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Abstract
This document is produced in fulfilment of Deliverable 6.4 (hereafter D6.4) - Proactive maintenance strategies based
on failure prognostic. It describes part of the activities carried out within FLOTANT Work Package 6 (WP6), and in
particular within Task 6.2 - Optimisation of Installation techniques, Marine Management & Offshore Operations and
Task 6.3 - Development of algorithms for predictive maintenance strategies and O&M optimisation (Work Package
leader: UNEXE. Participants: Installation process: COBRA, ESTEYCO, HB; Inform decision-making process: INEA; Inputs
on mooring innovations: TFI; Inputs on Cable innovations: FULGOR).
The aim of WP6 is to improve the assessment of potential cost savings, installation techniques, offshore operations,
and marine management and O&M techniques of floating wind devices. Particular emphasis lies on the novel
components developed in the FLOTANT project. In this deliverable, the main innovations are described and evaluated
in relation to the installation and O&M implications. Hence, specific aspects in terms of onshore operations, marine
interventions, vessel suitability and safety aspects are considered. Attention is given to generic strategies for floating
wind devices, as well as the specific FLOTANT innovative components. Technical storyboards and description of the
modelled onshore and offshore operations, as well as details of the modelling procedure and outcomes of the postmodelling analysis, are provided. Enhancements of traditional strategies are discussed, and indications for future
improved installation and maintenance techniques are derived.
The O&M study is based on environmental data that were freely available at the time of investigation. The met ocean
data that were used do not necessary represent accurately on the location of a commercial floating offshore wind
development site, hence the study should not be used to interpret commercial viability of the site investigated. In
this study, the latest met ocean data of the Gran Canaria commercial site only includes wind speed, which is not
enough for the accurate O&M cost calculation (wave and tidal current data are also needed).
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1 INTRODUCTION
According to the EN 50126-1:2018 - The Specification and Demonstration of Reliability,
Availability, Maintainability and Safety (RAMS), operation and maintenance are defined
separately. Operation is defined as: "the combination of all technical and administrative actions
intended to enable an item to perform a required function, recognising necessary adaptation to
changes in external conditions", whereas maintenance is defined as: "the combination of all
technical and administrative actions, including supervision actions, intended to retain an item in,
or restore it to, a state in which it can perform a required function". In other words, with specific
reference to the industrial context, operation and maintenance (O&M) is that set of procedures
which, following the installation and commissioning of a system, aim to keep it operational for its
lifetime or a desired length of time under economic constraints.
An O&M strategy is commonly based on one or a combination of several factors including the
maximisation of reliability, minimisation of downtime or minimisation O&M cost. As a
consequence, it involves both planned and unplanned activities that, in turn, generate both fixed
and variable costs. The fixed costs, generally involve administrative costs, insurances, rents or
leases, planned maintenance activities and subcontract agreements, while the variable costs are
limited to unplanned maintenance activities and spare parts cost. Additional actions can include
overhauls or re-fits of still functioning components to improve their performance or extend the
lifetime of the subsystems to which these belong. Considering the above, the O&M cost can be
extremely hard to predict, however, it can be up to 24% (Schallenberg-Rodriguez and InchaustiSintes, 2021) of the overall cost of a wind farm and for this reason, an approach that takes into
account both the stochastic variability (randomness) of the key parameters and the intricate
dynamics of the project is required.
In general maintenance strategies can be classified according to many different taxonomies. One
decomposition can be seen in Figure 1, where strategies are separated into reactive and
proactive, with opportunistic sitting between the two. Reactive strategies allow the turbine to run
until a component fails, with technicians undertaking repairs only once a failure has occurred.
Proactive strategies aim to prevent failures occurring by taking action before they have chance to
fail, through periodic, predictive or prescriptive maintenance. Opportunistic maintenance aims to
carry out preventive maintenance actions whenever the opportunity arises in order to reduce
costs. Within proactive maintenance, there are different strategies. Periodic maintenance is based
on recommended maintenance intervals from the original equipment manufacturer (OEM).
Components can be repaired either at regular time intervals (time-based) or after a prescribed
number of cycles (use-based). Condition based maintenance (CBM) uses monitoring devices
across various elements of operating assets to identify and prevent deterioration and failure.
Maintenance can be triggered when measured parameters fall out of bounds, or the collected
data can be combined with predictive and prescriptive analytics to try and predict and prevent
failures in advance, as discussed in this review. In order to combat the problems associated with
current maintenance industry across all sectors is moving towards an increasingly automated
approach to O&M. Predictive maintenance uses real-time data and predictive analytics to try and
predict failures before they occur. Prescriptive maintenance strategies aim to predict when
impending failures will occur (failure prognosis), and go a step further then predictive maintenance
by providing optimised O&M actions to address the predicted failure mode.
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Figure 1: Maintenance strategies

This deliverable applies a probabilistic O&M model, based on a Markov Monte Carlo approach,
developed by the UoE to inform a proactive maintenance. The study is used to discuss potential
benefits of a failure prognostic maintenance strategy for FOW focusing on the overall performance
of two FLOTANT sites; including the energy and statistical results. These results are based on
the main results of D6.3 Marine management strategy and offshore operations. A technoeconomical study that includes results from the O&M study is part of WP7 (D7.1). The present
deliverable will subsequently support the next stage of the FLOTANT task, D6.5 O&M optimisation
processes. The remainder of this deliverable is organised as follows:
•
•
•
•

Section 2 introduces the O&M modelling techniques used in this deliverable.
Section 3 presents the UoE O&M tools, including the model input and output conditions.
The main results obtained by the UoE model are reported in section 4.
Section 5 draws the conclusions of this deliverable.

2 O&M techniques for offshore wind farm
A range of probabilistic evaluation techniques can be used to model the system reliability and
assess the O&M cost with different strategies and considerations (Alexander, 2003). If the model
shall capture random events (like an unexpected failure), Markov models and Monte Carlo
simulation are the most widely used approaches owing to their degree of flexibility, established
methodologies and suitability to support decision-making. The approach employed for this
deliverable is the Markov Chain Monte Carlo technique. The basic theory is outlined in the next
section, whilst the model details are provided in section 3.

2.1 Markov Chains and Monte Carlo stochastic modelling
Markov models replicate random processes used to represent a generic chain of events,
characterising the state of a system. The distinguishing property is that each so-called transition,
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i.e. the change from one condition to another are memory-less. That means that a transition from
one state to another depends exclusively on the current state and not on what happened
previously (previous event or transition). A transition probability is used to express the likelihood
of passing from one state to another. If a starting probability vector is assigned, a transition
probability matrix can be used to predict the state of the system at the generic time. The sum of
all probabilities of transition towards the possible states equals 1. In reliability engineering, Markov
chains can be used to characterise the physical state of offshore wind farm and the probability of
transition between operating time and downtime situation.
Monte Carlo techniques are a set of non-deterministic estimation procedures that rely on
repeating a sampling of determined quantities for a sufficient number of times to obtain an
approximation of a quantity of interest (Kastner, 2010). In this way, the input variability is exploited
to overcome the uncertainties about their exact value. Each individual repetition results in an
independent estimation of what occurred in the simulated system. Hence, a series of different
outcomes is obtained, from which the descriptive statistics, such as the most likely estimate can
be identified. As the number of simulations increases, the sample mean of these independent
estimates approaches the actual characteristics of the system, given the assumptions made. In
addition, confidence intervals and associated probabilities can be estimated for each scenario. In
reliability engineering, Monte Carlo analysis uses reliability data and statistical distributions to
define the most likely behaviour of the system over the considered period of time. Markov models
and Monte Carlo simulation can be easily integrated into an individual class of approaches that
sample from a probability distribution, so called Markov Chain Monte Carlo (MCMC) models. In
this way, random numbers are used to determine the system's state in a discrete-time simulation,
while repeated sampling gives the statistical approach required for the problem.

2.2 Monte Carlo method and reliability modelling
The occurrence of a failure is a probabilistic event whose likelihood depends on a range of factors,
including the intrinsic nature of the offshore wind farm (or single turbine) and/or external
circumstances. The first factor reflects the quality of the materials, technical properties,
engineering skills and manufacturing processes adapted to obtain the item; the second
represents the effects of environmental factors, loads and usage conditions. In order to allow for
the intrinsic aspects of a component, its failure rate has to be considered, taken as the frequency
of failures over a given period. The failure rate must be established with data obtained from
previous experiences with a similar component or, when this is not available, adapted from
existing databases, or surrogate data using engineering judgment. Other circumstances, such as
weather conditions and the marine environment and the age of the component, can lead to a
decrease or increase of the failure rate.
Consequently, power rating and environmental stress factors can be considered in order to adjust
failure rate values. Depending on the factors influencing the variability of the failure rate
considered and the probabilistic distribution chosen (or available) to represent its failure
behaviour, the failure rate assumes a value that can be either constant or variable over time. A
classic example of these effects is the well-known bathtub curve shown in Figure 1, which

illustrates the variation of the failure rate  (t ) over time for a generic component. The first part
represents a decreasing failure rate typical of early fabrication and installation errors, the second
part a constant failure rate typical of random unexpected failures during the useful life of the
component and the last part an increasing failure rate due to ageing and degradation. Other
effects, for instance, serial defects, can be incorporated as more pronounced variations if needed.
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Figure 1. Bathtub curve, representing the variation of the failure rate of a generic component with
time (Klutke et al., 2003).
In repairable systems, the failure rate describes at what rate (in failures/hour) the failures occur
t ,t
within a particular time interval  1 2  , if no failure has occurred up to t1 , the failure rate can be
presented as (Thies, 2012):

 (t ) =

f (t )
f (t )
=
R(t ) 1 − F (t )

(1)

where f (t ) is the probability distribution function of the failures and 𝐹(𝑡) is the cumulative
distribution function of the failures. R(t ) is the reliability function of the component and expresses
the probability that the item will remain in its operational state (i.e. has not failed) at time t:


R(t ) =  f ( )d = 1 − F (t )
t

(2)

The suitability of a statistical distribution adequately representing the failure rate of a component
can be evaluated by a goodness of fit test procedure (Scheu et al., 2017). Despite the various
statistical distributions available to represent a generic component's stochastic failure behaviour,
the most commonly used and widely applicable due to their simplicity are the exponential
distribution for a constant failure rate or Weibull for a variable one.
Exponential failure distribution:

R(t ) = e−t

(3)

Weibull (2 parameters) failure distributions:

R(t ) = e

−

Bt
A
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where A and B are the scale and shape parameters, respectively. Hence, depending on what
failure distribution is chosen, different parameters have to be specified in order to take into
account the reliability of a component and the entire system.
A value often used as alternative to the reliability function is the Mean Time to Failure (MTTF),
which denotes the mean functioning time of the item and represents its life expectancy value.
Using the exponential failure distribution, its value for each component is given by the inverse of
the failure rate:




1

0

0



MTTF =  R(t )dt =  e−t =

(5)

Under these circumstances, a statistical time-domain approach, based on the Monte Carlo
simulation technique can be used to represent the stochastic nature of failures. The
characteristics of the Monte Carlo method make it ideal for reliability predictions when the
complexity of the system prevents the formulation of exact models. Thus, the Monte Carlo method
repeatedly compares suitably generated pseudorandom numbers against a set of predefined
variables (i.e. the failure rate for each time step and each component of the simulated lifecycle).
This process is repeated for a sufficient number of times in order to cover all the possibilities and
provide unbiased results. In this way, the most probable scenario is identified among a series of
different possible outcomes. This allows to underst the impact of risk and uncertainty in each
simulation, establishing probabilities of exceedance and confidence intervals for the obtained
results.
This methodology, exploiting available reliability data, can be used to perform the energetic and
economic characterisation of wind farms by simulating the failures that limit the functioning of the
devices, and consequently, their availability and productivity. A failure is simulated when the
following condition is satisfied:

NR  e( − (t )) B

N R is

where

(6)
the pseudorandom number generated,

 is

the failure rate of the considered

component of the system and B is the shape parameter of the distribution. B = 1 in the case of
the exponential distribution. A logical 0 is then assigned to the status of the component if a failure
has happened, while a logical 1 is assigned otherwise. This method, combined with the Monte
Carlo simulation, has been broadly adopted in Reliability analysis.
In addition, to predict the reliability of a device, the reliabilities of the individual components that
constitute it and their configuration must be considered. The mutual links and dependencies
among components are typically interpreted as arranged either in series or in parallel. In a series
configuration failure of any component fails in the entire system or subsystem. In contrast, in a
parallel configuration, at least one of the units must function for the system or subsystem to remain
operational. Therefore, if

xi

is the status of the generic component (Korver, 1994):

 1 Good
xi = 
0 Failed

(7)

and if Y is the status of the complete system:
n

Y =  xi

(8)

1
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for components in series, and
n

Y = 1 −  (1 − xi )

(9)

1

for components in parallel.
The differences between (8) and (9) illustrated in Figure 2 by means of reliability block
diagrams(RBD), a combinatorial model that was initially proposed for determining the overall
system reliability through intuitive block diagrams.

Figure 2 Examples of series and parallel configurations using RBDs (Callou et al., 2014)

In case of components connected in series,
n

RS =  Ri

(10)

1

And
n

S =  i

(11)

1

Where

Ri and i

are the reliability and failure rate of the individual components respectively.

Similarly, in case of redundant (identical) components connected in parallel:
n

RS = 1 −  (1 − Ri )

(12)

1

And

s =

n( )d +1
(n − d − 1)(  )d

where



(13)

is the repair rate of the component (1/repair time), n is the total number of redundant

n − d those required for the system or configuration to remain operational.
n − d is often indicated as k , in the so-called k-out-of-n configuration, a particular case of parallel

components and
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redundancy in which at least k components, out of the total n parallel components available, must
remain functional in order that the system keeps working.
As most systems are represented by a combination of both in-series and parallel configuration,
in order to calculate the reliability and failure rate of the entire system, the ordinary procedure
consists of considering sets of either all series or all parallel components, calculating the
respective reliability or failure rate, and then grouping together the selections and treating them
as single equivalent components. For instance, if there is a system with two components in series
and one in parallel, in order to calculate the reliability of the whole system, the first step consist in
calculating the reliability of the two components in series, and then consider this as a single
component connected in parallel to the third one.
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3 UoE O&M Tools
The tool selected to assess the O&M cost of the FLOTANT scenarios (Gran Canaria and West of
Barra) is the UoE O&M Tool which is based on the Markov Chain Monte Carlo technique, an
established and widely used methodology for the simulation of O&M problems (introduced in the
section 2). This method can effectively consider all the necessary aspects that define the dynamic
factors of a FLOW farm, such as environmental conditions, logistics, spare parts and maintenance
vessels (Alexander, 2003; Faghih-Roohi et al., 2014; Zhang et al., 2017). This approach also
supplies a degree of insight and flexibility essential to capture the nuances of operational activities
and has been successfully deployed/validated by a wide range of academic and industrial projects
(Rinaldi et al., 2018a; Rinaldi et al., 2018b). Results obtained by the UoE tool can be used to
characterise the dynamics of the farm and optimise the planning actions after collecting the MetOcean data, the device's failure rate, and maintenance strategies.
The working principle of the UoE tool is illustrated in Figure 3. The idea of this tool is that by
exploiting the metocean data (hindcast or synthetic) of the location where the offshore farm is or
will be located, together with all the specifications of the projects in terms of devices, vessels,
sub-system failure predictions and maintenance strategies, it is possible to obtain a series of
results that can be analysed in an iterative procedure to characterize the dynamic of the farm and
optimise the maintenance strategy.
Starting from the met-ocean data of the location selected for the farm deployment, the project
specifications are added in terms of the installed devices (including details about their power
curves and constituent components) and operational strategy (including corrective and preventive
maintenance as well as maintenance assets). In order to achieve a high level of detail, a number
of inputs is required (Rinaldi et al., 2021). The details of these input data are provided through the
case studies described in Section 3. According to the Monte Carlo method, the same simulation
is run for a sufficient number of times (according to the variance of the outputs or based on
previous experiences with similar scenarios). Each of these runs simulates the operational lifetime
of the ORE farm taking into account all the mechanisms and constraints defined by the user.
Once the simulations are completed, a series of results describing the farm performance (i.e.
KPIs) are obtained. These include energy production accounting for downtime, availability,
revenue and overall O&M costs. More detailed information lists the number of failures per
component or the hours of operation of each vessel. The results contain the full statistical
distribution of each parameter, including mean value, standard deviations and confidence
bounds. These results permit the identification of underlying problems in the operation of the ORE
farm, and, if needed, the proposal of corrective measures. This model provides support in the
decision-making process required for the successful management of a project. Lastly, statistical
indicators, such as exceedance probabilities and progressive average values over the
simulations, can be analysed to evaluate the level of confidence in the results obtained. This
allows to consider the elements of stochasticity related to both the met-ocean environment and
the reliability of the components of the device.
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Figure 3. The working principle of the UoE O&M Tool.

3.1 Input conditions
This section describes the main data the model requires to perform the simulation. These are
grouped in:
1.
2.
3.
4.

inputs regarding the power performance (power curve)
weather data of the FLOTANT scenario
failure rate data and intervention classes
properties of maintenance access vessels.

3.1.1 Location and Met Ocean data
In the FLOTANT project, two sites are selected to test novel techniques: the west of Barra Island
in Scotland (U.K.) and the southeast of Gran Canaria Island in Spain. Both sites had been
previously identified as potential locations for deepwater floating technologies under the Horizon
2020 programme LIFE50+, and nearby locations have been selected as suitable to test the
feasibility of FLOTANT innovations under different climates and logistics requirements. Full
details of these two sites have been reported in the D6.3 Marine management strategy and
offshore operations.
The main characteristics for operational considerations reported in Met ocean time-series
reporting the wave, wind, and current characteristics have been retrieved from publicly available
online portals, namely the MARENDATA and the Hycom platforms. For the two sites, hindcast
data covering a period of 25 years (1980-2004) with a time step of 3 hours have been obtained.
These have been used to include considerations and limitations due to weather in the numerical
modelling of installation and O&M activities. According to Table 1. Main characteristics of the
selected locations for FLOTANT assessments.it is found that the West of Barra has a much higher
average wind speed, 1.5times that of the Gran Canaria site.
The assessment of the metocean conditions of the Gran Canaria and the West of Barra sites are
presented in Figure 5 and Figure 6, respectively. It is found that winds in the West of Barra have
a broader wind direction distribution than that in the Gran Canaria. Most wind directions of the
West of Barra are averagely distributed from west to the south. However, more than 50% of the
winds come from the northeast in the Gran Canaria site. Compared to the Gran Canaria, the West
of Barra has a significantly higher wind speed. The maximum wind speed in the West of Barra,
for a 3h duration, can reach up to 35m/s. The overall average wind speed at hub height is 9.41m/s.
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For the Gran Canaria site the max wind speed is only 18m/s, with an overall average of 6.12m/s.
According to the Met Ocean data assessment, it can be concluded that the West of Barra has a
considerably better wind resource. As a result, the West of Barra site is expected to have a higher
capacity factor for the same wind turbine (West of Barra, 66.84 and Gran Canaria 41.49%).
Furthermore, the harsher sea conditions at West of Barra will make site access more difficult.
Figure 4 presented the scattered plots of the wave characterises. The highest wave height of the
Gran Canaria is closed to 5 m and the maximum wave height can reach 13m in the West of Barra.

(a)

(b)
Figure 4 The wave assessment of the FLOTANT site: (a) Gran Canaria, (b) West of Barra
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Table 1. Main characteristics of the selected locations for FLOTANT assessments.

Parameter

Gran Canaria

West of Barra

Coordinates [lat., long.]

27°45'00.0"N, 15°19'48.0"W

56°53'09.6"N 7°56'52.8"W

Depth [m]

250

100

Seabed type

Medium course sand

Rock (basalt)

Average wind speed at Hub
height (102m) [m/s]

6.12

9.41

Distance to O&M port

20 km

20 km

(a)
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(b)
Figure 5 The wind assessment of the Gran Canaria: (a) Wind Rose diagram, (b) Wind speed Distribution

(a)
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(b)
Figure 6 The wind assessment of the West of Barra: (a) Wind Rose diagram, (b) Wind speed Distribution

3.1.2 The power performance of the FLOTANT wind turbine
In order to calculate the energy performance of the whole floating wind farm, the number of wind
turbines and the power performance of the individual turbine must be considered. These factors
can be used to calculate the ideal energy output of the whole farm, supplying a reference power
performance. The UoE model can calculate the individual turbine power performance by an
external source or specially created from the values for cut-in, cut-out and rated speed by the
least square methods (Kazemi and Goudarzi, 2012).

Pv =

2
Prated (v 2 − vcut
−in )
2
2
(vPr ated −v − vcut −in )

(14)

is the output power of the wind turbine under wind speed v . Prated is the rated power of
the wind turbine.
Where

Pv

The FLOTANT wind turbine is installed on a specially designed platform (Figure 7). The platform
technology proposed is a barge foundation capable of hosting 10+MW offshore wind turbines,
whose main stabilisation mechanism is given by a wide water plane area, with a heave plate and
an active ballast system. The foundation is mainly built with concrete and a limited amount of
steel, exploiting a more robust and cost-effective materials combination for improved reliability
and reduced maintenance requirements. Plastic materials are enclosed within the platform base
to provide buoyancy when required. Most of the information related to the development and
characteristics of FLOTANT floating platform has been extracted from the deliverable D.4.1 –
Structural and naval architecture design basis. The capacity of the FLOTANT wind turbine is
12MW and each scenario houses 50 devices which means the installed capacity of both
FLOTANT scenarios is 600MW. The other details of the 12MW wind turbine are listed in Table 2.
The turbine's power curve (see D4.2) has been obtained imposing a cut-in wind speed of 4 m/s,
a cut-out wind speed of 25 m/s and a rated power wind speed of 11.4 m/s. The power curve
between cut-in velocity and rated velocity has been reconstructed using the least squares method,
equation (14).
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Table 2 Details of the 12-MW wind turbine used in the FLOTANT project

Rated Power (MW)

12

Hub Height (m)

119.7

Cut-In wind speed (m/s)

4

Rated wind speed (m/s)

11.4

Cut-Out wind speed (m/s)

25

Height of wind speed measurement (m)

10

Figure 7. The FLOTANT platform concept

The capacity factor and the equivalent hours are used to evaluate the power performance of the
wind turbine in both FLOTANT sites, which are defined:

Capacity Factor =

Annual Energy
8760h  Prated

(15)

And
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Equivalent Hours =

Annual Energy
Prated

(16)

The theoretical average annual energy production is using the sum of all the instantaneous energy
of each time step (calculated instantaneous power based on the both power curve and the met
ocean data) divided the overall considered time. Based on this, the ideal capacity factor and the
ideal equivalent hours can be obtained, see Table 3. It is found that the West of Barra has both
larger ideal Capacity factor and ideal Equivalent fill load hours due to its relatively higher wind
energy density, compared to the Gran Canaria site.
Table 3 the power performance of the FLOTANT wind farm

Parameter

Gran Canaria

West of Barra

Average Ideal Annual Energy
(GWh/Year)

2182,267

3515,721

Ideal Capacity factor

41.5%

66.8%

Ideal Full Load Equivalent Hours

3637

5860

3.1.3 Reliability data
The first important step for a reliability model is the definition of the system boundaries and
taxonomy. This defines what subsystems, assemblies, and components are considered for the
investigation and functionally arranged within the turbine. Both FLOTANT sites use the identical
12 MW wind turbine, the reliability of each component was firstly investigated. The taxonomy and
related data for the wind turbine is following the approach from (Carroll et al., 2016). Although this
source refers to previous wind turbine models (between 2 MW and 4 MW capacity), it has been
preferred to sources using bigger or more recent devices (Dao et al., 2019; Santos et al., 2014),
as they are based on actual field reliability data, and have been since used in the literature (Kang
et al., 2019; Pfaffel et al., 2017). The taxonomy of the OWT considered in this work, together with
its properties as adjusted from (Carroll et al., 2016) are listed in the
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Table 4.
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Table 4 The taxonomy of the 12MW wind turbine considered in FLOTANT

System or single
component.

Procurement
time

Repair
time [h]

Annual
Failure
rate
[failures
/ year]

Pitch, Hyd

0

89

1.076

1

0.000123

Generator

0

67

0.999

1

0.000114

Gearbox
Blades

0
0

44.5
31.25

0.633
0.52

1
1

7.23E-05
5.94E-05

Grease,Oil,Cooling Liq

0

22

0.471

1

5.38E-05

Electrical comp

0

20.75

0.435

1

4.97E-05

Contactor, Circuit
breaker, relay

0

17.5

0.43

1

4.91E-05

Controls
Safety
Sensors

0
0
0

17.5
13.25
12.75

0.428
0.392
0.346

1
1
1

4.89E-05
4.47E-05
3.95E-05

Pumps, motors

0

11

0.346

1

3.95E-05

Environmental
adjustment factor

Failure rate in
[Failures/Hour]

Hub

0

8.3

0.235

1

2.68E-05

Heaters , Coolers

0

8

0.213

1

2.43E-05

Yaw system

0

7.3

0.189

1

2.16E-05

Tower, Foundation

0

7

0.05

1

5.71E-06

Power supply,
Converter

0

8

0.18

1

2.05E-05

Transformer

0

3.6

0.065

1

7.42E-06

The FLOTANT project designs and tests the novel components for the FLOW sector, including
the platform (Figure 7), mooring system (Figure 9) and the power cable (Figure 10), aiming to
reduce the overall CAPEX and OPEX. The summary of the main innovations of FLOTANT is
presented in Figure 8. The full details of the FLOTANT platform can be seen in deliverable D.4.1
– Structural and naval architecture design basis; mooring system details are in D.2.1 – Mooring
and Anchoring System Design, D.2.2 – Parameter set for the production of hybrid polymer carbon
fibre yarns, D.2.5 – Polymer Spring Component Design Report and D.2.7 – Integrated sensing
report; Power cable information are exhibited in D.3.3 - Insulated core of dynamic 72.5 kV cable
for aging testing and D.3.4 - Final 72.5 kV dynamic cable sample including inner jacket, braid,
outer jacket, antifouling and anti-bite additives.
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Figure 8. Graphical summary of the main innovations developed in FLOTANT.

(a)

(b)
Figure 9. Mooring system innovations developed in FLOTANT, Courtesy of TFI: (a) Fibre mooring rope
section view, (b) Polymer springs renderings
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Figure 10. Rendering of FLOTANT 72.5 kV dynamic submarine cable. Courtesy of FULGOR.

Considering the different sea environments of the two FLOTANT sites, the mooring system design
of OWT array for each site is different. At the Gran Canaria site, the mooring-system houses
mooring chain, fibre mooring rope and the polymer springs; however, no polymer springs are
integrated into the West of Barra mooring system. Pilot case simulations were also conducted for
the initial numerical modelling and model calibration. The pilot cases only include the 5 OWTs
(60MW) for each site. The taxonomies of both FLOTANT sites are listed in Table 5 to Table 8.
The industrial partners of the FLOTANT supply the failure rates of the components. Owing to
harsher sea conditions, the mooring component used in the West of Barra is more robust and
expensive.
In the UoE model, the components maintenance categories are classified into, 1= Heavy
components - External crane needed; 2 = Heavy component - internal crane needed; 3 = Small
parts - not man carried; 4 = Small parts - man carried; 5 = Resets - manual or remote; 6 =
Requiring onshore maintenance, based on the Rademakers - Dowec project - "O&M Aspects of
the 500MW Offshore Wind Farm at NL7.
The considered vessel types are categorised into: 1 = Major Maintenance - Jack-Ups; 2 = Major
Maintenance - Leg-Stabilised; 3 = Major Maintenance - Heavy-Lifters; 4 = Minor Maintenance Monohull; 5 = Minor Maintenance - Catamaran; 6 = Minor Maintenance – Swath; 7 = Minor
Maintenance - Crew transfer Vessel and Small Vessel; 8 = Onshore maintenance – Tugboat,
based on the (Dalgic et al., 2013).
Table 5 System taxonomy for Gran Canaria, 60MW case
System or
single
component.

Floating
platform
Mooring
chains

Subsystem

Procurement
time

Repair
time
[h]

Annual
Failure
rate

Environmental
factor

Failure rate
[Failures\h]

Replacement
Cost (£)

1

0

24

0.155

1

1.77E-05

147,221

2

0

12

0.14892

1

0.000017

9,638
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Mooring
lines (FF fibre
ropes)
Mooring
springs

2

0

5

0.04

1

4.57E-06

271,050

2

0

3

0.1

1

1.14E-05

180,000

Anchors
(drag
embedment;)

2

0

12

0.15768

1

0.000018

568,041

Power cable
(inter-array)
+ accessories
(bend
stiffeners o
buoyancy
modules)

3

0

12

3.23E05

1

3.69E-09

444,267

Export cable

3

0.167

1

1.91E-05

6,587,914

0

24

3

3

1

1

1

Table 6 System taxonomy for Gran Canaria, 600MW case
System or
single
component.

Floating
platform
Mooring
chains
Mooring
lines (FF
fibre ropes)
Mooring
springs
Anchors
(drag
embedment)
Power cable
(inter-array)
+
accessories
(bend
stiffeners o
buoyancy
modules)
Export cable

Subsystem

Procurement
time

Repair
time
[h[

Annual
Failure
rate

Environmental
factor

Failure rate
in
[Failures\h]

Replacement
Cost (£)

1

0

24

0.155

1

1.77E-05

128,253

2

0

12

0.14892

1

0.000017

9,638

2

0

5

0.04

1

4.57E-06

271,050

2

0

3

0.1

1

1.14E-05

60,000

2

0

12

0.15768

1

0.000018

568,041

Maintenance
category

6
1
3

3

1

3

0

12

3.23E05

1

3.69E-09

597,396

3

0

24

0.167

1

1.91E-05

8,723,161

1

1

Table 7 System taxonomy for West of Barra, 60MW case
System or
single
component.

Subsystem

Procurement
time

Repair
time
[h]

Annual
Failure
rate

Environmental
factor

Failure rate
in
[Failures\h]

Replacement
Cost (£)

Floating
platform

1

0

24

0.155

1

1.77E-05

173,574

Mooring
chains (as in
Kincardine)

2

0

12

0.14892

1

0.000017

448,320
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Mooring
springs

2

0

3

0.1

1

1.14E-05

107,596

Anchors
(drag
embedment;)

2

0

12

0.15768

1

0.000018

1,341,656

Power cable
(inter-array)
+ accessories
(bend
stiffeners o
buoyancy
modules)

3

0

12

3.23E05

1

3.69E-09

419,967

Export cable

3

0

24

0.167

1

1.91E-05

12,435,274

3
1

1

1

Table 8 System taxonomy for West of Barra, 600MW case
System or
single
component.

Floating
platform
Mooring
chains (as in
Kincardine)
Mooring
springs
Anchors
(drag
embedment;)
Power cable
(inter-array)
+ accessories
(bend
stiffeners o
buoyancy
modules)
Export cable

Subsystem

Procurement
time

Repair
time
[h]

Annual
Failure
rate

Environmental
factor

Failure rate
in
Failures\Hour

Replacement
Cost(£)

1

0

24

0.155

1

1.77E-05

143,227

2

0

12

0.14892

1

0.000017

448,320

2

0

3

0.1

1

1.14E-05

107,596

2

0

12

0.15768

1

0.000018

1,341,656

3

0

12

3.23E05

1

3.69E-09

572,711

3

0

24

0.167

1

1.91E-05

16,400,000

Maintenance
category

6
1

3
1

1

1

3.1.4 Access system
Access system used for the planned and corrective maintenance interventions is another
important factor in the O&M for the FOWT. For the FLOTANT project, a set of generic
maintenance vessel categories for minor, medium and major maintenance activities (depending
on the size and weight of the component to be repaired or replaced) have been selected. Namely
these are a Crew Transfer Vessel (CTV), a Field Support Vessels (FSV) and a Heavy-Lift Vessel
(HLV). In addition, an Anchor Handling Tug Supply (AHTS) vessel to tow the device to port (and
then back to the offshore location) when an onshore intervention is required, is considered. The
characteristics and limitations of these vessel categories are provided in Table 9 (Dalgic et al.,
2015). The optimisation of the maintenance fleet was out of the scope of this report. Limits on the
maximum number of vessels available in the fleet were not imposed. However, the vessels
numbers optimisation will be a main objective of the D6.5 O&M optimisation processes. Two main
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limitations of these vessels are considered at this stage: 1. A delay of two hours (based on
contractors' experience) has been imposed for those components requiring maintenance onshore
to account for each platform disconnection and reconnection. 2. The weather limitations of each
vessel (Table 10). These series of input parameters are needed to establish the mechanisms that
determine the maintenance activities, depending on the nature of the intervention and the
availability of appropriate weather windows.

Table 9 Characteristics of the O&M vessels for the FLOTANT project
Name of the vessel
Vessel speed (km/h)

CTV
45

FSV
35

HLV
20

AHTS
18.5

Day rate (£)

1750

9500

150000

18735

Standby rate (£)
Mobilisation cost (£)

0
1000

0
2500

0
27000

0
3000

Transit fuel cost (£)

142

175

808

577

Transit fuel burn (litres)
Operation fuel burn (litres/hour)
Average daily crew member cost (£)

171.2
304.8
220

211
392
220

973
56.35
220

695
1941.5
220

Table 10 Vessel operation limits
Limit/Vessel

CTV

FSV

HLV

AHTS

Significant Wave height, Hs (m)

2.5

1.8

1.5

3

Wind speed (m/s)

30

30

25

30

Currentvspeed (m/s)
Significant Wave Height (Hs,m) with
device

5

5

4

4

1.75

1.26

1.05

2.1

Wind (m/s) with device

21

21

17.5

21

Current (m/s) with device

3.5

3.5

2.8

2.8

Vessel type

6

4

1

8

Table 11 is used to establish the compatibility between different component categories and vessel
categories. Consequently, a vessel will be able to operate on a certain component only if the
component category and the vessel category are on the same line. When two or more different
kinds of vessels are considered for the same component failure, like category 3, the UoE model
checks all the access systems which have sufficient capabilities to perform the specific
intervention and the cheapest vessel among those available (lowest sum of standby rate, daily
rate, and mobilisation cost) will be selected. To this end, the dependencies between components
and vessels capabilities are also imposed, ensuring that for each maintenance activity the
appropriate vessel is assigned.

Table 11 The relationship between the component failure category and vessel category (see page 26)
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Component Failure Category

1

2

3

4

6

5

Vessel Category

1

2

4

5

5

6

3

7

8

3.2 Output
The results of the UoE model simulations explore the different options in terms of productivity,
reliability, availability and maintainability of the Gran Canaria and the West of Barra sites. It allows
the decision-makers or the investors to compare/different O&M strategies. The output of the UoE
model mainly includes:
Offshore wind farm performances: Energy delivered and lost due to unexpected failures
(corrective maintenance); Time-based and energy-based availability of the entire farm;
The time-based availability represents the ratio between the operational time of a device/farm and
the total time ( t uptime

+ t downtime =8760h )considered:
Avtime −based =

t uptime

(17)

t uptime + t downtime

Likewise, the energy-based availability expresses the ratio between the real energy produced and
the theoretical energy available:

Avenergy −based =

Energy Produced
Energy availiable

(18)

Reliability of the offshore wind farm: Number of failures, contribution to unavailability and
contribution to total number of failures for each component; Occurrence/Severity matrix showing
the likelihood and consequence of each components failure; Reliability and mean time to failure
(MTTF, see Eq.3) of each component; Risk Priority Number (RPN), which allows for the
prioritisation of the risks associated to each component as detailed below; Reliability Block
Diagram (RBD) of the system, in order to provide a visual feedback of the introduced information
about the device.
RPN a numeric assessment of the risk associated to a failure event, allows the classification of
each failure by assigning a number which expresses its Severity (S), Occurrence (O) and
Detectability (D), through the expression RPN = S  O  D . In order to calculate it, the following
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approach is adopted. Starting from the assumption that the risk is usually quantified in terms of
likelihood and consequence of a certain event, the likelihood has been compared to the frequency
of the undesired event (number of failures) and the consequence to their effect on the power
production (downtime). Under these circumstances, these values can be obtained associating the
occurrence to the average contribution to the total number of failures (the more often a component
fails, the higher its contribution to the total number of failures) and the severity to the average
contribution to the downtime (the more downtime a failure causes, the higher is the seriousness
of the consequences of that failure). Therefore, if these contributions are provided in a percentage
scale, it is possible to calculate the occurrence and severity of each failure. The detectability could
be assessed considering the likelihood of detection by a control apparatus within a conditionbased maintenance regime. However, as mentioned in the previous section, although it could be
possible to estimate this parameter in a separate model, the quantification of the RPN has been
restricted to occurrence and severity in order to avoid the introduction of imprecisions in the
evaluation of the detectability.
Economic model of the offshore wind farm: Breakdown of the maintenance costs; annual
analysis on energy produced, energy lost, revenue and losses; Cost of repairs and replacement
for each component.
Statistical and simulation analysis of the results: Convergence of the results over the
simulations and results distribution (with P90, P50 and P10 probability exceedances) on energy
produced, energy lost, revenue and losses, ORE farm failures.
Pxx (like P90 P50) the exceeding probabilities associated to the results. These figures are
particularly useful in the risk assessment of a financial model, in order to obtain a statistical
confidence level for the estimate. For example, P90 denotes the value that is exceeded 90% of
the time. Generally, the P10, P50 and P90 values are of interest since they provide useful
indications on the lowest, the median (or best) and the highest figure that should be achieved
according to the predictions.

4 Results
According to section 3.2, the results of the Gran Canaria and the West of Barra sites obtained by
the UoE model are presented in this section. It covers metrics for energy production, reliability,
economics, and statistical distributions.

4.1 Energy Production
The estimated energy yield and lost generation results for the Gran Canaria and the West of Barra
sites are presented in Figure 11 to Figure 14. It is observed that both energy produced, and
energy lost in Gran Canaria are lower than in the West of Barra.
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(a)

(b)
Figure 11 The average yearly energy produced of the Gran Canaria: (a) 60MW; (b) 600MW
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(a)

Figure 12 The average yearly energy loss of the Gran Canaria: (a) 60MW; (b) 600MW

FLOTANT has received funding from the European Union´s Horizon 2020
research and innovation programme under grant agreement No.815289

Doc.Nº: 220222-FLT-WP6_D-6-4_V1
Date: 22/02/2022
35

Deliverable 6.4
Proactive maintenance strategies based on failure
prognostic

(a)

(b)
Figure 13 The average yearly energy produced of the West of Barra: (a) 60MW; (b) 600MW

FLOTANT has received funding from the European Union´s Horizon 2020
research and innovation programme under grant agreement No.815289

Doc.Nº: 220222-FLT-WP6_D-6-4_V1
Date: 22/02/2022
36

Deliverable 6.4
Proactive maintenance strategies based on failure
prognostic

(a)

(b)
Figure 14 The average yearly energy loss of the West of Barra: (a) 60MW; (b) 600MW

The effects of the unexpected disruptions on the power production and the consequent
maintenance operations are shown in terms of energy loss and downtime (t) in Figure 15 and
Figure 16. It is clear that the Gran Canaria site has a better accessibility conditions than the West
of Barra under the considered O&M strategies. As a result, both time-based and energy-based
availabilities of the Gran Canaria are higher than these of the West of Barra, see Figure 17 and
Figure 18. The results of 60 MW cases and 600 MW cases are very similar, and the availabilities
of 600 MW cases are slightly higher.
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(a)

(b)
Figure 15 Relationships between energy delivered and energy lost due to failures, and between operating time
and downtime, Gran Canaria: (a) 60MW, (b) 600MW
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(a)

Figure 16 Relationships between energy delivered and energy lost due to failures, and between operating time
and downtime, West of Barra: (a) 60MW, (b) 600MW
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(a)

(b)
Figure 17 Time-based and energy-based availability for Gran Canaria: (a) 60MW, (b) 600MW

(a)
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(b)
Figure 18 Time-based and energy-based availability for West of Barra: (a) 60MW, (b) 600MW

4.2 Reliability
This section shows the results obtained in terms of the reliability of the whole system and single
components given the taxonomy for the 12 MW wind turbine. Considering the reliability results
are almost identical between the 60MW and 600MW cases, only the 600MW cases results are
presented in this section.
Table 12 shows the values of reliability and MTTF for each component. The power cable performs
the highest reliability and longest MTTF in all cases, and the pitch and hydraulic system of the
turbine is the most unreliable component.
Table 12 Component reliability at the end of the considered lifecycle (25 years) and MTTF for each component
of the device, Gran Canaria and West Barra
Components

Reliability

MTTF (hr)

Floating platform

0.020693

56516

Mooring chains

0.024092

58823

Mooring lines

0.367597

219000

Mooring springs

0.081928

87600

Anchors (drag embedment ;)

0.019351

55555

Power cable (inter-array) + accessories (bend
stiffeners o buoyancy modules)

0.999192

2.71E+08
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Export cable

0.015326

52455

Pitch, Hydraulic system

2.03E-12

8141

Generator

1.40E-11

8768

Gearbox

1.32E-07

13838

Blades

2.24E-06

16846

Grease, Oil, Cooling Liquid

7.63E-06

18598

Electrical comp

1.88E-05

20137

Contactor, Circuit breaker, relay

2.13E-05

20372

Controls

2.24E-05

20467

Safety

5.50E-05

22346

Sensors

0.000174

25317

Pumps, motors

0.000174

25317

Hub

0.002796

37276

Heaters , Coolers

0.004849

41126

Yaw system

0.008839

46349

Tower, Foundation

0.28623

175200

Power supply, Converter

0.011071

48666

Transformer

0.196666

134769

Figure 19 shows the total number of failures for each component during the whole lifetime.
Although the pitch and hydraulic system of the turbine has the lowest reliability, the number of
mooring springs deployed for each wind turbine are multiple (12 for the Gran Canaria and 13 for
the West of Barra) , which cause the total number of failures to be higher.
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(a)

(b)
Figure 19 Total number of failures per component: (a) Gran Canaria, (b) West of Barra

Figure 20 presents the contribution of each component to the unavailability of the whole farm. In
particular, a distinction is made between the percentage contributions to the total number of
failures and the total downtime caused. In this way, it is possible to identify those components
that fail more often, but more importantly those that result in a greater downtime. The efforts of
the device designers should therefore focus especially on the latter. In this case the component
which most contributes both to the total number of failures and the downtime of the devices is the
pitch and hydraulic system of the wind turbine.
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(a)

(b)
Figure 20 Average contribution of each component of the device to the total number of failures and the total
downtime of the farm: (a) Gran Canaria, (b) West of Barra

From these figures it is possible to quantify the importance of each component and prioritise the
failures in terms of the RPN as described in section 3.2, Figure 21.
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(a)

(b)
Figure 21 RPN of each component: (a) Gran Canaria, (b) West of Barra

4.3 Economics
A further series of results is produced in order to characterise the onshore farm from the economic
point of view. This section illustrates the information that project managers can use to take
decisions depending on the cost effectiveness of each choice. In order to produce financial
estimations, a strike price for the electricity produced by the wind farm is required. In this report,
the strike prices of the Gran Canaria and the West of Barra are 118€/MWh and 62€/MWh,
respectively. The following graphs are showing results in Pound Stirling (£) as this is the output
of the model; a current exchange rate of 1.12 was applied if values are presented in EURO €.
Applying these prices to the values in Figure 11 to Figure 14, gives the detailed annual revenue
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due to the sale of electricity and the financial losses due to unexpected downtimes as shown in
Figure 22 to Figure 25.

(a)

(b)
Figure 22 The average yearly revenue of the Gran Canaria: (a) 60MW; (b) 600MW
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(a)

(b)
Figure 23 The average yearly money lost of the Gran Canaria: (a) 60MW; (b) 600MW

Could you apply the currency exchange, please?
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(a)

(b)
Figure 24 The average yearly revenue of the West of Barra: (a) 60MW; (b) 600MW
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(a)

(b)
Figure 25 The average yearly the value lost generation at the West of Barra site: (a) 60MW; (b) 600MW

The average cost of the replace/repair of each component are presented in the Figure 26 and
Figure 27. It is observed that the cost of the Anchors replace/repair is the most expensive in both
FLOTANT sites, even though the pitch and hydraulic system has the lowest reliability. This is
caused by the high cost to replace the Anchors.
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(a)

(b)
Figure 26 Average component replacement in Gran Canaria: (a) 60MW; (b) 600MW
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(a)

(b)
Figure 27 Average component replacement in the West of Barra: (a) 60MW; (b) 600MW

The UoE model considers two types of the O&M cost: direct O&M cost sums of repair costs, crew
cost and vessel costs; and the total O&M cost also include the lost revenue. Figure 28 to Figure
29 present the breakdown of the total O&M cost for FLOTANT sites. Owing to the significant
energy loss in the West of Barra, the income loss through no power production (lost production
income) occupies the largest part of its total O&M cost, however, the vessel charter is the most
expensive term in the Gran Canaria.
Figure 30 and Figure 31 show the direct O&M cost obtained via 100 simulation times via the box
plot. On each box, the central mark indicates the median, and the bottom and top edges of the
box indicate the 25% and 75% percentiles, respectively. The whiskers extend to the most extreme
data points not considered outliers, and the outliers are plotted individually using the '+' symbol.

FLOTANT has received funding from the European Union´s Horizon 2020
research and innovation programme under grant agreement No.815289

Doc.Nº: 220222-FLT-WP6_D-6-4_V1
Date: 22/02/2022
51

Deliverable 6.4
Proactive maintenance strategies based on failure
prognostic

(a)

(b)
Figure 28 The breakdown of O&M cost in Gran Canaria: (a) 60MW, (b) 600MW
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(a)

(b)
Figure 29 The breakdown of O&M cost in the West of Barra: (a) 60MW, (b) 600MW
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(a)

(b)
Figure 30 Box-Whisker plot for O&M cost box at Gran Canaria: (a) 60MW, (b) 600MW
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(a)

(b)
Figure 31 Box-Whisker plot for West of Barra: (a) 60MW, (b) 600MW

4.4 Statistical results
As introduced in the section 3.2, exceedance probability analysis can be performed for the key
results such as the energy delivered (or lost) and the financial losses/income, depending on the
energetic or financial indicator that the decision makers deem useful.
For this report, they include:
1. The confidence of energy delivered/lost at the end of the lifetime of FLOTANT sites
(Figure 32 to Figure 35);
2. The confidence of income (total revenue – total lost generation) at the end of the lifetime
of FLOTANT sties (Figure 36 and Figure 37); It is observed that the Gran Canaria site
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has a higher gross income than that of the West of Barra, due to the substantially higher
strike price..
3. The confidence intervals of direct O&M cost at the end of the lifetime (Figure 38 and
Figure 39).
4. The confidence intervals of component repair/replacement cost at the end of the lifetime
of (Figure 40 and Figure 41).
5. The confidence interval of unexpected component failures at the end of the lifetime of
FLOTANT sties (Figure 42 and Figure 43).

(a)

(b)
Figure 32 Exceedance probabilities on the total energy delivered of the Gran Canaria: (a) 60MW, (b) 600MW

FLOTANT has received funding from the European Union´s Horizon 2020
research and innovation programme under grant agreement No.815289

Doc.Nº: 220222-FLT-WP6_D-6-4_V1
Date: 22/02/2022
56

Deliverable 6.4
Proactive maintenance strategies based on failure
prognostic

(a)

(b)
Figure 33 Exceedance probabilities on the total energy delivered of the West of Barra: (a) 60MW, (b) 600MW

FLOTANT has received funding from the European Union´s Horizon 2020
research and innovation programme under grant agreement No.815289

Doc.Nº: 220222-FLT-WP6_D-6-4_V1
Date: 22/02/2022
57

Deliverable 6.4
Proactive maintenance strategies based on failure
prognostic

(a)

(b)
Figure 34 Exceedance probabilities on the total energy loss of the Gran Canaria: (a) 60MW, (b) 600MW
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(a)

(b)
Figure 35 Exceedance probabilities on the total energy loss of the West of Barra: (a) 60MW, (b) 600MW
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(a)

(b)
Figure 36 Exceedance probabilities on the total income of the Gran Canaria: (a) 60MW, (b) 600MW
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(a)

(b)
Figure 37 Exceedance probabilities on the total income of the West of Barra: (a) 60MW, (b) 600MW
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(a)

(b)
Figure 38 Exceedance probabilities on the direct O&M cost of the Gran Canaria: (a) 60MW, (b) 600MW
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(a)

(b)
Figure 39 Exceedance probabilities on the direct O&M cost of the West of Barra: (a) 60MW, (b) 600MW
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(a)

(b)
Figure 40 Exceedance probabilities on the component repair/replacement cost of the Gran Canaria: (a)
60MW, (b) 600MW
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(a)

(b)
Figure 41 Exceedance probabilities on the component repair/replacement cost of the West of Barra: (a)
60MW, (b) 600MW

FLOTANT has received funding from the European Union´s Horizon 2020
research and innovation programme under grant agreement No.815289

Doc.Nº: 220222-FLT-WP6_D-6-4_V1
Date: 22/02/2022
65

Deliverable 6.4
Proactive maintenance strategies based on failure
prognostic

(a)

(b)
Figure 42 Exceedance probabilities on the unexpected component failures of the Gran Canaria: (a) 60MW, (b)
600MW
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(a)

(b)
Figure 43 Exceedance probabilities on the unexpected component failures of the West of Barra: (a) 60MW, (b)
600MW

In order to produce reliable results without exceeding the computational time required for the
simulations, a suitable number of runs is sought for the Monte Carlo analysis. Every single
simulation runs the whole lifetime of the wind farm taking into account all the mechanisms and
constraints. Results are then averaged over the total number of simulations in order to obtain the
most probable outcome for each result. Discrepancies and divergences are quantified at the end
of the analysis in order to assess the level of confidence on the results obtained. In this
deliverable, power produced of the wind farm is selected to evaluate simulation stability. Figure
44 and Figure 45 demonstrate that a satisfactory level of confidence can be attributed to the
convergence of the obtained values and suggest the suitability of 100 simulations for the
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simulations in this deliverable to obtain meaningful results with an effective computational time.

(a)

(b)
Figure 44 Percentage change in the average value of power delivered across the simulations of the Gran
Canaria: (a) 60MW, (b) 600MW
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(a)

(b)
Figure 45 Percentage change in the average value of power delivered across the simulations of the West of
Barra: (a) 60MW, (b) 600MW

4.5 Suitability of the site data used for Gran Canaria
The deliverable estimated/predicted energy production and financial results for the Gran Canaria
site. The number of wind turbines (12 MW) in this site is 50, with a total 600 MW capacity.
Comparing the wind data used for the above O&M study from 1980 to 2009 and that from 2009
to 2019, wind speeds from 2009 to 2019 are significantly higher compared to the input data (see
section 3.1.1). The different methodology used to obtain met ocean data from 1980 to 2009 and
from 2009 to 2019 is the cause for these discrepancies.; hence, this section only considered the
last 10-years wind data. The met ocean data of the site only includes wind speed (from 2009 to
2019) which is not sufficient to predict O&M cost. Because the access vessels are also limited by
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wave and tidal data, which will directly influence the total O&M cost and the availability of the
whole wind farm. As a result, the O&M cost of the site is calculated by the O&M results of the
Gran Canaria, 600 MW cases (see Table 14). The histogram of the wind speed of the site from
2009 to 2019 are shown in the Table 13 and Figure 46. According to this data, the site's ideal
capacity factor and equivalent hours are 48.29% and 4230.3 hours, respectively. Figure 47 shows
the ideal energy production and the energy production after considering the corrective O&M tasks.
Again, it should be mentioned that the annual energy production could be inaccurate owing to the
estimated O&M results. The Gran Canaria site's capacity factor and equivalent hours with the
corrective O&M tasks consideration were reduced to 47.33% and 4146.3 hours, respectively.

Figure 46 The Histogram of the mean speed of the Gran Canaria commercial site, from 2009 to 2020

Figure 47 The annual energy production of the Gran Canaria commercial site, from 2009 to 2019
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Table 13 The Histogram of the mean speed of the Gran Canaria commercial site, from 2009 to 2020

Average speed /(m/s) at 10 m
0,0 – 0,5
0,5 - 1,0
1,0 – 1,5
1,5 – 2,0
2,0 – 2,5
2,5 – 3,0
3,0 – 3,5
3,5 – 4,0
4,0 – 4,5
4,5 – 5,0
5,0 – 5,5
5,5 – 6,0
6,0 – 6,5
6,5 – 7,0
7,0 – 7,5
7,5 – 8,0
8,0 – 8,5
8,5 – 9,0
9,0 – 9,5
9,5 – 10,0
10,0 – 10,5
10,5 – 11,0
11,0 – 11,5
11,5 – 12,0
12,0 – 12,5
12,5 – 13,0
13,0 – 13,5
13,5 – 14,0
14,0 – 14,5
14,5 – 15,0
15,0 – 15,5
15,5 – 16,0
16,0 – 16,5
16,5 – 17,0
17,0 – 17,5
17,5 – 18,0
18,0 – 18,5

Frequency (%)
0,24
0,83
1,23
1,61
1,83
2,16
2,35
2,53
2,80
3,13
3,49
3,86
4,16
4,55
4,66
5,04
5,36
5,52
5,69
5,42
5,51
5,12
4,61
3,88
3,40
2,73
2,18
1,83
1,36
1,00
0,74
0,54
0,31
0,19
0,10
0,04
0,01
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5 Discussions
In this deliverable, Monte Carlo simulation is considered as the most suitable approach to provide
accurate estimates on the O&M aspects of an offshore wind farm. The Monte Carlo method is
suitable here due in part to the ease with which it can be implemented and in part due to its ability
to incorporate the stochastic nature of the failure of a device. To be more specific, this is achieved
by identifying the high-level production drivers, as well as the delivery of important early insights,
particularly into yield (and thus revenue), availability and reliability of the farm. The focus in this
phase is to establish the key O&M and cost drivers among the input factors: harbour location,
vessels type and numbers, crew size and spares supplies to mention a few. Accordingly, eventual
weaknesses of the assets and possible areas of improvement are identified.
The case studies regarding for the Gran Canaria and West of Barra sites presented the
performance of the UoE O&M. The approach and the output of the UoE model can contribute the
design and management of the offshore wind farm. Even though it is difficult to validate these
results with an existing analogous project, this deliverable shows the potential insights provided
by proactive maintenance modelling. Results show the characterisation of the reliability of the
devices, identifying the subsystems and components which most affect the correct operation of
the turbine. Figure 18 and Figure 19 show the failure numbers for each element and how they
contribute to the downtime of the entire farm. It is clear that the pitch and hydraulic system of the
wind turbine will cause most downtime due to its relatively lower reliability. This gives important
information for the designers and engineers, allowing them to evaluate and improve these
components.
Table 14 collects key important parameters (KPI) of the FLOTANT sties. The Gran Canaria site
is not as exposed, i.e. much more accessible, than the West of Barra leading to more certainty
for the O&M strategy considerations (both time and energy-based availability). It should be
noticed that this result will be significantly different when the input parameters such as O&M
strategies, vessel selection and etc, are altered. The increased wind resource at the West of Barra
site makes the potential annual energy yield larger for the West of Barra site. The availability of
the West of Barra can be improved with a change and optimisation of vessels and O&M port
selection.
Table 14 KPIs of FLOTANT cases
KPIs

Gran Canaria
60 MW

Gran Canaria
600 MW

West of Barra
60MW

West of Barra
600MW

Ideal Energy produced by the entire
farm (GWh/time)

5455

54556

8789

87893

Average Ideal Annual Energy
produced by the entire farm
(GWh/Year)

218

2182

351

3515

Ideal Capacity factor

41.49 %

41.49 %

66.84 %

66.84 %

Ideal Equivalent Hours (hrs)

3637.11

3637.11

5859.54

5859.54

The capacity factor considering the
O&M

40.57 %

40.59 %

54.43 %

54.51%

Equivalent hours considering the
O&M (hrs)

3556

3558

4772

4778

FLOTANT has received funding from the European Union´s Horizon 2020
research and innovation programme under grant agreement No.815289

Doc.Nº: 220222-FLT-WP6_D-6-4_V1
Date: 22/02/2022
72

Deliverable 6.4
Proactive maintenance strategies based on failure
prognostic

Lost production income (m£)

13.45

132

88.8

881.6

Time-based availability

97.71%

97.95%

82.63%

82.72%

Energy-based availability

97.66%

97.7%

81.61%

81.72%

Total cost for mobilisations and
usage of the vessels, spare parts
due to repairs/replacements and
costs of the crew (m£)

64.94

602.5

76.40

752.16

Final income (m£)

495.2

5001.45

317.3

3189.97

Normalised O&M cost per energy
produced using the direct O&M
costs (£/MWh)

12.17

11.29

10.67

10.49

Normalised O&M cost per energy
produced using the total O&M costs
(£/MWh)

14.70

13.76

23.07

22.8

The UoE O&M model also supplies a method to predict wind farms' energy and economic results.
The West of Barra site can have a more considerable energy output for the FLOTANT site due to
the higher wind energy density. However, it also leads to a lower availability and higher O&M cost
than the Gran Canaria. Considering the strike price of the Gran Canaria is two times higher than
that of the West of Barra, it is not surprising to see the Gran Canaria can get more financial
benefits even its output energy is less. Finally, considerations on the convergence of the results,
due to the statistical nature of the Monte Carlo method adopted, are taken into account to assess
the consistency in the results obtained and to optimise the computational time required.
The UoE O&M model and the research methods presented in this deliverable report provide new
insights into the wind farm design and O&M cost prediction. However, there are some limitations
in the present model, which should be noted here. Because the O&M strategy optimisation is out
of the scope of this report, some key parameters, like the number of vessels and the distance
from wind farm to the O&M port, should be optimised carefully in the next stage, D6.5 O&M
optimisation processes. Furthermore, a number of optimisation possibilities arise following the
current results of the offshore farm. Among these, the reduction of the failure rates of the single
components due to improvement wind farm reliability, the installation of redundant elements on
specific components, the planned maintenance activities on the most sensitive components
(provided that variable failure rates are used), applying one or more maintenance vessels which
may perform better. Despite the convergence of the results has been checked, exceedingly long
simulation time is one of the main current limitations. For instance, the pilot case of the Gran
Canaria site (5 devices, 24 components, 4 access systems, 25 years of MetOcean data with 3
hours timestep), required approximately 3 days to complete the 100 runs of the simulation on an
Intel i7-8700U CPU, functioning at 2GHz, with 32GB of RAM, and the computational cost of 50
device cases can be longer than 10days with the same computer. As a result, improving the
model itself to reduce the required time shall be vital for future research.
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6 Conclusions
This deliverable reports the O&M results of the two FLOTANT sites, the Gran Canaria and the
West of Barra, under the considered O&M strategies using the UoE O&M tools. The considered
O&M strategies and the reliability of each novel component, including the limitations, operational
requirements and failure rate, obtained from FLOTANT industrial partners and D6.3 Marine
management strategy and offshore operations. This work has evaluated the key performance
indicators (KPI) for the two FLOTANT locations, including energy yield estimates, financial results,
and statistical results, which will can contribute to the design and O&M management of the floating
wind farm. This deliverable's main results will help to build the objective functions used in the D6.5
O&M optimisation processes to optimise the current O&M strategy to future reduce the O&M cost
and improve the availability of the FLOTANT sites.
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