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• Methodology for capital and operational indicators estimation is presented.
• Introducing stochastic operation and maintenance modelling for uncertainty reduction.
• Reference database for further works on floating wind farms provided.
• Results shows agreement with observed values for offshore wind projects.
• Comparison against previous work shows underestimation of operational costs.
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Floating offshore wind is rapidly gaining traction in deep water locations. As with all new technologies, to gain
the confidence of developers and investors, the technical and economic feasibility of this technology must be
proven and robust cost estimates are necessary. In this paper, the authors present a methodology to calculate the
capital and operational indicators of a floating wind farm over its project lifetime. A set of computational models
is used to reduce the uncertainties in the estimation of the technical and economical parameters. In particular,
the effect of using detailed operation and maintenance models and strategies allows a better estimation of
operational cost. The paper highlights the requirements and specific adjustments considered for floating offshore
wind technology. The methodology is demonstrated for two case studies inspired by real floating wind in
stallations in the United Kingdom, namely the Hywind and Kincardine projects. The related input data, gathered
from publicly available sources, constitute a reference database for future studies in the floating offshore wind
sector. Results are presented for the two case studies. These show that availability and energy production are in
line with typical values for offshore wind projects, and highlight the substantial contribution of operational
expenses to the cost of energy. Results are also compared against previous estimations for floating offshore wind
projects, showing satisfactory agreement for the overall project costs but an underestimation of operation and
maintenance costs in previous studies. This highlights the importance of using detailed operation and mainte
nance models to adequately capture operational expenses.

1. Introduction
Floating Offshore Wind (FLOW) is expected to provide a significant
contribution to the renewable energy sector, with WindEurope envis
aging EU projections of 7 GW to be installed by 2030 [1]. This

technology presents numerous advantages with respect to bottom-fixed
offshore wind devices [2,3]. Firstly, it unlocks the exploitation of deepwater sites (>60 m), where fixed foundations would not be economically
feasible. This might also enable the use of locations with better wind
resource or less usage conflicts, e.g. minor visual or social impacts. In
other words, FLOW can open new markets and expand the Offshore
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Renewable Energy (ORE) potential. Secondly, the use of a floating
platform also allows for a reduction of the operations at sea, typically
characterised by higher costs and constrained by weather conditions. If
suitable infrastructure is available, major installation and maintenance
procedures can be carried out directly in port, which provides a safer
and more controlled environment. The device can then be towed to the
offshore location using less expensive vessels. Thus, the prospective
opportunity provided by FLOW is noteworthy.
Nonetheless, being a novel technology, a number of economic and
technical challenges exist [4]. Among the most relevant are: the creation
of quick connection systems for the devices, the operation in potentially
harsher conditions, the adaptation of the Offshore Wind Turbine (OWT)
and related components to a more dynamic environment, and the
availability of suitable port facilities. These challenges and the limited
experience, in turn, lead to a significant uncertainty in regard to the Key
Performance Indicators (KPIs) used for the comparison of different
FLOW technologies and projects. To some extent, the KPIs are a way of
quantifying the success of a project. Hence, if estimated in advance,
these allow the identification of strengths and weaknesses of the pro
posed plan, and point towards possible areas of improvement.
A commonly used KPI to compare energy generating technologies is
the Levelised Cost of Energy (LCoE). This has previously been studied for
bottom-fixed offshore wind deployments [5], as well as floating offshore
wind deployments [6,7], where comparisons between the two technol
ogies have also been performed [8,9] based on this measure, as well as
using other economic indicators such as the Net Present Value (NPV).
The current LCoE for FLOW has been assessed to be around 176 £/MWh
and a cost reduction to up to 72–93 £/MWh for commercial technologies
is envisaged [1]. Recently, developers have been predicting cost re
ductions of their technologies down to 53 £/MWh by 2030 [2]. This
wide range of the expected cost reductions stems from the different
assumptions used in the different studies for the LCoE calculation [3].
Key factors were evaluated in a thorough sensitivity study by Lerch et al.
in [7], amongst which are the annual energy production and lifetime of
the systems and financial parameters such as the discount rate, but also
the assumptions used to consider installation as well as operation and
maintenance activities. For this reason, other, more specific KPIs that
break down the different considerations and assumptions used within
the calculation of the LCoE can support technology comparison. A
thorough and reliable assessment of the KPIs would not only increase the
confidence in the viability of a project or technology, but it would also
provide valuable support in the decision-making process. This is espe
cially relevant in regard to logistics and assets management, where very
little experience exists and often oversimplified approximations are used
in techno-economic assessment models. In previous techno-economic
studies for ORE technologies, Operational Expenditures (OpEx) have
been often considered as a percentage of the overall Capital Expendi
tures (CapEx) [10] or using simplified representations of the O&M op
erations by assuming a given number of minor and major repairs over
the project life [6,7]. In previous offshore wind studies commercial
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Field Support Vessel
Heavy-Lift Vessel
Internal Rate of Return [%]
Key performance indicator
Levelised Cost of Energy [£/MWh]
Net Present Value [£]
Operation and maintenance
Operational Expenditures [£]
Offshore renewable energy
Offshore wind turbine
Present Value [£]

models have been often used to estimate the operational expenses, such
as in [8,11]. In [11] Artificial Neural Networks were used to approxi
mate O&M model outputs by generating a range of results from the
deterministic O&M model. Subsequently, it assessed the impact of the
variation in total OpEx and net power production on the Net Present
Value (NPV) of a bottom-fixed offshore wind project. Stochastic cost
distributions have also been estimated for floating offshore wind pro
jects, where in [12] a sensitivity study on NPV results was presented.
Stochastic distributions for different parameters such as the electricity
price or the cost of the offshore wind turbine were approximated by
assuming triangular distributions and a 15% variation around the mean
value. Although statistic distributions can be assumed around deter
ministic results, the use of detailed O&M models and the stochastic in
sights they can provide have not been fully exploited yet. These include,
for example, the use of OpEx and net annual energy production distri
butions calculated taking into account the stochastic nature of O&M
calculations accounting for weather windows and vessel availability.
The aim of this study is to demonstrate the added value of using detailed
O&M models that can provide stochastic foundations for important
operational insights into the techno-economic assessment of floating
offshore wind technologies and projects.
The gaps found in literature are addressed here, in presenting and
demonstrating a methodology to obtain more accurate techno-economic
assessments of FLOW farms over their project lifetime. This methodol
ogy relies on a set of computational models, previously verified with
ORE projects [13-16] and now specifically adapted for FLOW, to reduce
the uncertainties in the estimation of the technical and economical pa
rameters of the project. Employing advanced O&M tools within the
techno-economic model enables assessing the impact of applying
different O&M strategies on the overall costs. Additionally, this allows to
better understand the sources of different costs and to identify key cost
drivers such as critical operation and maintenance procedures and
components whose reliability characteristics should be improved within
the context of minimising the overall system costs. Finally, the impact of
using advanced O&M models to quantify OpEx versus employing
simplified representations of OpEx on the total costs will be discussed.
This, in turn, will help to understand the sensitivity of the total costs to
the level of detail used in the representation of OpEx. The intention is to
show not the accuracy of the models in predicting the KPIs of the case
studies, nor to perform a sensitivity analysis on the input data as shown
in [17] for O&M models and in [7] for LCoE models, but the use of
purpose-built computational models as opposed to OpEx
approximations.
The use of this methodology is demonstrated for two case studies,
inspired by (but not entirely reflecting) existing FLOW projects currently
under development in the United Kingdom, namely the Hywind Scot
land [18] and Kincardine Phase 2 [19] farms. An extensive set of input
data is required to run both models. Due to the industrial nature of both
projects, part of this data is either confidential or difficult to retrieve. As
a consequence, only information extracted from publicly available
2
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Fig. 1. Overview and relationship of Input data, Cost and O&M models.

economic indicators. More in detail, the O&M model provides both
mean values and probability distributions, and the Cost model was
adapted to be able to provide both single values estimates and distri
butions of LCoE values based on distributions of the O&M model out
puts. A summary of the interactions between the Cost and O&M models
is illustrated in Fig. 1. For consistency the two models use the same
dataset, but exploit different aspects of the input data. For example,
inputs regarding the reliability of the devices or the properties of the
maintenance vessels are used only in the O&M model, while inputs
concerning the physical characteristics of the components are used only
in the Cost model. Component cost data are exploited by both models.
The detailed working principles of the two models are presented in the
following two sub sections.

sources has been exploited for all subsequent modelling tasks. This has
been complemented with appropriate assumptions, according to ex
perts’ elicitation and engineering judgment, when suitable sources could
not be found. All the data gathered for the two case studies and related
sources are reported in the dedicated sections, with additional details
available upon request to the corresponding authors. Thus, a second
important contribution of this work consists in the publication of a
comprehensive dataset, including failure rates and cost data that can be
used as a reference database for future modelling works in the FLOW
sector.
The remainder of the paper is organised as follows. In Section 2, the
methodology employed to obtain the LCoE and OpEx estimations, in
terms of the numerical models used for the calculations and their
working principles, is described. Here, specific adjustments for the
assessment of FLOW technology are highlighted. In Section 3, input data
and modelling assumptions are presented for each of the two case
studies chosen to demonstrate the methodology. These are provided in
terms of the numerical parameters needed to effectively define the
FLOW project and to carry out the techno-economic assessment. In
Section 4, the outcomes of the simulations are provided regarding the
expected performance of the two farms. In this regard, it must be noticed
that the direct comparison between the two fictitious case studies is not
one of the aims of this work. Finally, in Section 5, the wider implications
of using the proposed approach are discussed and conclusions are drawn
in Section 6.

2.1. Cost model
Floating offshore wind technologies are still being developed, and
often techno-economic analysis of innovative concepts aims at under
standing their economic potential to find the most suitable solutions. It
was suggested in [20], that different cost measures will be more suitable
to compare innovative technologies with the goal of selecting the best
designs, rather than to compare different possible project deployments.
In that study, the Cost of Energy (CoE) assuming a 0% discount rate was
recommended for the former, whereas the Levelised Cost of Energy
(LCoE) accounting for discounting was preferred for the latter. Since the
two case studies discussed here are inspired by two specific project de
ployments of innovative technologies, various metrics, including these
two, will be calculated to provide reference values for future studies and
allow comparison between techno-economic studies.
Independently of the used metric, a Life-Cycle Cost Analysis (LCCA)
is performed, where the costs associated with the whole life-cycle of an
offshore wind project are considered. The project life-cycle is divided
into five phases: i) Development and Consenting (D&C), ii) Production
and Acquisition (P&A), iii) Installation and Commissioning (I&C), iv)
Operation and Maintenance (O&M) and v) Decommissioning and
Disposal (D&D). The costs associated to the first three phases are cat
egorised as Capital Expenditures (CapEx). The fourth phase is associated
to the Operational Expenditures (OpEx), which here are obtained from
the O&M model, and the fifth phase is associated to the Decom
missioning Expenditures (DecEx). It is important to define the system
boundary of the analysis. In this paper all systems up to and including
the onshore substation are considered.
The cost model has been implemented in Python and three economic

2. Methodology
This work seeks to estimate KPIs for the techno-economic assessment
of a FLOW farm. The methodology relies, on a set of numerical models to
reproduce the mechanisms and constraints that simulate the lifecycle of
an ORE farm. Two models are coupled to this end. The first one, here
inafter called “Cost model”, is used to calculate the economic indicators
of the farm taking into account the cost occurring over the whole project
lifetime. The second one, hereinafter called “O&M model”, is a validated
tool used to simulate the operation and maintenance (O&M) activities of
the farm over the operational time, and characterise the performance of
the ORE farm in terms of its Reliability, Availability and Maintainability
(RAM).
Within this work, outputs from the O&M model are used to reduce
the number of assumptions on the inputs for the Cost model. The Annual
Energy Production (AEP) and OpEx values calculated with the O&M
model are used in the cost model for the calculation of LCoE and other
3
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Fig. 2. Working principle of the UNEXE O&M characterisation model used in this work. Adjusted from [13].

indicators are calculated [21]:

2.2. O&M model

1. Levelised Cost of Energy (LCoE) is a measure commonly used to
compare energy generating technologies, which represents the ratio
of the costs incurred over the lifetime n of a project in relation to the
cumulative Annual Energy Produced (AEP) over the operational life.
The LCoE is calculated as shown in equation (1). The Present Value
(PV) of the total costs and the energy production over the lifetime of
the project are taken into account. The calculation of the PV follows
equation (2) where r is the discount rate, n the lifetime and t the year
in which the expense occurs.

The second computational model used in this investigation is the
UNEXE O&M tool, a performance characterisation model described in
[13,22]. The validation is performed in [16] and further examples of its
utilisation are presented in [23]. This model employs a time-domain
approach based on the Markov Chain Monte Carlo technique [24-26],
an established and widely used methodology for the simulation of O&M
problems. This method permits to effectively consider all the necessary
aspects that define the dynamics of a FLOW farm, including external
factors, e.g. environmental conditions, logistics, spare parts and main
tenance vessels.
The working principle of the O&M model is illustrated in Fig. 2.
Starting from the met-ocean data of the location selected for the farm
deployment, the specifications of the project are added in terms of the
installed devices (including details about their power performance 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. The details
of these input data are provided through the case studies described in
Section 3. To obtain statistically significant outputs, 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 mech
anisms 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 down
time, availability, revenue and overall O&M costs, but also more
detailed information such as the number of failures per component or
the hours of operation of each vessel. The results contain the full sta
tistical distribution of each parameter, including mean value, standard
deviations and confidence bounds. These results permit the identifica
tion of underlying problems in the operation of the ORE farm, and, if
needed, the proposal of corrective measures. As such, this model pro
vides support in the decision-making process required for the successful
management of a project. Lastly, statistical indicators, such as exceed
ance probabilities and progressive average values over the simulations,
can be analysed to evaluate the level of confidence on the results ob
tained. This allows to take into account the elements of stochasticity
related to both the met-ocean environment and the reliability of the

LCoE =

PV(x) =

PV(CapEx + OpEx + DecEx)
PV(AEP)

(1)

∑n

(2)

t=0 (1

xt
+ r)t

2. Net Present Value (NPV) of all cash flows considers the sale of pro
duced electricity at the market strike price. The NPV value (3) rep
resents the profitability of a project, where a positive value means
the project is profitable. It is understood as the equivalent of the PV
when taking into account, both, inflows, such as the revenue from
selling the generated electricity, and outflows, such as all of the costs
considered in the PV calculation.
NPV(x) =

∑n Cashflows
t
t=0 (1 + r)t

(3)

3. Cost of Energy (CoE) is calculated as the LCoE but without accounting
for any type of discounting, equivalent to considering a 0% discount
rate. The discount rate and investment schedule, i.e. when each of
the costs occur, are highly project dependent and have a large impact
on the final cost estimates [20]. A definition of a ‘risk levy’ associated
to different floating offshore wind technologies represented within
the discount rate is also subject to large uncertainties. Including
discounting might, therefore, introduce additional unnecessary un
certainty when comparing the suitability of different technologies
(rather than projects).
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Fig. 3. Visual representation of the stochastic elements taken into account by the model, including met-ocean resource and components reliability. The latter is
indicated with a state of 1 (functioning component, green) or 0 (failed component, white).

Fig. 4. Location of Hywind Scotland and Kincardine floating wind pilot parks (figure produced using Google Maps [27]). The red spot refers to the offshore location
selected for both case studies.
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Table 1
Assumed taxonomy for Case study 1 specific components and related properties.
Adjusted from [29-34].

Table 2
Assumed taxonomy for Case Study 2 specific components and related properties.
Adjusted from [32-34,44].

Subsystem/
Component

Repair/
replacement
time [h]

Annual
Failure rate
[failures
/turbine
/year]

Cost of
component
[£]

Onshore
Maintenance
[Yes/No]

Subsystem/
Component

Repair/
replacement
time [h]

Annual
Failure rate
[failures
/turbine
/year]

Cost of
component
[£]

Onshore
Maintenance
[Yes/No]

Floating
platform
(Spar)
Mooring
lines
Anchors
Power cable
(interarray)
Export cable

12

0.0438

6,618,480*

Yes

12

0.98112

10,551,200*

Yes

12

0.14892

570,152

No

12

0.14892

557,568

No

12
12

0.15768
0.0000323

983,180
703,890**

No
No

12
12

0.15768
0.0000323

109,348
828,048**

No
No

24

0.167

6,050,000

No

Floating
platform
(Semi-sub)
Mooring
lines
Anchors
Power cable
(interarray)
Export cable

24

0.167

4,522,980

No

*

*

Note that only 1% of the spar platform capital costs (£66,184) are considered
as repair costs.
**
This includes the cost of accessories. It is expected that if an inter-array
cable is replaced, the accessories will be replaced as well.

Note that only 1% of the Semi-sub platform capital costs (£105,512) are
considered as repair costs.
**
This includes the cost of accessories.

this distinction has not been made in this work, and all O&M in
terventions due to failure have been considered as a replacement. The
only exception to this simplification has been made for the floating
platform, for which 1% of the foundation capital cost is assumed as
representative of a repair intervention (this may include restoration of
pillar damage, corrosion, weld defects or fatigue cracks). This exception
is due to the fact that a full replacement of the entire floating platform
would be highly unlikely and extremely expensive, and would skew the
outcomes of the simulation as a consequence. Repair and replacement
times have been assumed using expert elicitations. The failure rates have
been extracted from [32-34], choosing the values for those components
whose structure or configuration were similar or analogous to those used
in Hywind. The power curve for the wind turbine SWT-6.0–120 has been
defined using the least square method [35], starting from the values of
rated power of the device and corresponding cut-in (3 m/s), cut-out (25
m/s) and rated speeds (12 m/s) [36].

components of the device, as graphically summarised in Fig. 3.
3. Case studies description
In order to consider a scenario which is representative of real pro
jects, this work is inspired by two existing ORE farms installed as
demonstration clusters for FLOW technologies. These are the Hywind
and Kincardine pilot parks, both being developed off the East coast of
Scotland in the UK, as shown in Fig. 4. Given the relatively short distance
between these two parks, an offshore location located half-way between
these two farms, indicated with a red dot in this figure, is selected as the
hypothetical location for both cases studies. This section provides an
overview of the input data and assumptions retrieved to set up the nu
merical models. The data specific to each case study are provided first,
while general assumptions and other input data related to both case
studies are provided in the following sub-sections.

3.2. Case study 2 (Kincardine inspired scenario)

3.1. Case study 1 (Hywind inspired scenario)

Case study 2 is inspired by Kincardine, which is a 50 MW FLOW farm
currently under development South-East of Aberdeen, Scotland, at a
distance of 15 km from the coast, in 60–80 m water depth. It consists of
five devices of 9.5 MW plus one of 2 MW. This is because the Kincardine
pilot park was built in two phases, where in the first phase only one 2
MW turbine was installed, and in a second phase five turbines of 9.5 MW
with other changes in system design were introduced. Due to the
different systems used within the two phases, only Phase 2 is considered
in this study to facilitate the analysis of the results, i.e. only the five 9.5
MW OWTs are considered. After verifying that suitable facilities (e.g. dry
dock, cargo cranes, etc.) were available [37], the closest port (i.e.
Aberdeen) was chosen for the O&M activities. This choice has been
confirmed in the recent vessels management plan [38]. The floating
platform is a semi-submersible type, and is moored with four steel
chains, each anchored with a drag-embedment anchor. Two 33 kV- XLPE
export cables are used to transmit the electricity to shore. Thus they have
been modelled in redundancy configuration. The specifications of the
components and average cost modelled for Case Study 2 are provided in
Table 2. As for the previous cases study, also in this case 1% of the
foundation capital cost is assumed as the repair cost for the floating
platform. Further information on the cost estimation is provided in the
Appendix.
Several sources have been consulted to define the Case Study 2
founded on the Kincardine project. The majority of the component in
formation has been extracted from the Marine Scotland Information web
portal [39]. This includes the development specification and layout plan

Case study 1 is inspired by Hywind Scotland, which has been a
demonstration project in operation since 2017 [18]. It consists of five 6
MW direct drive FLOW turbines, supported on a spar-type foundation. It
is located 25 km East of Peterhead, in the UK North Sea, at a water depth
ranging from 95 m to 120 m. Peterhead quay has suitable facilities and
infrastructure for installation and operation of FLOW devices [28]. It
was therefore chosen as the O&M port for Case Study 1 in this work. The
mooring system for each turbine consists of three studless steel chains
and suction bucket anchors. A 27 km, 33 kV, static cable (with an
additional 0.5 km dynamic section) is used to export the electricity
produced to the onshore substation. Four dynamic 33 kV cables are used
to connect the turbines to each other. The specifications of these com
ponents are provided in Table 1, where average component costs are
provided as considered in the O&M model. Further detailed information
on the cost estimation approach is provided in the Appendix.
The characteristics and properties of each of these components,
specific for the Hywind project, have been extracted from different
sources. In this regard, the main references to define this case study have
been the Hywind marine licensing application [29], the project’s envi
ronmental statement [30] and the proposed decommissioning pro
gramme [31]. The component costs have been estimated based on the
information provided within these documents. In the O&M tool it is
possible to model both repair and replacement of a component by
specifying the corresponding failure rate and intervention cost. How
ever, for the sake of simplicity and according to the available input data,
6
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Table 3
Taxonomy for the wind turbine and related properties. Adjusted from [50].
Subsystem/
Component

Pitch &
Hydraulic
system
Generator
Gearbox*
Blades
Grease, Oil,
Cooling
Liquids
Electrical
comp
Contactor,
Circuit
breaker,
relay
Controls
Safety
Sensors
Pumps,
Motors
Hub
Heaters,
Coolers
Yaw system
Tower,
Foundation
Power
supply,
Converter
Transformer

Repair/
replacement
time [h]

Annual
Failure rate
[failures
/turbine
/year]

Cost of repair/
replacement
[£]

Onshore
Maintenance
[Yes/No]

89

1.076

65,910

No

67
44.5
31.25
22

0.999
0.633
0.52
0.471

25,973
20,512
18,037
5253

Yes
Yes
Yes
No

20.75

0.435

4550

No

17.5

0.43

4565

No

17.5
13.25
12.75
11

0.428
0.392
0.346
0.346

4431
4306
3995
3544

No
No
No
No

8.3
8

0.235
0.213

1126
1075

No
No

7.3
7

0.189
0.05

990
918

No
No

8

0.18

750

No

3.6

0.065

527

No

Table 4
Properties of the maintenance assets selected for this work. Adjusted from [6063].
Name of the vessel

CTV

FSV

HLV

AHTS

Vessel speed [knots]
Vessel speed with device [knots]
Fuel consumption [l/h]
Fuel consumption with device [l/h]
Day rate [£]
Standby rate [£]
Mobilisation cost [£]
Average daily crew member cost [£]
Wave limit, HS [m]
Wind limit [m/s]
Current limit [m/s]
Wave limit with device HS [m]
Wind limit with device [m/s]
Current limit with device [m/s]

24
–
381
–
1750
0
1000
220
2.5
30
5
–
–
–

10
–
196
–
9500
0
2500
220
1.8
30
5
–
–
–

12.5
–
1127
–
150,000
0
27,000
220
1.5
25
4
–
–
–

10
4
1046
1942
18,735
0
3000
220
3
30
4
2.1
21
2.8

limits and capabilities, i.e. the maximum wind speed, wave height and
current speed they can operate in.
3.3.2. Reliability data
The first important step for a reliability model is the definition of the
system boundaries and taxonomy. This defines what subsystems, as
semblies and components are considered for the investigation, and how
these are functionally arranged within the turbine. The components for
the floating foundation and network infrastructure (i.e. platform,
moorings and anchors, inter-array and export cables) are defined using
the public information available, as detailed in the previous sections.
The taxonomy and related data for the wind turbine is extracted from
Carroll et al. [50]. 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 [51-53]. This choice has
been made in agreement with [34,54]. Carroll et al. provide a complete
and detailed database, based on OWTs from a single manufacturer
located in Europe, with taxonomy and associated failure rates, repair
times and repair costs (where by repair it is intended either a repair or
replacement of the component), whereas not all of the required infor
mation is provided in more recent sources [32,53,55]. The taxonomy of
the OWT considered in this work, together with its properties as adjusted
from [50], is shown in Table 3. Note, that the same taxonomy, reliability
and cost assumptions were used for the turbine components used in the
O&M model for the two case studies unless otherwise specified.
The overall cost of the turbine in the Cost model is calculated at 1.25
m£/MW. This value represents an average of the most recent values
found in the literature. The Crown Estate reports a cost of 1 m£/MW
[56] for 10 MW offshore wind turbine deployments. Judge et al. assume
1.13 m£/MW for 5 MW turbines in [9]. In both these cases, the values
are based on expert elicitation and offshore wind industry trends. BVG
Associates suggest a value of 1.3 m£/MW [57] for small floating offshore
wind pilot park deployments of 8 MW turbines based on their model
estimates. Ioannou et al. work with 1.495 m£/MW for 3.6 MW turbines
in [58], which is calculated based on a costs regression function devel
oped for wind turbines between 2 and 5 MW in [59].

*

Considered only for Case Study 2 (inspired by Kincardine) since the device
used in Case Study 2 (inspired by Hywind) is direct drive (gearless).

[40], construction programme [41] and cable plan [42]. The sources for
failure rates and repair and replacement information are the same used
for the other case study, i.e. [32-34]. The power curve of the wind tur
bine has also been defined through the least square method, but using
different values for cut-in (3.5 m/s), cut-out (25 m/s) and rated speeds
(14 m/s) and rated power (9.5 MW) based on the specification of the
used turbine V164-9.5 [43].
3.3. Other inputs and assumptions
3.3.1. Met-ocean data
The met-ocean data describing the environmental conditions of the
offshore site chosen for the farm deployment, are retrieved using freeaccess online portals, namely the MARENDATA [45] and the Hycom
[46] platforms. The first was used to obtain hindcast measures of wind
(speed and direction) and wave parameters (significant wave height,
peak period and direction), produced exploiting the numerical model
Wavewatch III [47]. The second was used to retrieve the data related to
the water current speed and direction, according to the model illustrated
in [48]. More information on both platforms can be found in [49]. Due
to the resolution of these hindcast models, and considering the relatively
short distance between the two projects (47 km), the two locations are
considered close enough to assume that they experience the same
weather. Hence, met-ocean data are retrieved only for one location in
between the two farms (around 23 km from each; latitude and longitude
for this site are 57◦ 17′ N, 1◦ 27′ W) and the same set of met-ocean data has
been used for both case studies. A time period of 25 years (1980–2004) is
selected for the retrieved time-series (3 h time-step). This time-series is
used to calculate the energy produced by the FLOW devices, but also to
establish the weather windows which govern when maintenance in
terventions can occur. These are established according to the vessels’

3.3.3. Vessels
The other crucial consideration in the O&M planning for an ORE
farm is the set of maintenance assets that are used for the planned and
corrective maintenance interventions. For this work, a set of generic
maintenance vessels categories for minor, medium and major mainte
nance activities (depending on the size and weight of the component to
be repaired or replaced) have been selected, namely 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. This choice is supported
7
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Fig. 5. Examples of vessel categories constituting the fleet considered for the O&M modelling. From left to right, examples of a CTV [64], a FSV [65], a HLV [66],
and a AHTS [67].
Table 5
Investment timeline assumed in cost model for LCoE and NPV results. Year 5 is the first year of operation.
Phase
Development and Consenting
Production and Acquisition
Installation and Commissioning
Operation
Decommissioning

Year
0

1

2

3

4

5

6–29

30–31

56%
0%
0%
0%
0%

10%
9%
7%
0%
0%

11%
28%
25%
0%
0%

11%
30%
27%
0%
0%

12%
34%
41%
0%
0%

1%
0%
0%
4%
0%

0%
0%
0%
96%
0%

0%
0%
0%
0%
100%

by the vessels management plan implemented for the Kincardine project
[38]. The characteristics and limitations of these vessel categories are
provided in Table 4, while a graphical example of each vessel typology is
shown in Fig. 5. Due to the relatively short distance from shore (15–25
km), all interventions are assumed to start from the selected O&M ports.
Thus the possibility of using an offshore maintenance basis, which is a
planning option for farms far offshore, has not been considered. Since
the optimisation of the maintenance fleet was not one of the objectives
of this investigation, limits on the maximum number of vessels available
in the fleet were not imposed. For the same reason, no other constraints
have been imposed on the availability of the vessels.1 However, a delay
of two hours (based on contractors’ experience) has been imposed for
those components requiring maintenance onshore in order to account
for each platform disconnection and reconnection. 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. To this end, de
pendencies between components and vessels capabilities are also
imposed, ensuring that for each maintenance activity the appropriate
vessel is assigned. Moreover, this data is used to generate the economic
outputs which will inform the vessel and technicians cost of the Cost
model.

Table 6
Results obtained for the two case studies.a
Quantity/Parameter

Case Study
1

Case Study
2

Average AEP [GWh]
Average annual energy lost [GWh]
Energy-based availability [%]
Net capacity factor [%]
Equivalent hours
Total revenue [m£2019]
O&M costs undiscounted [m£2019]
Normalised O&M cost per energy produced [£2019/
MWh]
CoE [£2019/MWh]
LCoE [£2019/MWh]
NPV [m£2019]

131.9
8.5
93.9
50.2
4396
189.6
111.1
33.7

168.7
13.1
92.8
40.5
3551
242.8
101.1
24.0

79.3
171.8
− 93.6

72.4
172.5
− 120.1

a

Energy-based availability expresses the ratio between the actual energy
produced and the theoretical energy available without downtime. O&M costs
express the sum of repair costs, crew costs and vessel costs. The Net Capacity
Factor (accounting for downtime) and Equivalent hours are calculated as
follows:

example 8% could be assumed for a commercial wind farm deployment.
It is well known from previous studies that the LCoE and NPV results are
highly sensitive to the discount rate assumption, for this reason, 10% is
used here as baseline case, and 8% and 12% discount rates will be
considered as alternative scenarios. The assumed investment timeline, i.
e. when costs are assumed to occur is set out in Table 5 and was adapted
based on [8]. The first operational year is assumed to be year 5, and
decommissioning is assumed to occur in 1.5 years in years 30 and 31.

3.3.4. Economic parameters
To calculate the costs over the lifetime of the projects, a 25 year
operational life was assumed. For LCoE and NPV calculations a discount
rate needs to be defined. Discount rates of around 8–12% have been
considered in the literature2 [8]. For pilot park deployments a discount
rate of 10% is assumed, due to the higher risk and uncertainty linked to
these one-off deployments, whereas a lower discount rate of, for

4. Results
In this section, the outcomes obtained with the combined use of the
two models are presented. As already mentioned, the comparison be
tween the two case studies is beyond the objectives of this work, since all
costs values are based on estimations. However, for convenience, the
results for both case studies are shown in the same table (Table 6). These
represent the KPIs based on the O&M activities averaged over 100
simulations runs (as described in Section 2.2) and based on the lifecycle
cost analysis. They refer to the entire farm for an operational period of
25 years, imposed as the project lifecycle for both case studies, at the

1

If needed, restrictions on the periods one or more maintenance assets are
available (e.g. only during the day or only during specific months) can be
applied to the model.
2
Different definitions of the discount rate have been used. ‘Many companies
calculate their Weighted Average Cost of Capital (WACC) and use it as their discount
rate when budgeting for a new project.’[95]. However, ‘the discount rate usually
takes into consideration a risk premium and therefore is usually higher than the cost
of capital’ [90]. Since these concepts are both used in literature and not
necessarily differentiated, they are considered to be equivalent here.
8
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Table 7
Results from LCoE calculation for reference cases in comparison with values found in literature.
Case study 1
LCoE [£2019/MWh]
CapEx [m£2019]
CapEx þ DecEx [M£2019]
OpEx [m£2019/year]
OpEx [m£2019]
a

Case study 2
a

Cost model

Literature

% difference[%]

Cost model

Literaturea

% difference[%]

171.8
144.0
149.5
4.4
111.1

211.3 [72]
209.9 [4,72]

− 20.6
− 37.2
− 33.6

172.46
236.5
241.1
4.0
101.10

220.2 [73]
324.9 [4]

− 24.3
− 31.5
− 29.6

–
84 [4,72]

27.8

–
130.0 [4]

− 25.0

Costs were assumed to be provided in 2019 currency values. The average conversion rate in 2019 from GBP to EUR of 1.136 was used.

Fig. 6. Percentage contribution of different life cycle stages (1–5) to the LCoE
for case studies.

Fig. 7. Contribution of different cost centres to CapEx for case studies, where
total CapEx for case study 1 amounts 4801 k£2019/MW, and for case study 2
4149 k£2019/MW.

same location. A strike price of £57.5/MWh, in line with the Contracts
for Difference (CfD) auction for offshore wind farms scheduled for
commissioning in 2022/2023 [68], has been assumed to calculate the
revenue generated by the sale of electricity.
The quantities in Table 6 are the estimated KPIs of the two simulated
case studies3. The calculated energy delivered values are reasonable for
small pilot projects with a handful of OWTs. Also availability and ca
pacity factor are in line with typical values for offshore wind projects
[69]. Although these numbers are somewhat lower than those reported
for initial Hywind generation (53.8%) over the first 2.2 years of oper
ation [70], they are higher than previously recorded in bottom-fixed
offshore wind farms (38.4% in average) [71]. In both cases studied
here, devices are in downtime only around 7% of the project lifetime.
Nonetheless, the substantial contribution of the O&M costs can be
highlighted, which significantly reduces the profitability of the case
studies. However, it must be remembered that all these values depend on
the economic inputs provided and more in general on the assumptions
made. Thus, they do not aim at reflecting the financial viability of the
two existing farms. These cost and other O&M indicators are presented
and discussed in more detail in the following sections.

for Case Study 2 varies between 147.1 and 200.3 £2019/MWh.
Compared previous floating offshore wind cost studies the obtained
results are in the upper range of previously estimated values (62.55
£2019/MWh [7], − 179.1£2019/MWh [74]). However, LCoE values for
pilot park deployments are expected to be in the upper cost range due to
the limited effects of economies of scale and volume in pilot park
deployments.
The percentage contribution of the different life cycle stages to the
LCoE is shown in Fig. 6. The distribution of the costs agrees well with
previous studies, where stage 2 of Production and Acquisition has the
largest cost contribution to the LCoE (with previous results in literature
ranging between 50 and 80%), followed by O&M activities (with pre
vious results in literature ranging between 11 and 38%) [6-8,74].
The total contribution of different cost centres to the total CapEx,
considering stages 1, 2, and 3 are shown in Fig. 7.
The turbine has the highest contribution to CapEx (26.0–30.0%),
followed by the substructure (23.0–26.8%), and this by the installation
(14.1–16.1%) and mooring costs (6.8–12.3). In Case Study 1, installa
tion and mooring system costs are higher, largely due to the use of
suction anchors. This is not the most commonly used anchoring tech
nology [75]. The assumed costs for this type of anchors are significantly
higher than for drag embedment anchors used in Case Study 2. In terms
of the CapEx contributions, the previous studies have found the turbine
to have the largest contribution to CapEx with results ranging between
29 and 50%, followed by the substructure with a contribution of be
tween 17 and 33 %. The results agree well with previous cost distribu
tions. Differences in the distribution ofCapEx stem from the assumptions
used in terms of the cost of the turbines and the cost of a fabricated steel
platform, where some of the previous studies seem to have considered
the price of material only [9] or the cost of the turbine was assumed to be
higher for smaller turbines [58]. Additionally, different platform designs
have been considered, for example, a platform of significantly smaller
weight (696 t for a 5 MW turbine against 2300 t reported in [72] for the
6 MW turbine used in Hywind) was studied in [6]. The considered
platform designs, which will be one of the main components together
with the mooring system that will differentiate different FLOW

4.1. Overall project costs
The results obtained with the Cost model are shown in Table 7,
where values found in literature are also provided for comparison.
CapEx and OpEx values are undiscounted. Note, that only general values
in terms of total CapEx, OpEx and LCoE for the two projects the case
studies are inspired by were found in literature with no further infor
mation about how these had been estimated.
The obtained LCoE values are slightly below the estimated costs re
ported for both pilot parks with a percentage difference of 20.6% for
Case Study 1, and of 24.3% for Case Study 2. CapEx values are below
previously estimated values with percentage differences between 37.2%
and 31.5%. On the contrary, the OpEx results are higher than the pre
viously estimated values for the Hywind project with a percentage dif
ference of 27.8%, and lower for Case Study 2 with a percentage
difference of − 25.0%.
If assuming an 8% and a 12% discount rate, the LCoE value for Case
Study 1 varies between 148.4 and 197.6 £2019/MWh, and the LCoE value
9
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Table 8
Economic indicators when using an approximation of OpEx as 25% of CapEx.
Case Study 1

OpEx [m£2019]
Normalised O&M cost per energy produced
[£2019/MWh]
CoE [£2019/MWh]
LCoE [£2019/MWh]
NPV [m£2019/MW]

Case Study 2

With detailed
O&M

With approx.
OpEx

% difference
[%]

With detailed
O&M

With approx.
OpEx

% difference
[%]

111.1
33.7

36.0
11.1

102.1
101.2

101.1
24.0

49.3
11.9

164.7
164.1

79.3
171.8
− 93.6

56.6
149.1
− 74.9

33.5
14.2
22.1

72.4
172.5
− 120.1

60.1
160.2
− 107.3

18.6
7.4
11.3

model outputs for Case Study 1 and Case Study 2, respectively. The LCoE
is the cost indicator the varies the least which is underestimated with a
percentage difference of 14.2 and 7.4 % in case studies 1 and 2,
respectively when using this OpEx approximation as a percentage of
CapEx.
OpEx costs have also been commonly approximated with the nor
malised value per electricity generated, where values in offshore wind
have been reported to be between 9.2 and 28.5 £2019/MWh [77]. In the
present case, the energy normalised OpEx ranges from 36.0£2019/MWh
for Case Study 1 to 49.3 £2019/MWh for Case Study 2. The normalised
OpEx values found in the literature are used here for comparison and the
economic indicators are recalculated. The obtained results are shown in
Table 9.
The LCoE value is underestimated with a percentage difference range
of 9.0–15.4% for case studies 1 and 2, respectively when using this OpEx
approximation as 9.2 £2019/MWh. With the OpEx approximation of 28.5
£2019/MWh the LCoE of Case Study 1 is underestimated with a per
centage difference of 3.3%, whereas the LCoE of Case Study 2 is over
estimated with a percentage difference of 2.4%.
Overall, it can be seen that significant variations in LCoE estimates
result when using simplified O&M estimates versus when using a
detailed O&M model. In the latter, the variation in costs due to differ
ences in resource, weather conditions, distance to shore, or vessel
availability are captured.

Table 9
Economic indicators using an approximation of OpEx as cost per MWh as pro
vided in literature.
Case study 1

Case study 2

Normalised O&M cost per energy
produced as provided in literature
[£2019/MWh]

9.2

28.5

9.2

28.5

OpEx [m£2019]
CoE [£2019/MWh]
LCoE [£2019/MWh]
NPV [m£2019/MW]

30.0
54.7
147.2
− 73.5

92.9
73.8
166.3
− 89.1

38.3
57.5
157.6
− 104.6

118.7
76.6
176.6
− 124.5

technologies is expected to be associated to the most variable cost
contribution to overall system costs when comparing different
technologies.
4.2. Comparison of project costs when using simple O&M representations
To quantify the impact of using detailed O&M models in the cost
estimations of floating offshore wind projects, the results obtained with
such O&M model are compared to results obtained when approximating
O&M costs as a percentage of CapEx. OpEx have been commonly
approximated as percentage of CapEx for emerging offshore renewable
energy technologies such as wave and tidal energy based on previous
offshore wind experience, where lifetime OpEx is considered to be
within a range between 22 and 40% of lifetime CapEx [10]. For floating
offshore wind, the OpEx has been approximated to be 25% of the total
CapEx in [76]. In the present case, undiscounted lifetime OpEx repre
sents 77.1% of the undiscounted lifetime CapEx for Case Study 1
(inspired by Hywind) and 51.3 % for Case Study 2 (inspired by Kin
cardine). The economic indicators are recalculated when assuming
OpEx accounting for 25% of lifetime CapEx for comparison. The ob
tained results are shown in Table 8.
The CoE varies the most in both cases with a 33.5 and 18.6 per
centage differences from the original results using the detailed O&M

4.3. Analysis of the variance of case studies costs based on O&M model
outputs
The use of a detailed O&M model allows analysing cost data taking
into account the variability of the O&M model outputs.
For example, if considering the variability of the estimated AEP, the
distribution of LCoE depending on the distribution of AEP can be
examined. This is shown in Fig. 8. The AEP distribution is one of the
outputs of the O&M model. This, in turn, is related to the stochastic
nature of the corrective interventions simulated, as well as their de
pendency on the availability of suitable (long enough) weather windows

Fig. 8. LCoE distribution for AEP distribution as outputted from O&M model (a) for Case Study 1, and (b) for Case Study 2. The blue line depicted together with the
histograms represents the distribution kernel. 90 and 95 percentile intervals are marked with vertical dashed lines.
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Fig. 9. LCoE distribution for OpEx distribution as outputted from the O&M model (a) for Case Study 1, and (b) for Case Study 2. The blue line depicted together with
the histograms represents the distribution kernel. 90 and 95 percentile intervals are marked with vertical dashed lines.

Fig. 10. LCoE distribution for coupled OpEx and AEP distribution as outputted from the O&M model (a) for Case Study 1 (b) for Case Study 2; and comparison to
LCoE distributions based on OpEx and AEP separately (c) for Case Study 1, (d) for Case Study 2.

to decide when the operations can take place.
Taking into account the AEP variability, the LCoE distribution is
defined through a mean value of 172.0£2019/MWh, a median value of
171.8£2019/MWh, a 90 percentile interval of 169.6–174.9£2019/MWh,
and a 95 percentile interval of 169.2–175.1£2019/MWh for Case Study 1.
The LCoE distribution for Case Study 2 is defined through a mean value
of 172.3£2019/MWh, a median value of 172.3£2019/MWh, a 90 percentile
interval of 169.8–174.9£2019/MWh, and a 95 percentile interval of
169.6–175.0£2019/MWh. This cost distribution helps quantify and
visualise the uncertainty associated with these cost estimates, and can
therefore provide additional insights.
In the same way, the variability of the estimated OpEx can be
considered, so that the LCoE distribution depending on OpEx only can be
examined as shown in Fig. 9. For Case Study 1, the LCoE distribution is
defined through a mean value of 171.8£2019/MWh, a median of 171.4
£2019/MWh, a 90 percentile interval of 166.1–178.7£2019/MWh and a 95
percentile interval of 164.9–180.0£2019/MWh. For Case Study 2, the

LCoE distribution is defined through a mean value of 172.5£2019/MWh,
a median value of 172.4£2019/MWh, a 90 percentile interval of
169.4–175.8£2019/MWh, and a 95 percentile interval of 168.9–176.4
£2019/MWh.
If considering both the OpEx and AEP variability resulting from the
O&M model simulations, their joint impact on the LCoE can be calcu
lated. This is for both case studies and the results are shown in Fig. 10.
It becomes apparent from Fig. 10, that the LCoE distribution due to
changes in AEP is more narrow-banded than for changes in OpEx. This
seems to be more clearly the case for Case Study 1 (see Fig. 10c) This
shows, that OpEx costs can vary significantly depending on weather
windows, vessel availability etc. and demonstrates that this can have a
significant impact on the actual LCoE value. For Case Study 1, the
coupled LCoE distribution is defined through a mean value of 172.0
£2019/MWh, a median of 171.7£2019/MWh, a 90 percentile interval of
165.7–179.3£2019/MWh and a 95 percentile interval of 164.6–180.7
£2019/MWh. For Case Study 2, the coupled LCoE distribution is defined
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Fig. 11. Contribution to total generated downtime and number of failures, per component, in the simulated Case Study 1.

Fig. 12. Contribution to total generated downtime and number of failures, per component, in the simulated Case Study 2.

through a mean value of 172.4£2019/MWh, a median of 172.3£2019/
MWh, a 90 percentile interval of 168.3–176.5£2019/MWh and a 95
percentile interval of 167.4–177.5£2019/MWh. When taking into ac
count the combined variation of both parameters, the OpEx variation
dominates the LCoE distribution results.

Fig. 11 and Fig. 12, it can be seen how the elements of the floating and
electrical infrastructure (i.e. floating platform, mooring system, interarray cable and export cable) do not contribute significantly to the
generated downtime, whereas the components of the wind turbine are
those causing most issues in terms of failures and consequent downtime.
The pitch and hydraulic system in particular is the most sensitive
component, causing most of the failures but especially almost half of the
total farm downtime. In this regard, the disproportion between the share
of generated failures and that of generated downtime for this component
is also noted. Thus, this component fails most frequently and causes the
highest amount of corrective interventions and production losses.

4.4. Other O&M− related indicators
Beyond the main technical and economical KPIs, a series of param
eters can be analysed in order to explain these values and gain a further
understanding of each farm’s dynamics. For example, from the data in
12
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Fig. 13. Total costs of repair or replacement, per component, in the simulated Case Study 1.

Fig. 14. Total costs of repair or replacement, per component, in the simulated Case Study 2.

When the cost of repairs and replacements are explored in more
detail, Figs. 13 and 14 show that the components of the moorings and
anchoring systems are those causing the majority of expenditures. In the
Case Study 1, the anchors are the most expensive components due to
corrective interventions, followed by the mooring lines. In the Case
Study 2 scenario instead, the interventions on the moorings are those
dominating the overall costs of repair or replacement.
In order to better weigh the contribution of these and other main
tenance costs on the overall economics of the project, a breakdown of

the different losses is shown in Fig. 15 and Fig. 16. In both scenarios
vessels charter are the most relevant expense, followed by repairs and
replacements costs. The lost production income results more relevant in
Case Study 2, due to the higher turbine rating. Costs due to technicians
labour and fuel are significantly less important than the others.
5. Discussion
Keeping in mind that the goal of this study is not to provide absolute
13
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Fig. 15. Breakdown of O&M related expenses in the simulated Case Study 1.

Fig. 16. Breakdown of O&M related expenses in the simulated Case Study 2.

values but to demonstrate how the use of detailed O&M models in
techno-economic assessment studies can provide further insights and
increase visibility of the cost assessment process, a discussion of the
obtained results showing how these could be used by decision makers, as
well as highlighting caveats of the method is provided here.
Within this study, a number of techno-economic KPIs were calcu
lated, the value and the implications of which are considered in the
following. The negative NPVs achieved, indicate that both case studies
would not be profitable with the assumed costs and strike price of
electricity. However, it is not expected for pilot park deployments of a
developing technology to be competitive at current prices. Given that
the case studies are inspired by pilot park developments, these de
ployments might have been used partly as a proof of concept, but also to
test the suitability of less common components, such as suction anchors.
In fact, although the strike price of electricity was used for the current

analysis, an enhanced Renewable Obligation Certificates (ROCs)
scheme, created for floating wind projects in Scotland and providing 3.5
ROCs per generated MWh, was secured by both Kincardine and Hywind
projects [78]. ROCs have now been discontinued and developing tech
nologies such as floating offshore wind have to compete with more
mature technologies in CfD auctions. Given the current price differences,
for CfD rounds in the UK in 2022/23, one of the proposed changes is to
have a separate pot for developing technologies, such as floating
offshore wind, wave and tidal energy. It can be expected, that then the
offered market price would be significantly higher. For example, if
considering 100£/MWh instead of 57.5£/MWh, the Internal Rate of
Return (IRR) increases from − 4.7% to 3.0 % for Case Study 1 and from
− 2.6% to 3.5% for Case Study 2. The NPV becomes larger than 0, when
the electricity price reaches the respective LCoE values. Considering a
CfD tariff more suited to the state of development of floating offshore
14
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wind technologies would therefore make these projects more competi
tive. The NPV and IRR measures complement the LCoE values by
providing additional insights into project profitability. The LCoE values
are commonly used for project comparison and were estimated to be in
the upper range of values that had previously been estimated for floating
offshore wind projects. Overall, the obtained results for the case studies
are considered reasonable, with the obtained costs representing the costs
of the development and deployment of pilot parks today. The cost results
show a sensible cost distribution that is reasonable for the represented
systems. The use of O&M costs and net AEP from the O&M model,
proved suitable for this purpose. Despite obtaining LCoE values that
show up to 24.3% difference from previously reported costs in the
literature for the pilot parks they are inspired by, the results are
considered to be within the uncertainty range of LCoE calculations (see
[20]). Given the large uncertainty associated with discount rate and
investment time line assumptions, which can result in up to 50% vari
ation of the LCoE value [20], the CoE is also provided here. If calculated
for more technologies, the CoE can provide additional insights for
technology comparison, rather than for the assessment of a project’s
economic viability. By avoiding the introduction of uncertain parame
ters such as the discount rate or the investment timeline at early stages of
development, the CoE can offer a more straightforward comparison of
the economic advantage of different technologies. Although, this also
implies that potential risks associated to different technologies are not
analysed, the authors consider it beneficial to provide the CoE to
improve techno-economic assessment transparency and allow for early
stage technology comparison.
However, other parameters relevant to quantify the lifecycle costs of
a technology or a project remain uncertain. Given the very scarce
experience in offshore operations for floating offshore wind projects, the
use of a detailed and verified O&M model enables the consideration of
variations in these economic indicators due to the stochastic nature of
weather or component failure events. This allows build confidence in the
obtained results and to facilitate technology and project comparisons.
Although only some example LCoE results were provided here to
demonstrate the benefit of including these considerations in economic
indicators, the methodology can be equally applied to other economic
indicators. Some of the cost assumptions used here have inherent un
certainties. An example is the assumed costs of the onshore substation,
where cost estimates vary largely from 50 k€/MW for small floating
offshore wind farm deployments of 40 MW or less [57] to 140 k€/MW
for large floating offshore wind farm deployments of 500 MW [8]. For
this type of cost variability, where the variation range can be approxi
mated but not enough data is available to define a cost distribution, a
stochastic approach such as suggested in [12] can be used, to assess the
impact of different cost variations on the final economic indicators.
Other caveats of this model are the development costs accounting for
contingencies, since these will be highly project dependent. As these
projects are first, one-off deployments of their respective technologies,
these costs could have been much larger than expected for similarly
sized projects. In the same way, general assumptions for installation
costs were used, which will vary largely depending on location, vessel
availability, etc. Thus higher overall costs than approximated here could
be expected for real pilot park deployments.
O&M cost proved to be a major contributor to the overall costs, as it
accounted for 13.9–19.6% of the LCoE. It is responsible for a significant
reduction in the projects’ generated income, and as such it is key area to
be looked into. Spare parts costs and vessels charter are the main con
tributions to the high O&M costs. Hence, improved strategies should aim
at reducing charter costs and improving the reliability of the devices. For
the first goal, different charter options, including the purchase of one or
more vessels, might be evaluated. For the second objective, more
expensive but more reliable components might be considered, and
condition monitoring instrumentation installed. Regard component
reliability, it must be remembered that a relatively old design for the
wind turbine taxonomy and related properties was used, instead of a

modern one typical of current and future floating wind turbines. Besides,
conservative failure rates have been selected for the elements of the
floating platform. This has led to a more conservative scenario in which
the wind turbine is still characterised by a relatively low reliability. This
in turn caused an increase of the O&M costs with respect to the figures
provided in [4]. The effect of new designs on reliability is uncertain. On
one hand, the use of updated, modern and specific wind turbines tax
onomies with related reliability data is expected to lead to a lower
number of corrective interventions and consequently lower O&M costs.
On the other hand, due to the use of newer components and the larger
environmental loads experienced, higher capacity turbines may be
associated to higher failure rates. Finally, refit measures could be
considered to reduce the number of corrective interventions and extend
the farm’s life. However, this is not currently envisaged for floating
offshore wind.
To a lesser extent, another caveat of the O&M− related estimations is
that only variable operational expenses, due to maintenance activities
and marine operations, were taken into account. These figures should be
corrected with fixed administrative costs, due to, for example, insurance
of the assets or lease of the facilities (e.g. spare parts workshop). Lastly,
while accessibility due to met-ocean conditions and subsequent weather
windows availability is taken into account, the workability, intended as
the possibility to perform maintenance safely and efficiently considering
the human response to vibrations induced by the platform motions, has
not been considered. This should be assessed separately for the two case
studies, by evaluating the motion response of the floating platform
under those environmental conditions that were deemed feasible under
accessibility constraints. In this regard, improvements like the inclusion
of wake effects [79], or a proper sensitivity analysis conducted on the
wind parameters [80] or by assuming slight deviations in weather
conditions at the two locations, as well as the use of high-resolution metocean data [81], would enhance the accuracy of the obtained
estimations.
6. Conclusions
In this work, a framework for the techno-economic characterisation
of floating offshore wind projects exploiting the use of detailed opera
tion and maintenance models is presented. As shown, this can be
effectively employed in order to tackle some of the existing challenges
for this novel technology, especially in terms of reducing the uncertainty
in the estimation of the project key performance indicators. This, in turn,
allows to increase the confidence in the viability of a project, and to
identify possible areas of improvement to support future decisions. One
of the objectives of this work was to demonstrate the added value of
using an accurate and specific operation and maintenance model to
reduce the number of assumptions in levelised cost of energy estima
tions. This is demonstrated by comparing the results obtained with the
presented framework with those previously obtained in literature, as
well as by analysing the variance of the project costs based on the
variability of parameters such as annual energy production and opera
tional expenses, and showing the differences that would be obtained
with simpler approaches. While the accuracy of both estimations (the
ones presented in this work and those found in literature) is not
compared, due to the impracticalities in lack of validation against a real
scenario, the advantages of considering and estimating more key per
formance indicators (e.g. contribution to downtime and costs of repair
or replacement of individual components) is shown. The transparency of
the calculations is improved, and the uncertainties inherently linked to
the future operation of a given wind farm captured. In this way a better
understanding of the validity and variability of the estimations is ach
ieved, and further insights are gained with respect to design choices and
assets management than a single technical or economic value with no
further background can provide. Thus, the sensitivity of results to cost
and performance changes is evaluated.
Another fundamental contribution of this work is the publication of a
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Table 10
Cost assumptions for Case Study 1 (inspired Hywind Scotland pilot park).
Cost centres

Weight/
Length/
Volume

1. Development and Consenting
Engineering
Contingencies
2. Production and Acquisition
Floating platform
2300 t
(Spar)
[72]

Mooring chain R4

Suction anchors
Export cable
Inter-array cables

775 m × 3
[72]
0.38 t/m
[84,85]
100 t × 3
[86]
27.5 km
[86]
4*1.5 km
= 6 km
[72]

Approximated
cost

Reference for cost
estimation

176 k£2019/MW
334 k£2019/MW

[57]
[57]

2878 £2019/tSteel

Engineering assessment
of cost of fabricated
steel delivered to port
based on [83], where a
200% of the material
cost for manufacturing
is assumed.
Engineering assessment
which aligns well with
[83]

1936 £2019/t

9020 £2019/t

[83]

220 £2019/km

Approximated based on
contract price 9 M£2019
[72], with cable costs
approximated based on
material costs; and cost
of accessories based on
estimation of single
components costs.

238 £2019/km

Cable accessories
97.5% of inter(bend stiffeners,
array cable costs
buoyancy
232 £2019/km
modules…)
Cable
9 M£2019 - cable
development
manufacturing
including
costs = 1.7 m£2019
margins
Onshore
44 k£2019/MW
substation
3. Installation and Commissioning
Turbine + floating
754 k£2019/unit
platform
Mooring system
84 k£2019/line
(mooring line +
anchors)
Export cable
566 k£2019/km
Inter-array cable
182 k£2019/km
Insurance
48 k£2019/MW
5. Decommissioning and Disposal
Turbine + floating
70% of installation
platform
costs
Mooring system
90% of installation
(mooring line +
costs
anchors)
Cables
10% of installation
costs

Table 11
Cost assumptions for Case Study 2 (inspired by Kincardine phase 2 pilot park).
Cost centres

Weight/
Length/Volume

1. Development and Consenting
Engineering
Contingencies
2. Production and Acquisition
Floating platform
2750 t [88]
(Semisubmersible)

Mooring chain
R4
Drag embedment
anchors
Export cable
Inter-array
cables

720 m × 4 [89]
0.4 t/m
(approximated
from Hywind)
20 t × 4 [89]
17.1 + 18.5 km
[42]
3*1.2 km + 3 km
= 6.6 km [42]

Cable accessories
(bend
stiffeners,
buoyancy
modules…)
Cable
development
including
margins
Onshore
substation
3. Installation and Commissioning
Turbine +
floating
platform
Mooring system
(mooring line
+ anchors)
Export cable
Inter-array cable
Insurance
5. Decommissioning and Disposal
Turbine +
floating
platform
Mooring system
(mooring line
+ anchors)
Cables

[57]
[83]
[83]
[83]
[83]
[83]
[87]
[83]
[87]

complete dataset for the characterisation of floating wind farms with
different platform designs, which includes reliability, cost and vessels
data. Despite the authors’ best efforts, it is impractical to obtain a fully
identical representation of the two existing projects the case studies
were inspired by, both because of the limited information publicly
available and of the limitations in the modelling work. For this reason,
due to the assumptions made and the inherent uncertainty in the data
gathering process, the results do not represent the financial viability of
the two pilot parks, and a direct comparison between the two case
studies has been avoided. Nonetheless, in agreement with the guidelines
provided by IEA Wind to reduce epistemic (i.e. caused by the lack of
adequate knowledge) uncertainty [82], as much detailed data as
possible was retrieved, and the number of assumptions minimised, and
as such a representation of the case studies useful for this and future
investigations is obtained. A full sensitivity and uncertainty propagation
analysis may compensate for this inherent uncertainty on part of the
inputs used in this work, as well as provide further insights for future
works.
Indicators depicting the performance of floating wind pilot parks

Approximated
cost

Reference for cost
estimation

176 k£2019/MW
334 k£2019/MW

[57]
[57]

3837 £2019/tSteel

Engineering
assessment of cost of
fabricated steel
delivered to port
based on [83], where
a 300% of the
material cost for
manufacturing is
assumed in this case,
due to higher
complexity of the
structure.
Engineering
assessment which
aligns well with [83]

1936 £2019/t

109 k£2019/ unit

[83]

254 £2019/km

Same cable crosssection used for both.
Assumed to be 15%
more expensive than
Hywind’s static cable
Cost of accessories
based on estimation
of single components
costs.

254 £2019/km
97.5% of interarray cable costs
282 £2019/km
1.7 m£2019

Assumed to be the
same as Hywind

44 k£2019/MW

[57]

618 k£2019/unit

[83]

53 k£2019/line

[83]

566 k£2019/km
182 k£2019/km
48 k£2019/MW

[83]
[83]
[83]

70% of
installation costs

[87]

90% of
installation costs

[83]

10% of
installation costs

[87]

represented through the case studies are estimated by means of previ
ously validated tools. By analysing these, it is possible to get increased
visibility of the techno-economic assessment process, identify key cost
drives, and to better quantify and represent the uncertainty associated
with the provided indicators. The proposed method which provides
increased transparency in the cost assessment process could be used by
decision makers, for example, to assess the different levels that are
required for different offshore renewable energy technologies in future
Contract for Difference allocation rounds.
Once one or more alternatives to maintenance assets and logistics are
established, simulations can be repeated to evaluate their suitability and
how the outcomes compare with the previous key performance in
dicators. Future studies could apply this method to quantitatively
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estimate how different operation and maintenance strategies have an
impact on overall project costs.
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