW. For clarity, only the first 30 days of the year are
shown. The power is computed according to Eq. (16), i.e., the total
number of available WECs (shown in Fig. 11) is multiplied with the
energy absorbed by each WEC, and with the park interaction factor in
Eq. (14). If the power exceeds the allowed level, which is defined as the
number of available devices operating at their rated power, the total
power of the farm is defined as the maximal allowed, 𝑁(𝑡)𝑃rated. The
effect of the upper constraint for the absorption can clearly be seen in
Fig. 12; the value 𝑁(𝑡)𝑃rated at each time step is indicated by the blue
otted line, and the total power is defined such that it never exceeds
his value.

The effect of the park interaction can also be seen in Fig. 12. If inter-
ction between WECs was neglected, the total power would be equal to
he ‘‘Ptot no interaction’’ seen in the figure. This value is slightly higher
han the actual total power including the park interaction, which is to
e expected. The park interaction in Eq. (14) decreases with number of
vailable WECs in the farm, and in this particular example takes values
n the range 0.849–0.913 over the year.

.4.2. Power production and annual energy
In Fig. 13 it can be seen that the assumption of a constant failure

ate gives a slightly higher prediction of the power production of the
arm, in particular during times of high power production, i.e., during
nergetic wave conditions. This is to be expected, as the constant failure
ate will overpredict the failure rate in calm conditions (leading to
ewer available devices than in reality), and underpredict the failure
ate in high wave conditions (leading to more available devices than
n reality). In highly energetic conditions, the constant failure rate thus
redicts a higher power production, whereas the power production in
alm conditions is already low and therefore less affected. In other
ords, a constant failure rate only sees the positive aspects of high
aves (higher energy absorption), whereas a more realistic weather-
ependent failure rate balances the positive aspects with the negative
higher probability of failures). This can be further seen in Table 5 for
oth sites evaluated during one year at different power ratings of the
ECs. In all cases considered, the assumption of a constant failure rate

ives a slightly higher prediction of the annual absorbed energy, as
ould be seen also in Fig. 13. The difference between using a varying

nd constant failure rate for the annual energy absorption is 2%–7%.
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Fig. 11. Available WECs in the farm during a year at sites (a) SE site; (b) US site. Repair rate 0.0030/h is assumed. The time varying failure rate of Fig. 9 is compared to the
ituation with constant (time-averaged) failure rates. The grey shaded areas represent periods closed for repair operations.
Fig. 12. Total power in the farm computed with and without interaction between
ECs, according to Eq. (15). The US site at power rating 50 kW is considered.

Fig. 13. Total power in the farm, when the available number of WECs in the farm have
been computed according to a time-varying and constant failure rate, as in Fig. 11. The
US site at power rating 50 kW is considered.
13
Table 5
Average availability and annual energy absorption at the two sites. The energy
absorption is shown at different power ratings (20, 50, 100 kW) of the WEC, and
shown for both the weather dependent and constant failure rates (the latter results
shown in parenthesis).

Site A 𝐸annual [GWh]

20 kW 50 kW 100 kW

SE site 95% 5.04 (5.16) 5.30 (5.44) 5.36 (5.50)
US site 76% 8.57 (9.11) 10.10 (10.78) 10.48 (11.21)

Whereas this might seem small, overestimating the energy absorption
by a few percentages can have a large impact on the electric grid
balance if the penetration of wave power was larger than today. Also,
the difference is larger for the more energetic US site, and it can be
expected that the difference will be even larger for more energetic sites.

3.5. Wave farm resilience

The resilience of the system can be quantified in terms of the energy
not supplied, defined in Eq. (25). For the three different power ratings,
the ENS at the SE site is in the range 10.5–11.4%, whereas at the US
site it is in the range 13.5–18.5%. The power rating thus does not affect
the resilience to a large degree, and it can be seen that the SE site has
a higher resilience in terms of the ENS.

As can be seen from Fig. 11, a disruptive event such as the one
occurring on day 7 at the US site can impact the full performance of
the farm for a long time. With the vessel options considered in Fig. 11,
almost 200 days are required before the farm has been repaired to
its original function. The scenario causing the large disruption is the
extreme wave height 𝐻𝑠 > 7 m seen in detail in Fig. 8. From the return
periods shown in Fig. 7, it is clear that such extreme wave heights
are expected to occur more often at the more energetic US site, than
at the calmer SE site. The expected maximal significant wave height
corresponding to return periods 10, 25, and 50 years at the two sites
is 6.70 m, 7.51 m and 7.83 m for the SE site, and 7.74 m, 8.79 m and
9.61 m for the US site. Large disruptive events can thus be expected to
occur more often at the US site, and should be matched with vessels
capable to operate in harsher weather.

To investigate strategies to improve the resilience of the park, the
availability of operational WECs considering different repair options is
shown in Fig. 14. At both sites, a disruptive events occurs during the
first month. This event is particularly disastrous at the US site, where
the availability drops by over 30%. The recovery after the events at

both sites using different vessels is shown during the first 180 days.
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Fig. 14. The number of available WECs in the park during a year at sites (a) SE site; (b) US site for different vessel options with different weather thresholds.
From Fig. 14 it is clear that the choice of repair vessels has a large
impact on the recovery process after an event, in particular at sites with
limited weather windows. At the US site, the cable laying vessel and the
two tugboat + crane barge result in a slower recovery process, due to
their more restrictive weather thresholds. The significant wave height
is seen as the most influential parameter in defining the threshold for
repair operations. This can be observed when comparing jack-up and
diving support vessels.

3.6. Economical assessment

3.6.1. Rated power
The annual energy absorption at the two sites for WECs with power

rating 0–100 kW (total farm capacity 0–20 MW) is shown in Fig. 15.
As expected, larger WECs with larger rated power lead to increased
annual energy absorption. However, after certain rated power levels,
the increase in annual energy is small. This leads to the question if
there is an optimal power rating that can be identified, and if it differs
between the two sites.

Based on the literature review for wave and wind energy installa-
tions in Section 2.6, the capital costs increases with the rated power and
is usually given in units EUR/kW. The CAPEX per capacity cost is not
constant, but seems to reduce slightly for larger installations, as seen
in Fig. 4. Using the economical input values defined in Section 2.6,
the NPV has been computed according to Eq. (28) and is shown in
Fig. 15 as function of power rating. The NPV is positive in lower ranges
of power rating. In other words, when increasing the WEC size above
certain limits, the extra costs are not met by sufficiently increased
energy absorption.

The feasible power ratings are different at the two sites. At the
SE site, the NPV is positive for WECs rated ≤16 kW, and reaches a
maximum value of 5.0 MEUR at power rating 5 kW. At the US site,
the NPV is positive for WECs with rated power ≤31 kW, and reaches
a maximum value of 9.6 MEUR at power rating 10 kW. Thus, the
installations show a potential profitability at both sites, and small,
cheaper WECs are the preferred strategy.

These results should be understood from the context of the mild
wave climate at both sites; in particular the SE site which represents
an extremely calm wave climate. The annual energy absorption at both
sites is roughly in the range 5–10 GWh. This can be compared with the
wave energy absorption for similar wave farms in the Baltic Sea, as
computed by Engström et al. (2020). There, a total energy absorption
4–8 GWh was obtained at calm locations comparable to the ones
studied in this paper, but 16 GWh was obtained at the most energetic
sites. At such energetic sites, WECs with higher rated power would
be preferred, than the ones obtained here. This is further discussed in
Section 4.
14
Fig. 15. Annual absorbed energy as function of the rated power of the device in the
park at sites (a) SE site; (b) US site, shown as dotted line. The NPV is computed
using Eq. (28) and the economical input values defined in Section 2.6, and shown for
different power ratings as solid line.

3.6.2. Vessel strategies
To investigate the resilience of the park from an economic perspec-

tive, the costs of the ENS in Eq. (29) are analysed in relation to the costs
of vessel strategies in Eq. (26). The ratio of the two costs is shown in
Fig. 16 for the same 180 days as shown for the availability in Fig. 14.

Interesting conclusions can be drawn from Fig. 16. First, it can be
seen that for the SE site, the costs of the repair vessels significantly
exceed the costs of the ENS. In other words, it is more costly for a
wave farm developer to repair the WECs, than to leave them failed in
the ocean. The reasons for this is that the availability of the SE site is
still high, and that the vessel costs are high in relation to the energy
production of the WECs.

At the US site, the situation is different. Due to the many failed
devices during the first month, the cost of the ENS is higher than
the cost of some of the repair strategies. In particular, the cost of the
crew transfer vessel and the two tugboat + crane barge are both lower
than the cost of ENS. The cheaper day rate of the crew transfer vessel
makes it economically advantageous over other options. However, in
this economical model, the mean time to repair (MTTR) is considered
constant. In other words, the downtime of the WECs are only affected
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Fig. 16. Ratio between cost for ENS and vessel cost for different vessel options for rated power of 50 kW and duration of 180 days for sites (a) SE site; (b) US site.
Fig. 17. Sensitivity analysis of the availability, taken as average over the year and shown as percentage of full availability, and the energy not supplied (ENS) to the input
parameters for the SE site at power rating 50 kW.
by the weather limits of each vessel and the parameters such as the
transit time from port to the site and how fast the repair operation is
performed are not considered. In the first few days of the SE site, the
significant wave height shown in Fig. 16 is higher than the operational
limit for most of the repair vessels which implies zero repair cost (see
Eq. (27)) during these days and results in the peak in the ratio between
the cost of ENS and cost of vessels.

When comparing Figs. 14 and 16, it can be seen that the recom-
mended vessel strategy is not always the one that gives the highest
availability, and also not always the one with the lowest day rate. Since
the produced power by the WECs depends on the energy flux which
varies over time, the situation is more complex and must be analysed
using economical metrics, as in the method presented here.

3.7. Sensitivity on input parameters

To study the sensitivity of the method to the choice of input pa-
rameters, a sensitivity analysis has been carried out. In Fig. 17, the
availability and the ENS has been computed with a range of five
different input parameters, where the default values are 𝐻max

𝑠 = 1.1 m,
𝑊 max

𝑠 = 17 m∕s, and the repair rate is 𝜇 = 26/year. The calm and severe
failure rate are the input values chosen to define the fragility curve
15
in Fig. 3, where a failure rate of 0.2/year was assumed in very calm
conditions 𝐻𝑠 = 0.5 m, and 3504/year in violent conditions, defined
by wave height 𝐻𝑠 = 20 m.

As can be seen from Fig. 17, increasing the wave thresholds 𝐻max
𝑠

implies that the availability increases while the ENS decreases, which is
expected as increased thresholds will allow for more repair operations.
Increasing the wind threshold 𝑊 max

𝑠 has negligible effect, since the
wind speeds at the site are in general lower than the high threshold
17 m/s. Increasing the assumed values for failure rates at calm and
severe conditions reduces the availability and increases the ENS, and
likewise increasing the repair rate will increase the availability and re-
duce the ENS. Even when changing the input values ±15%, the resulting
availability and ENS change by less than 0.8% and 8%, respectively.
The method is thus little sensitive to the choice of input parameters.

4. Discussion and future work

To understand the availability of a system due to weather conditions
and repair strategies, one must analyse not only the weather parame-
ters, but also have reliable models and input values for probability of
failures, the performance of the system in different conditions, and the
possible offshore vessels. All of these input parameters are difficult to
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obtain for a technology that is not yet mature, and where very little data
is publicly available. In this paper, the strategy has been to use the input
data that is available, and construct the others based on experience and
on data for related systems.

An assumption used in the paper is the simplified park interac-
tion developed in this work. Future work could attempt to model
the park interaction within the park accurately instead of the ap-
proximate interaction in Eq. (14) and the approximate layout shown
in Fig. 1. To model the accurate power absorption, irregular waves
should be used as input, and the full dynamics of the park should
be modelled, including the response to scattered and radiated waves.
At present however, such an approach is not realizable due to the
high computational cost, even with weak approximations such as an
interaction distance cut-off (Göteman et al., 2015b), or with access to
high performance computer clusters. The annual energy obtained in
this paper, using the simplified park interaction factor, is in the same
range as for the comparable sites and wave farms studied by Engström
et al. (2020). Since the energy absorption was computed with a more
advanced hydrodynamical interaction model in Engström et al. (2020),
the agreement serves as a consistency check for the simplified farm
model applied here.

The method is scalable for wave farms of any size. Here, a farm size
of 𝑁 = 200 was chosen, as this is a realistic size of a fullscale installation
of small point-absorbers. Applying the method to a single WEC would
not be of much interest, since the number of devices in the park could
then take only two values – 0 or 1 – and the power production from
the park would be either zero or equal to that of a single WEC.

Long-term predictions of weather parameters are bound with un-
certainties. As the objective of the extreme value analysis is to analyse
the tail of a distribution, and not the body of it, typically only a very
limited amount of data samples are available, and extrapolation beyond
the sample size is needed (Jonathan and Ewans, 2013). Maximum like-
lihood estimators (MLE) can be used to determine the minimum sample
size required for different return periods (Cai and Hames, 2010), based
on the idea that the MLE are normally distributed for a large enough
sample size. Cai and Hames (2010) found that the sample size required
to predict 100 year values accurately differ between different data types
(e.g. sea levels and temperature), and ranged between 44 and 72 years.
The weather data at the two sites have been accumulated during 19
years at the US site and 14.5 years (wave data) and 26.5 years (wind
data) at the SE site. However, at both sites there are several time
regions of missing and erroneous data, and data points of higher wind
speeds and wave heights might have been missed. The sample size is
thus considerably smaller than recommended by Cai and Hames (2010)
for accurate prediction of 100-year return values, but larger samples of
data are seldom available. The qq-plots shown in Fig. 6 still induce
trust in the accuracy of the results, in particular for the return periods
≤50 years, but results for return period values >100 years shown in
Fig. 7 should be interpreted with caution. As a complement to available
weather data, future work could also apply wave-wind hindcast models
to assess long term weather statistics, such as the WAVEWATCH III used
to obtain wave and wind data around Ireland by Gallagher et al. (2016),
or the WAM model used by Wrang et al. (2021) to obtain extreme
weather statistics at offshore sites.

The extreme wave and wind data have here been analysed by
independent distributions, and the vulnerability of the WECs have been
assumed to depend only on the wave height, and not the wind speed.
This could be generalized to a multivariate extreme value distribution
for both wind and wave extremes, to provide extreme contours for
the different extreme value parameters. For the wave extremes, not
only the wave height could be considered, but combinations of wave
height and periods. When analysing vulnerability in terms of both wind
and wave loadings, as would be appropriate for floating offshore wind
turbines, a joint distribution should preferably be used (Valamanesh
et al., 2013). The same holds if vulnerability should be studies as
function of several wave parameters, such as the wave height and
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period (Wrang et al., 2021; Katsidoniotaki et al., 2021).
The designed fragility curve can be considered to give a conserva-
tive prediction for the availability. A WEC failure rate of 3504/year
was imposed at significant wave height 𝐻𝑠 = 20 m. In practice, wave
energy concepts would ideally be equipped with functions that allow
them to go into survivability mode during storms and harsh weather,
actively reducing the expected failure rate in violent conditions. Such
survivability modes have not been considered here.

Onshore wind turbines have been shown to reach availability values
as high as 95%–97% of the total time (Pfaffel et al., 2017), but offshore
wind turbines have a lower availability, with numbers such as 80%
and 84% (Cevasco et al., 2021), although availability in the range
of 90%–97% has also been reported (Wiegand and Nillesen, 2011;
Garrad Hassan, 2013). The availability can be expected to reduce for
OWT installed further offshore and in deeper waters (Garrad Hassan,
2013; Cevasco et al., 2021), although the published data is still scarce.
The availability found in this paper is 76% and 95% for the two sites,
and thus on a level comparable with offshore wind, and for the calm
site also with onshore wind. The availability is significantly higher
than for instance 30%, which was reported by O’Connor et al. (2012)
at high resource locations. To understand these differences, it should
be highlighted once more that the results are strongly dependent on
the values of input parameters; higher weather thresholds and higher
failure rates would reduce the availability. Göteman et al. (2018) used
a similar model as the one in the present paper, but for constant instead
of varying failure rates. There, it was seen that the number of available
devices varied greatly with the failure and repair rates, which is to
be expected. Also, high availability for wave energy systems similar
to the one found in this paper have also been found in other works;
for instance by Lavidas et al. (2018) where high accessibility over 90%
was found in near-shore regions.

The main limitation of this paper is the lack of fullscale, mea-
sured offshore data. This data is not available due to the very limited
number of offshore installations of wave energy farms. A few arrays
of fullscale WECs have been installed offshore, including the Mutriku
wave power plant (16 oscillating water columns installed the Basque
region, Spain) (Ibarra-Berastegi et al., 2018), the Pelamis (3 attenuators
installed outside Portgual), and the Uppsala University WEC (3 point-
absorbers installed on the Swedish west coast) (Rahm et al., 2012);
for a recent overview, see Ning and Ding (2022). Although some data
have been published on the performance of these, data on the power
absorption in all sea states as well as the failure rates in different wave
conditions are not publicly available. Instead, our strategy has been to
use the data that is available, and model the remaining required input.
Future work would thus be to measure and model data that can be used
as reliable input values. One important step would be to develop real
fragility curves obtained from experiments and numerical simulations
to obtain the metocean-dependent failure rates. Similar to what has
been done in offshore wind energy, the structural reliability could be
assessed through a probabilistic reliability analysis, to determine the
probability of a structure exceeding a limit state given wind and/or
wave loads (Pokhrel and Seo, 2019). The output could then be used
to update existing reliability databases and standards that have been
developed for wave energy systems (DNV, 2005, 2008).

Research should preferably not only be accurate and reliable, but
also useful for the sector. As shown in the results, availability as well
as the annual delivered energy are only two measures, and it is not
clear that the configuration which produces most electricity is the
preferred one from a financial perspective. To identify optimal solu-
tions, the reliability analysis should be connected to techno-economic
assessments, where the technical quantities (power rating, energy de-
livered/not delivered, vessel operations, downtime) should be assigned
economic values and the optimization should be aimed at identifying
solutions with the lowest levelised cost of energy over the lifetime. The
approach presented in this paper has been to evaluate varying failure
rates and repair strategies in terms of net present value, cost of repair

strategies, and cost of the energy not supplied. Nevertheless, it should
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be remembered that financial values for wave energy are equipped with
large uncertainties, as the technology is still in pre-commercial stages.

The profitability, as measured by the net present value, was shown
to be maximum at both sites for WECs with low rated power. This is
to be understood from the fact that both sites represent mild wave cli-
mates, with average energy flux 3.1 kW/m at the SE site and 7.9 kW/m
at the US site. As a comparison, the average energy flux at the WaveHub
site on the UK coast is 20 kW/m (van Nieuwkoop et al., 2013). For a
wave farm installation at a more energetic site, WECs with higher rated
power would become the more optimal option, which would mean
that more power could be absorbed by the available devices. On the
other hand, a more energetic site would present fewer and shorter open
weather windows, limiting the repair and maintenance to very short
periods during the year. This was confirmed by O’Connor et al. (2012,
2013b) in their assessment of some energetic sites at the Irish west
coast. The aim of the current paper was to analyse the effect of weather-
dependent failure rates and resilience of wave farms. Future work could
apply the same methodology but for a larger set of offshore sites, in
particular more energetic sites, to assess the optimal rated power and
wave farm feasibility over larger offshore areas.

Another direction of future research would be to combine the
metocean-dependent failure rate proposed in this paper with a ‘‘bath-
tub’’ failure rate depending on fatigue or ageing of the WECs, and study
the performance of the wave farm over longer periods of time.

5. Conclusions

The vulnerability to violent ocean conditions and the related lim-
ited access for maintenance and repair operations is one of the main
challenges for new offshore RES that must be addressed to reach an
economic competitiveness. This paper has addressed this problem by
introducing metocean dependent failure rates for a wave energy system
and analysing the availability and resilience based on this.

As compared to a weather dependent failure rate, the common
assumption of a constant failure rate was seen to underestimate the
failure rate in energetic wave conditions, but overestimate it in calm
conditions. As a result, the constant failure rate will overpredict the
annual energy absorption in the park. Perhaps more importantly than
the annual energy absorption, a constant failure rate will lead to
misleading prediction of the actual number of available and failed
devices, which is a problem when planning and conducting the costly
offshore repair operations.

Two different offshore sites were compared, and the average failure
rate was found to be lower at the calmer site, whereas the potential
profitability as measured by the net present value was higher at the
more energetic site. Small, cheap WECs led to higher profitability than
larger, more expensive ones, in particular at the calmer site.

Wave park resilience and different repair vessel strategies were
evaluated from economic perspectives. In some cases, the cost of the
repair operations were found to exceed the cost of the energy not
supplied due to failed devices.
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