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A B S T R A C T

This paper evaluates how operation and maintenance (O&M) factors affect energy production and optimal
deployment sites for floating offshore wind farms (FOWs) in the North Sea and the Iberian Peninsula. The
geospatial analysis incorporates reliability, maintainability, accessibility, and availability aspects, and evaluates
their impact on energy production. The results demonstrate that O&M factors have a significant impact on the
final energy production and therefore on the identification of optimal deployment sites, both quantitatively
and qualitatively. In the North Sea, promising deployment sites are identified in regions with lower wind
resources but shorter turbine downtime, such as Denmark, Germany and southern Scotland. In the Iberian
Peninsula, areas with high resource potential, such as the northwest Spanish and Portuguese coasts, may be
less appealing than the less powerful Mediterranean regions due to lower maintainability. In particular, the
efficiency of future FOW farms in the North Sea and Atlantic Ocean regions of the Iberian Peninsula heavily
relies on vessel operational limits for major repairs. Increasing the significant wave height limit for major
repairs from 1.5 m to 2 m results in an average capacity factor increment of 2.54% across ScotWind farms
and over 6% along the northwest coast of the Iberian Peninsula.
1. Introduction

The alignment of climate change concerns with economic, supply
chain, and national security factors has recently accelerated the energy
transition plans, driving energy supply diversification and increasing
investment in renewable energy sources [1,2]. In this context, floating
offshore wind (FOW) is expected to contribute substantially to moving
away from a carbon-intensive energy system that relies on fossil fu-
els [3]. However, to achieve a significant deployment of FOW turbines,
energy must be generated at a cost that is competitive compared
to other more traditional energy sources [4]. Therefore, thoroughly
evaluating the economic viability of FOW farms is crucial as it enables
cost reduction, facilitates project finance and investment, and informs
policy and regulatory frameworks to support the development of this
promising offshore renewable energy technology [5].

The viability of a FOW project is predominantly determined by
the deployment site [6]. Consequently, identifying suitable deployment
sites for FOW farms emerges as a critical factor [7]. Considering the
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large available area and the fact that both costs and energy pro-
duction are dependent on the site, completing geospatial evaluation
is highly valuable for decision makers [8]. Geospatial analysis helps
decision-makers by showing how the most relevant key performance
indicators (KPIs) change across different locations, enabling informed
decision-making in the selection of deployment sites [9]. In this respect,
obtaining reliable estimates and making appropriate decisions heavily
relies on a comprehensive assessment of these KPIs.

Accurate estimation of long-term energy production through
geospatial analysis is crucial to identify deployment sites, as it rep-
resents the main source of revenue [8,10]. The energy production of
a FOW farm depends not only on the wind resource [8], but also on
the FOW technology [11,12], farm layout [13], and operation and
maintenance (O&M) strategies [14]. Specifically, the potential for wind
resources has been proven to be the main driver in determining the via-
bility of FOW projects [9,15]. However, incorporating these additional
factors into geospatial analysis, along with the wind resource, is crucial,
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Fig. 1. The interdependencies between O&M factors, FOW turbine attributes, and energy production.
as it can significantly influence the final energy production and, thus,
the assessment of the deployment sites.

In this context, the offshore wind sector is increasingly emphasising
the potential benefits of incorporating O&M factors during the design
phase of wind farms before entering commercial operation [16–18].
The impact of O&M factors goes beyond operational expenditures
(OpEx) and can also significantly influence final energy production
due to downtime periods [19]. Accordingly, O&M factors should be
taken into account when estimating energy production and identifying
deployment sites [20].

When evaluating the impact of O&M factors on energy produc-
tion, it is essential to conduct a comprehensive assessment of sys-
tem attributes that include reliability, maintainability, accessibility
and availability [21]. Reliability represents the FOW turbine’s ability
to generate energy in the presence of failures and characterises the
failure process [21]. Meanwhile, maintainability is the ability to un-
dergo maintenance activities and characterises the repair process of the
FOW turbine [21]. Accessibility is directly related to maintainability,
as it represents the feasibility of accessing the turbine to carry out
maintenance tasks [22,23]. Finally, availability encompasses reliability,
maintainability, and accessibility, quantifying the proportion of time
the FOW turbine remains operational [24]. Therefore, the availabil-
ity of the FOW turbine directly affects total energy production, as
no energy is generated during the downtime of the turbines [25].
Note that the availability of FOW turbines is demonstrated to vary
with geographic location, as it is influenced by several O&M factors
related to the specific location, such as metocean conditions, repair
times, distance to ports and weather windows, which are specific to
each location [25]. Fig. 1 depicts the interdependencies between O&M
factors and FOW turbine attributes, illustrating the impact on energy
production.

1.1. Literature review

Several studies in the literature have focused on site identification
for different FOW turbines technologies and farms. These studies are
usually based on techno-economic models that take into account both
energy production and various cost-related factors in a predefined area,
such as the European Atlantic Ocean [8], Italy [26], Ireland [27], the
Mediterranean Sea [28], Portugal [29], or France and Scotland [30].
However, the impact of O&M on energy production is directly ne-
glected [26] or oversimplified by using a fixed availability indicator de-
rived from bottom fixed offshore wind farms, ignoring the geographical
dependence [8,27–30].

Geoinformation systems (GIS)-based approaches have also been pro-
posed for the identification of suitable FOW deployment sites in various
regions, including the European Atlantic Ocean [6], Portugal [31],
Spain [32] and the United Kingdom [33]. In a GIS-based approach, a
sequential filtering is performed. First, locations that meet all defined
constraints are identified, such as protected areas of environmental
interest and military areas [6,32]. Subsequently, each feasible location
is evaluated based on different criteria, such as maximising wind
resource and distance from maritime routes [6,32]. However, none of
the existing GIS-based approaches described in the literature considers
the impact of O&M on energy production, as maximising availability or
2

minimising downtime are not considered as evaluation criteria [6,31–
33].

Both techno-economic analyses and GIS-based approaches consis-
tently agree that optimal locations for FOW farms are characterised by
areas with the highest wind resource potential [6,8,27–32]. Nonethe-
less, a general correlation exists between wind speed (𝑈𝑤) and sig-
nificant wave height (𝐻𝑠), as higher 𝑈𝑤 values correspond typically
to higher 𝐻𝑠 values, resulting in reduced accessibility [34–36]. Such
a reduction in accessibility directly impacts availability, subsequently
affecting energy production and the identification of deployment sites
[23,30]. Nevertheless, existing techno-economic studies [8,26–30] and
GIS-based approaches [6,31–33] are shown to disregard the relation-
ship between accessibility, availability, and energy production when
assessing potential deployment locations.

In this context, pure accessibility assessments are suggested in the
literature in order to evaluate deployment sites [22,36–38]. These
assessments evaluate the feasibility of accessing deployment sites by
computing weather windows based on metocean data and vessel oper-
ational limits [22]. However, the aforementioned studies focus solely
on assessing the accessibility attribute without evaluating its impact on
availability and energy production [22,36–38].

The main reason why O&M aspects have been neglected in previous
geospatial studies is the lack of a computationally efficient and reliable
O&M model. The incorporation of the attributes of reliability, main-
tainability, accessibility, and availability and their impact on energy
production has been mainly integrated by means of Monte Carlo-
based O&M models [39–43]. Monte Carlo-based O&M models employ
repeated random sampling to compute the occurrence of failures and
subsequent maintenance tasks [44]. However, their major disadvantage
lies in their high computational cost, since numerous simulations are
required to obtain convergence in the results [43,44]. For example,
a single grid point evaluation required two days of computational
burden in [42]. For that reason, Monte Carlo-based O&M models are
computationally prohibitive for performing broad geospatial assess-
ments [39–43]. In this respect, an alternative analytical O&M model
with similar precision, but a significantly lower computational burden
is presented in [25], which has the potential to be employed in a
geospatial site identification process, as demonstrated in the present
study.

1.2. Motivation and contribution

To the best knowledge of the authors, no study in the existing litera-
ture accurately addresses the following research question: How do O&M
factors impact energy production across a broad geographic area and,
consequently, the identification of deployment sites for FOW farms?
This paper aims to fill this gap by making two main contributions to
the field:

1. This paper presents the first comprehensive geospatial assess-
ment of O&M factors, including reliability, maintainability, ac-
cessibility and availability aspects into the analysis, and evaluat-
ing their impact on energy production across a broad geograph-
ical area.
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Fig. 2. Flowchart illustrating the three-step methodology for assessing KPIs of FOW farms across broad spatial areas.
2. Additionally, this paper develops the first comparative study
investigating how O&M factors affect energy production in two
potentially interesting regions for the deployment of FOW farms:
the North Sea [45] and the Iberian Peninsula [46,47].

Note that the identification of optimal deployment sites for FOW
farms is beyond the scope of this paper. Determining the optimal
deployment sites requires at least considering additional factors, such
as exclusion zones and costs. In contrast, the main objective of this
paper is to specifically evaluate the geospatial impact of O&M factors
on energy production, carrying out a more realistic assessment of
the potential performance of FOW farms over the North Sea and the
Iberian Peninsula. However, it should be noted that, due to the low
computational cost of the analytical model used in the present study,
the approach suggested here should be easily incorporated into any
GIS and techno-economic frameworks for the identification of optimal
deployment sites.

In this regard, considering the key role of the wind resource poten-
tial in determining optimal deployment sites [6,8,27–32], this paper
performs a comparative analysis of energy production in two dis-
tinct scenarios. One scenario focuses solely on mapping the potential
resources for energy generation from FOW farms, neglecting O&M fac-
tors, while the second scenario incorporates O&M factors that constrain
the mapping of energy generation

The remainder of the paper is organised as follows. Section 2
presents the methodology to compute geospatial O&M assessments.
The main results are presented and discussed in Section 3. Finally,
conclusions are drawn in Section 4.

2. Methodology

The values of KPIs are associated with specific characteristics of
FOW projects. Therefore, the methodology is illustrated through a case
study conducted across the North Sea and the Iberian Peninsula. The
methodology consists of three main steps: (i) definition of the specific
characteristics of the FOW farm; (ii) computation of the accessibility,
availability and energy production KPIs through the computationally
efficient analytical O&M model presented in [25]; and (iii) generation
of a spatial representation of these KPIs. The flowchart describing the
3

three steps of the methodology is illustrated in Fig. 2.
Table 1
Main information of the selected geospatial regions.

Region Lower left Upper right

Longitude Latitude Longitude Latitude

North Sea 3.5◦W 51◦N 9◦E 59◦N
Iberian Peninsula 11◦W 34.75◦N 6◦E 45◦N

2.1. Definition of the main characteristics related to FOW farm

In this paper, it is assumed that a FOW farm can be deployed at
each grid point within the North Sea and the Iberian Peninsula as
represented in Figs. 3(a) and 3(b), respectively. France and Belgium
also have a coastline on the North Sea, although its extension is
limited within the geographical boundaries established in this paper.
The geographical boundaries of the North Sea and the Iberian Peninsula
are provided in Table 1. The operational lifetime of FOW farms is set
at 30 years, and it comprises one hundred 10 MW turbines mounted on
semi-submersible platforms for an installed power of 1 GW [48]. In this
sense, the selected power curve corresponds to the DTU 10-MW wind
turbine, which has a cut-in speed of 4 m∕s, rated power at 11.4 m∕s,
and cut-out speed of 25 m∕s [49].

Time-series data on 𝐻𝑠 and 𝑈𝑤 at a 100 m height are obtained from
the ERA5 reanalysis products from the European Centre for Medium-
Range Weather Forecasts [50]. The data is acquired using the minimum
time and spatial resolution of ERA5, with hourly measurements from
1990 to 2019, and a grid resolution of 0.25◦ both in longitude and in
latitude [50].

Annual failure rates and onsite repair times for all the most rele-
vant components of the semi-submersible FOW turbine are obtained
from [41] and are presented in Table A.3. Failures can be classified
according to various criteria, such as complete and partial failure [21].
A complete failure results in the total loss of the required function,
whereas a partial failure does not. In this sense, all components’ failures
addressed in this paper, are considered complete failures [41].

Additionally, failures can also be classified based on their respective
repair characteristics [37,51]. Accordingly, failure that requires an on-
site repair time of 8 h or less is categorised as minor repair, those
between 8 and 24 h are classified as medium repairs, and those above
24 h as major repairs [37]. In addition, all O&M interventions resulting

from failures are considered corrective replacements and start from
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Fig. 3. Representation of maintenance ports in: (a) the North Sea, and (b) the Iberian Peninsula.
Table 2
Properties of the maintenance vessels selected for FOW case study.
Source: Extracted from [41].

Vessel Type CTV FSV HLV

Vessel speed [knots] 24 10 12.5
𝐻𝑠 limit [m] 2.5 1.8 1.5
𝑈𝑤 limit [m/s] 30 30 25

Abbreviations: CTV = Crew Transfer Vessel, FSV = Field Support Vessel, HLV = Heavy
Lift Vessel.
Note: The wind speed limit is given at hub height.

the port [41]. The only exception to this classification is the floating
platform, as a complete replacement of the entire floating platform
would be extremely expensive [41].

To address maintenance needs, a set of generic maintenance vessels
for minor, medium and major repairs has been selected, namely a Crew
Transfer Vessel (CTV), a Field Support Vessel (FSV), and a Heavy Lift
Vessel (HLV), respectively [41]. The speed and operational limits of
the vessels are obtained from [41] and are presented in Table 2. In this
context, a conservative approach is applied when defining operational
limits, as same limits are established for both the transit from port to
turbine and the execution of onsite repair tasks. On the other hand, it is
assumed that the HLV has the capability to perform floating-to-floating
lifting operations, which aligns with the planned approach for future
commercial-scale FOW projects [52,53].

Furthermore, O&M ports have been identified using the World
Port Index, which provides the location of major ports and terminals
worldwide [54]. The designated ports for the North Sea and the Iberian
Peninsula are depicted in Figs. 3(a) and 3(b) with yellow dots, re-
spectively. To establish maintenance ports for each grid point within
the defined spatial regions, assuming that each grid point represents a
potential FOW farm of 1 GW, the distances to all ports have initially
been calculated, followed by the selection of the closest port. Other
factors, such as port depth and seabed suitability, may also play a key
role in selecting maintenance ports [55]. However, due to the large
number of FOW farms analysed in this study, comprehensive evaluation
of all these factors is beyond the scope of this paper, and only distance
is considered for port selection. The distances between FOW farms
and ports are computed using the Haversine distance formula defined
as [56],

𝑑 = 2 ⋅ 𝑟⋅ (1)
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⎜
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√
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2
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2

)

⎞

⎟

⎟

⎠

,

where 𝑑 represents the calculated distance, 𝑟 is the radius of the Earth,
𝑥 and 𝑦 are the longitude and latitude of a particular grid point, and
𝑥 and 𝑦 represent the longitude and latitude of a particular port.
4

𝑝𝑜𝑟𝑡 𝑝𝑜𝑟𝑡
It is important to mention that this paper does not establish spe-
cific boundary conditions concerning the distance from shore or water
depth for the deployment of FOW farms. This decision is made to
facilitate a comprehensive geographical evaluation and because the
techno-economic assessment falls beyond the scope of this paper.

2.2. Computation of key performance indicators via the computationally-
efficient analytical O&M model

The main KPIs for each grid point at a resolution of 0.25◦𝑥 0.25◦ are
computed via the analytical O&M model presented in [25]. This analyti-
cal O&M model, based on Markov chains, defines the interdependencies
between O&M factors, reliability, maintainability, accessibility, and
availability attributes, and energy production [25]. In this respect, the
farm level annual energy production (𝐴𝐸𝑃 (𝑥, 𝑦)) is defined as [25,57],

𝐴𝐸𝑃 (𝑥, 𝑦) = 𝑁𝑡⋅
𝐸𝑝𝑟𝑜𝑑𝑢𝑐𝑒𝑑 (𝑥, 𝑦)

𝑡𝑙𝑖𝑓𝑒𝑡𝑖𝑚𝑒
= 𝑁𝑡⋅

𝐴𝑡(𝑥, 𝑦)
𝑡𝑙𝑖𝑓𝑒𝑡𝑖𝑚𝑒

⋅∫

𝑡𝑙𝑖𝑓𝑒𝑡𝑖𝑚𝑒

0
𝑃 (𝑈𝑤(𝑥, 𝑦, 𝑡)) 𝑑𝑡 , (2)

where 𝑁𝑡 represents the total number of turbines in the farm, 𝑡𝑙𝑖𝑓𝑒𝑡𝑖𝑚𝑒
the operational lifetime of the FOW project, 𝐸𝑝𝑟𝑜𝑑𝑢𝑐𝑒𝑑 (𝑥, 𝑦) the produced
energy of a FOW turbine throughout the lifetime, 𝐴𝑡(𝑥, 𝑦) the average
availability of a FOW turbine, 𝑃 (𝑈𝑤(𝑥, 𝑦, 𝑡)) the power curve of a
FOW turbine, 𝑈𝑤(𝑥, 𝑦, 𝑡) the wind speed at time instant 𝑡, and 𝑑𝑡 the
continuous integration.

Turbine availability, which encompasses reliability, maintainability
and accessibility, is represented using a reliability block diagram (RBD)
arranged in a series configuration as in [39,41]. The operational func-
tion of each component in the RBD is modelled by a continuous-time
Markov chain. For that reason, the long-term availability of turbines
can be defined as [25],

𝐴𝑡(𝑥, 𝑦) =
𝑁𝑐
∏

𝑖

𝜔𝑐𝑚𝑖
(𝑥, 𝑦) ⋅ 𝜇𝑐𝑚𝑖

(𝑥, 𝑦) ⋅ 𝜆𝑖
𝜇𝑐𝑚𝑖

(𝑥, 𝑦) ⋅ 𝜆2𝑖 + 𝜔𝑐𝑚𝑖
(𝑥, 𝑦) ⋅ 𝜆2𝑖 + 𝜔𝑐𝑚𝑖

(𝑥, 𝑦) ⋅ 𝜇𝑐𝑚𝑖
(𝑥, 𝑦) ⋅ 𝜆𝑖

,

(3)

where 𝑁𝑐 is the total number of components in the FOW turbine, 𝜆𝑖
the component failure rate, 𝜇𝑐𝑚𝑖

(𝑥, 𝑦) the component repair rate, and
𝜔𝑐𝑚𝑖

(𝑥, 𝑦) the component waiting rate for a weather window. Eq. (3)
assumes that all turbine components are repairable, repairs bring the
component to as-good-as-new state, and the distance that maintenance
vessels travel from the port to the farm and from the farm to the port
is the same [25]. Note that these assumptions are also assumed in all
the reviewed O&M models [39–43].

The value of 𝜇𝑐𝑚𝑖
(𝑥, 𝑦) is calculated as a function of the mean

duration of the trip from the port to the turbine and the onsite repair
time [25]. On the other hand, 𝜔𝑐𝑚𝑖

(𝑥, 𝑦) is calculated within the ac-
cessibility submodel of the analytical O&M model as a function of the
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Fig. 4. Spatial distribution in the North Sea of the annual mean over a 30-year period for: (a) 𝑈𝑤 at 100 m, and (b) 𝐻𝑠.
required mission window length (𝑡𝑤𝑤𝑖
), operational limits of vessels, as

well as 𝐻𝑠(𝑥, 𝑦) and 𝑈𝑤(𝑥, 𝑦) conditions [25]. In particular, this research
work also incorporates the 𝑈𝑤 operational limit, which is not used as
an operational limit in [25]. Furthermore, an accessibility indicator is
also computed as defined in [22],

𝐴𝑐𝑐𝑒𝑠𝑠𝑖𝑏𝑖𝑙𝑖𝑡𝑦𝑖(𝑥, 𝑦) =
𝑁𝑤𝑤𝑖

(𝑥, 𝑦) ⋅ 𝑡𝑤𝑤𝑖

𝑡𝑙𝑖𝑓𝑒𝑡𝑖𝑚𝑒
, (4)

where 𝑁𝑤𝑤𝑖
(𝑥, 𝑦) is the total number of weather windows.

2.3. Geospatial representation of key performance indicators

The main KPIs computed using the computationally-efficient an-
alytical O&M model with a resolution of 0.25◦𝑥 0.25◦ are spatially
represented at a higher resolution of 0.025◦𝑥 0.025◦ performing a cubic
interpolation [58]. This application of cubic interpolation results in
a more detailed representation of the KPIs throughout the geospatial
domain. Consequently, decision makers gain comprehensive insight
into the variations of these KPIs across different regions.

3. Results and discussion

The results are directly dependent on the main characteristics of
FOW farms, which have been consistently defined in Section 2, based
on previous studies in the same areas [8,41]. Furthermore, it should be
noted that the analytical O&M model employed in this paper allows
sensitivity analyses of numerous parameters, such as failure rates,
repair times, vessel characteristics and maintenance ports. However,
due to space limitations, including all these sensitivity analyses in this
paper is not feasible.

3.1. Metocean characteristics of the north sea and the Iberian Peninsula

To analyse and understand the impact of O&M factors on energy
production across the North Sea and the Iberian Peninsula, it is essential
to first evaluate the metocean characteristics of these regions. In this
sense, the present section analyses mean 𝑈𝑤 and 𝐻𝑠 values in both the
North Sea and the Iberian Peninsula.

The North Sea, located in northwest Europe, is geographically con-
nected to the European Atlantic Ocean through the English Channel
in the south and the Norwegian Sea in the north. The annual mean
values of 𝑈𝑤 and 𝐻𝑠 throughout the North Sea are shown in Figs. 4(a)
and 4(b), respectively. The northern part of the North Sea, particularly
Scottish and Norwegian coasts, exhibits the highest 𝑈𝑤 mean values,
with mean speeds exceeding 10 m/s. However, in the majority of other
areas within the North Sea, the mean speed remains above 9 m/s.
Furthermore, the northern and central regions of the North Sea are
5

characterised by considerably harsher conditions 𝐻𝑠 compared to the
southern part, with a mean 𝐻𝑠 exceeding 1.8 m across a considerable
area of the North Sea. In contrast, the southern region of the North
Sea, encompassing the southern English, Belgian and Dutch coasts, is
characterised by mean 𝐻𝑠 below 1.5 m.

The Iberian Peninsula, located in southwest Europe, is bounded by
the European Atlantic Ocean and the Mediterranean Sea. The annual
mean values of 𝑈𝑤 and 𝐻𝑠 throughout the Iberian Peninsula are shown
in Figs. 5(a) and 5(b), respectively. The highest mean values of 𝑈𝑤
are observed in the northwest of the Iberian Peninsula and in the Gulf
of Lion, with maximum mean speeds exceeding 9 m/s. Subsequently,
considerable areas along the Portuguese coast, the Gulf of Cadiz, and
the Alboran Sea exhibit mean speeds greater than 8 m/s. On the
contrary, the Balearic Sea generally exhibits mean speeds below 8 m/s.
Regarding wave conditions, the European Atlantic Ocean region of the
Iberian Peninsula is significantly harsher than its Mediterranean Sea
counterpart. In most areas within the European Atlantic Ocean region,
the mean 𝐻𝑠 exceeds 2 m, except in the Gulf of Cadiz, where they
remain below 2 m. In particular, the mean 𝐻𝑠 ranges between 1.2 and
1.5 m in the Gulf of Lion and the eastern part of the Balearic Sea, while
the rest of the Mediterranean Sea exhibits mean 𝐻𝑠 values below 1.2 m.

3.2. Accessibility analysis for minor, medium and major repairs

The accessibility indicator is associated with the characteristics of
a particular maintenance task, which are defined by the repair time
and maintenance vessel requirements of each task. As displayed in
Table A.3, in the present study 22 possible maintenance tasks are
considered per turbine. Consequently, via Eq. (4), 22 accessibility KPIs
are computed for each area of study, resulting in 22 accessibility maps
for the North Sea and 22 more for the Iberian Peninsula. For the sake
of clarity, instead of presenting 44 maps, the mean accessibility value
for each O&M category (i.e., minor, medium, and major) is calculated
as follows,

⎡

⎢

⎢

⎣

𝐴𝑐𝑐𝑒𝑠𝑠𝑖𝑏𝑖𝑙𝑖𝑡𝑦𝑚𝑖𝑛𝑜𝑟
𝐴𝑐𝑐𝑒𝑠𝑠𝑖𝑏𝑖𝑙𝑖𝑡𝑦𝑚𝑒𝑑𝑖𝑢𝑚
𝐴𝑐𝑐𝑒𝑠𝑠𝑖𝑏𝑖𝑙𝑖𝑡𝑦𝑚𝑎𝑗𝑜𝑟

⎤

⎥

⎥

⎦

=

⎡

⎢

⎢

⎢

⎢

⎣

𝑁𝑚𝑖𝑛𝑜𝑟
−1 ⋅

∑𝑁𝑚𝑖𝑛𝑜𝑟
𝑖=1 𝐴𝑐𝑐𝑒𝑠𝑠𝑖𝑏𝑖𝑙𝑖𝑡𝑦𝑖

𝑁𝑚𝑒𝑑𝑖𝑢𝑚
−1 ⋅

∑𝑁𝑚𝑒𝑑𝑖𝑢𝑚
𝑖=1 𝐴𝑐𝑐𝑒𝑠𝑠𝑖𝑏𝑖𝑙𝑖𝑡𝑦𝑖

𝑁𝑚𝑎𝑗𝑜𝑟
−1 ⋅

∑𝑁𝑚𝑎𝑗𝑜𝑟
𝑖=1 𝐴𝑐𝑐𝑒𝑠𝑠𝑖𝑏𝑖𝑙𝑖𝑡𝑦𝑖

⎤

⎥

⎥

⎥

⎥

⎦

, (5)

where 𝑁𝑚𝑖𝑛𝑜𝑟 represents the number of different minor repair tasks per
turbine (5 tasks), 𝑁𝑚𝑒𝑑𝑖𝑢𝑚 the number of different medium repair tasks
per turbine (13 tasks), and 𝑁𝑚𝑎𝑗𝑜𝑟 the number of different major repair
tasks per turbine (4 tasks). Note that 𝑁𝑚𝑖𝑛𝑜𝑟, 𝑁𝑚𝑒𝑑𝑖𝑢𝑚, and 𝑁𝑚𝑎𝑗𝑜𝑟 refer
to the number of possible maintenance tasks for each category, not the
tasks performed during the entire operational lifetime of turbines.

The spatial distributions of the mean minor, medium, and major
accessibility indicators across the North Sea and the Iberian Peninsula
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Fig. 5. Spatial distribution in the Iberian Peninsula of the annual mean over a 30-year period for: (a) 𝑈𝑤 at 100 m, and (b) 𝐻𝑠.
Fig. 6. Spatial distribution in the North Sea for: (a) 𝐴𝑐𝑐𝑒𝑠𝑠𝑖𝑏𝑖𝑙𝑖𝑡𝑦𝑚𝑖𝑛𝑜𝑟, (b) 𝐴𝑐𝑐𝑒𝑠𝑠𝑖𝑏𝑖𝑙𝑖𝑡𝑦𝑚𝑒𝑑𝑖𝑢𝑚, and (c) 𝐴𝑐𝑐𝑒𝑠𝑠𝑖𝑏𝑖𝑙𝑖𝑡𝑦𝑚𝑎𝑗𝑜𝑟.
Fig. 7. Spatial distribution in the Iberian Peninsula for: (a) 𝐴𝑐𝑐𝑒𝑠𝑠𝑖𝑏𝑖𝑙𝑖𝑡𝑦𝑚𝑖𝑛𝑜𝑟, (b) 𝐴𝑐𝑐𝑒𝑠𝑠𝑖𝑏𝑖𝑙𝑖𝑡𝑦𝑚𝑒𝑑𝑖𝑢𝑚, and (c) 𝐴𝑐𝑐𝑒𝑠𝑠𝑖𝑏𝑖𝑙𝑖𝑡𝑦𝑚𝑎𝑗𝑜𝑟.
are shown in Figs. 6 and 7, respectively. From these figures, two main
accessibility trends can be identified. First, the highest accessibility
levels are observed for minor repairs, followed by medium repairs and
finally major repairs. This trend is attributed to the fact that minor
repair tasks have less restrictive operating conditions, such as required
mission window length and vessels’ operational limits, compared to
medium and major ones. Secondly, accessibility values decrease as the
distance to the ports increases. This trend is attributed to the fact that
with increasing distances, the length of the required mission window
also increases, leading to more restrictive operational conditions.
6

In addition to vessels’ operational limits and the required weather
window duration, local metocean conditions also influence on accessi-
bility, resulting in reduced access opportunities during harsher 𝑈𝑤 and
𝐻𝑠 conditions. A comparison between the spatial distributions of mean
𝑈𝑤 and 𝐻𝑠 (Figs. 4 and 5, respectively) with accessibility distributions
(Figs. 6 and 7, respectively) highlights that the spatial accessibility
distribution is more influenced by 𝐻𝑠 than by 𝑈𝑤. This effect is at-
tributed to the operating limits of the vessels for 𝐻𝑠, which are more
restrictive compared to those for 𝑈𝑤. This is consistent with other
studies, such as [36], which analyses similar locations. Specifically, the
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Fig. 8. Turbine availability (𝐴𝑡(𝑥, 𝑦)) in: (a) the North Sea, and (b) the Iberian Peninsula.
mean 𝐻𝑠 values observed in the northern and central regions of the
North Sea, as well as in the European Atlantic Ocean region of the
Iberian Peninsula, exceed generally the operational limits of FSVs and
HLVs. On the contrary, the mean values of 𝑈𝑤 across the North Sea and
the Iberian Peninsula remain below the operational limits of 𝑈𝑤. For
minor and medium repairs, 𝑈𝑤 remains, on average, more than 15 m/s
below operational limits, and for major repairs, the difference exceeds
10 m/s. However, a more comprehensive analysis of the impact of 𝐻𝑠
and 𝑈𝑤 operational limits on main KPIs is conducted in Section 3.5.

Accessibility levels in the southern regions of the North Sea exhibit
higher values compared to the central and northern parts, as observed
similarly in a previous study [22]. Within the southern regions of the
North Sea, accessibility levels for minor, medium, and major repairs
are above 80%, 70%, and 50%, respectively. In contrast, a substantial
area of the central and northern regions of the North Sea exhibits
accessibility levels below 80%, 70%, and 50% for minor, medium, and
major repairs, respectively.

In the Iberian Peninsula, the European Atlantic Ocean exhibits
comparatively lower accessibility compared to its Mediterranean Sea
counterpart due to harsher metocean conditions in the former. Within
the European Atlantic region, accessibility levels for minor, medium
and major repairs drop below 70%, 60%, and 30%, respectively. The
exception in the European Atlantic Ocean is the Gulf of Cadiz, where
considerable areas exhibit accessibility values greater than 70% for the
three repair categories. On the contrary, within the Mediterranean Sea,
the accessibility levels for minor, medium and major repairs are above
70%, 60%, and 30%, respectively. Even in the Alboran Sea and the
Balearic Sea, accessibility levels remain consistently higher, exceeding
80%, 70%, and 50%.

3.3. Turbine availability analysis

Spatial distributions of turbine availability in the North Sea and the
Iberian Peninsula are shown in Figs. 8(a) and 8(b), respectively. The
availability analysis incorporates the failure rates of the components
within the analysis, which are not included in the accessibility analysis
presented in Section 3.2.

Turbine availability is higher in the southern regions of the North
Sea compared to the central and northern regions. This can be at-
tributed to the higher accessibility levels in the southern regions com-
pared to the central and northern regions, as observed in Section 3.2.
Within the southern region, turbine availability level is higher than
90%, with substantial areas reaching 95%. In particular, availability
levels gradually decrease from 95% to 90%, and subsequently from
90% to 85%, over similar distances along the coastlines of England,
7

Germany, the Netherlands and southern Denmark. In contrast, a similar
pattern of availability decline is observed over shorter coastal distances
in Scotland, Norway, and northern Denmark. In the central and north-
ern regions of the North Sea, at maximum distances from the coasts,
the availability level decreases below 85%.

In the Iberian Peninsula, turbine availability is relatively lower in
the European Atlantic Ocean when compared to its Mediterranean Sea
counterpart. This discrepancy can be attributed to the lower levels of
accessibility experienced in the European Atlantic Ocean compared to
the Mediterranean Sea, as detailed in Section 3.2. In the northwest
region of the Iberian Peninsula and along the Portuguese coast, avail-
ability levels drop below 80% even at relatively short distances from
the coastline. On the contrary, substantial areas in the Bay of Biscay
and the Gulf of Cadiz exhibit availability values greater than 85%.
Remarkably, availability values of 95% are obtained even within the
Gulf of Cadiz. Meanwhile, the entire Mediterranean Sea is characterised
by availability values that exceed 90%, with considerable areas in the
Alboran Sea and the Balearic Sea presenting values around 95%.

3.4. Energy production analysis

To assess the impact of O&M factors on the energy generation capa-
bilities of FOW farms, a comparative assessment of energy production
is carried out under two different scenarios.

The first scenario focuses exclusively on analysing the wind energy
resource potential without considering O&M factors, assuming 100%
turbine availability in Eq. (2). In this context, Figs. 9(a) and 10(a)
illustrate the AEP without accounting for O&M factors in the North Sea
and the Iberian Peninsula, respectively. The second scenario takes into
account the downtime of the FOW farm due to O&M factors, as defined
in previous sections. Figs. 9(b) and 10(b) depict the AEP including O&M
factors in the North Sea and the Iberian Peninsula, respectively.

The results demonstrate that O&M factors significantly influence
energy production and the identification of optimal deployment sites
for FOW farms in the North Sea and the Iberian Peninsula, not only
quantitatively but also qualitatively.

Incorporating O&M factors into the geospatial analysis introduces a
qualitative change, as it reshapes the spatial distribution of the AEP.
Figs. 9(a) and 10(a) illustrate that, in terms of wind energy resource
potential, the coasts of Norway and northern Scotland in the North Sea,
as well as the northwestern coast, the Portuguese coast, the Alboran
Sea and the Gulf of Lion in the Iberian Peninsula, emerge as the most
powerful areas. In contrast, Fig. 9(b) highlights that areas in the North
Sea, which were previously perceived less favourable in terms of energy
resource potential, such as the coastlines of Denmark, Germany and
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Fig. 9. AEP of 1 GW installed power FOW farms in the North Sea under the following scenarios: (a) Considering just wind energy resource potential, and (b) Considering both
wind energy resource potential and O&M factors.
Fig. 10. AEP of 1 GW installed power FOW farms in the Iberian Peninsula under the following scenarios: (a) Considering just wind energy resource potential, and (b) Considering
both wind energy resource potential and O&M factors.
southern Scotland, may now be recognised as promising locations when
considering O&M factors in the geospatial analysis. On the other hand,
Fig. 10(b) illustrates that regions within the European Atlantic Ocean,
such as the northwestern region and the Portuguese coast, which were
previously perceived as advantageous locations in terms of energy
resource potential, may now appear less powerful than the Alboran Sea
and the Gulf of Lyon when considering O&M factors due to long turbine
downtime in these regions.

To quantitatively assess the impact of O&M factors on energy pro-
duction, the difference in AEP between the two scenarios in the North
Sea and the Iberian Peninsula is shown in Figs. 11(a) and 11(b).
When O&M factors are not incorporated into the AEP evaluation, the
southern regions of the North Sea exhibit differences in AEP of up to
500 GWh, corresponding to an overestimation in capacity factor (CF)
of up to 5.7%. The differences in AEP gradually increases from 500
GWh to 1000 GWh, ranging from 5.7% to up to 11.4% in CF, across
similar distances along the coastlines of central and northern England,
Germany, the Netherlands, and southern Denmark. A similar pattern
of overestimation is observed on shorter coastal distances in Scotland,
Norway, and northern Denmark, reaching a maximum of 1200 GWh
across a considerable area, equivalent to a difference of up to 13.7% in
CF.

Within the Iberian Peninsula, the difference in AEP is greater in
the European Atlantic Ocean than in the Mediterranean Sea, which
8

can be attributed to the longer turbine downtime experienced in the
European Atlantic Ocean, as detailed in Section 3.3. In the northwest
region and along the Portuguese coast, the AEP difference reaches
values of up to 1000 GWh, equivalent to a 11.4% overestimate in CF.
Even at greater distances from the coastlines, these AEP differences
exceed 1500 GWh, corresponding to up to 17.12% overestimate in CF.
On the contrary, significant areas within the Bay of Biscay, the Gulf of
Cadiz, and throughout the Mediterranean Sea exhibit differences in AEP
less than 500 GWh, which are consistent with higher levels of turbine
availability in these regions.

In this context, conducting an accurate assessment of the potential
impact of O&M factors on the energy production of upcoming commer-
cial FOW projects is of great importance. Consequently, an evaluation
of FOW farms that will be deployed in the North Sea is carried out
under the ScotWind project [45], and in the Iberian Peninsula under
the MITECO project [46], is carried out. The main characteristics of
these farms are described in Table A.4. Fig. 12 shows the AEP of these
farms and the associated reduction in CF resulting from the inclusion
of O&M factors in energy estimation.

The comparison between FOW farms in the North Sea and the
Iberian Peninsula reveals that when only the wind resource potential is
considered, the North Sea farms exhibit greater power potential than
those in the Iberian Peninsula. However, even with the inclusion of



Renewable Energy 224 (2024) 120217M. Centeno-Telleria et al.
Fig. 11. Difference in AEP between considering O&M factors and not considering in: (a) the North Sea, and (b) the Iberian Peninsula.
Fig. 12. Comparison of AEP between ScotWind and Iberian FOW farms, along with the corresponding decrease in CF due to the incorporation of O&M factors in energy estimation.
O&M factors in the analysis, North Sea farms continue to be more
powerful than those of the Iberian Peninsula.

In contrast, the consideration of O&M factors can modify the prefer-
ence of deployment sites within the North Sea and the Iberian Peninsula
farms. For example, within the North Sea region, the Broadshore and
Stromar farms exhibit lower wind resource potential compared to the
Ossian and MarranWind farms. However, upon considering O&M fac-
tors, the AEP is higher for the former two farms than for the latter two,
attributed to reduced turbine downtime. Furthermore, the results also
indicate that neglecting O&M factors in the calculation of the AEP for
the ScotWind farms results in an average overestimation of the CF of
7.64%.

In this respect, the consideration of O&M factors within the es-
timation of energy production may be more significant within the
farms located on the Iberian Peninsula. Specifically, in farms located
along the northwest coast of the Iberian Peninsula, such as Nordes and
Volanteiro, neglecting O&M factors in the AEP computation can result
in an overestimation of the CF by 19.43% in the former and 11.55%
in the latter. In contrast, in the Mediterranean Sea and the Bay of
Biscay, the CF overestimate is less than 2.5%, attributed to shorter
turbine downtime. In this sense, upon considering O&M factors, the
Golfo de Roses farm located in the Mediterranean Sea has a 9.11%
higher CF compared to the Volanteiro farm, despite both farms having
practically the identical wind resource potentials. Moreover, the Golfo
9

de Roses farm achieves a 4.48% higher CF than the Volanteiro farm
when considering O&M factors, despite having a 14.95% lower CF
solely based on wind resource potential. In the case of the Nao Victoria,
situated in the Alboran Sea, the CF difference with Nordes is decreased
from 23.86% to 5.83%, and with Volanteiro from 13.35% to 1.18%
when O&M factors are included in the analysis.

These results also demonstrate that regions with lower wind re-
sources and shorter downtime may achieve higher overall efficiency
compared to regions with higher wind resources but longer downtime.
Consequently, O&M factors should be considered not only during the
operational phase of FOW farms but also during the preoperational
phases, such as when identifying optimal deployment sites.

However, the qualitative and quantitative influence of O&M factors,
especially in the North Sea and along the northwest and Portuguese
coast of the Iberian Peninsula, can be largely attributed to the limited
accessibility levels for major repairs. Thus, conducting a sensitivity
analysis on the operational limits of vessels for performing major
repairs is of significant interest.

3.5. Sensitivity analysis of vessel operational limits for major repairs

The operational limits of vessels for major repairs can play a cru-
cial role in the sustainable development of FOW farms. Major repairs
often require crane operations, which are usually restricted to 𝑈 of
𝑤
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Fig. 13. Percentage change in CF in: (a) the North Sea, and (b) the Iberian Peninsula.
15 m/s [43,59]. On the other hand, the 𝐻𝑠 limits for major repairs
are typically defined within the range of 1.5 m to 2.5 m [41,43,60].
Therefore, a sensitivity analysis of vessel operational limits for major
repairs is performed on ScotWind and Iberian farms in order to evaluate
the impact of these operational limits on the energy production. The
sensitivity analysis includes a total of six combinations of limits: 15 m/s
and 25 m/s for 𝑈𝑤, and 1.5 m, 2 m, and 2.5 m for 𝐻𝑠. The results of
his sensitivity analysis are provided in Table A.5.

The results show that the 𝐻𝑠 limit has a higher influence on energy
roduction compared to the 𝑈𝑤 limit. Change in CF is consistently
igher when the 𝐻𝑠 limit is increased by 0.5 m than when the 𝑈𝑤 limit

is reduced by 10 m/s. Therefore, the subsequent analysis focusses on
evaluating the sensitivity of the 𝐻𝑠 operational limit while maintaining

constant 𝑈𝑤 operational limit of 25 m/s.
Fig. 13(a) shows the CF sensitivity as a function of the 𝐻𝑠 opera-

tional limit within ScotWind farms. Increasing the 𝐻𝑠 limit from 1.5 m
to 2 m leads to an average increase in CF of 2 54% in the ScotWind
farms. In comparison, raising the 𝐻𝑠 limit from 2 m to 2.5 m results in
an average CF increase of 0.96%.

Fig. 13(b) shows the sensitivity of the CF as a function of the 𝐻𝑠
operational limit along the northwest coast of the Iberian Peninsula.
The CF is increased 11.19% and 6.38% in Nordes and Volanteiro respec-
tively, when the 𝐻𝑠 limit is increased from 1.5 m to 2 m. In comparison,
increasing the 𝐻𝑠 limit from 2 m to 2.5 m results in a CF increment of
2.55% and 1.58% in Nordes and Volanteiro, respectively.

The sensitivity of the CF with respect to the 𝐻𝑠 limits is notably
lower in Geroa in the Bay of Biscay, and in Nao Victoria and Golfo
de Roses in the Mediterranean Sea, due to reduced turbine downtime
in these sites. Increasing the 𝐻𝑠 limit from 1.5 m to 2 m results in
increases in CF of 0.36%, 0.14% and 0.45% in Geroa, Nao Victoria, and
Golfo de Roses, respectively. Similarly, increasing the 𝐻𝑠 limit from 2 m
to 2.5 m results in a CF increment of 0.14%, 0.05%, and 0.2% in Geroa,
Nao Victoria, and Golfo de Roses, respectively.

In this sense, the presence of vessels capable of performing major
repairs with 𝐻𝑠 limits of at least 2 m is crucial to minimising downtime
in ScotWind farms and on the northwest coast of the Iberian Peninsula.
If this condition is not met, Mediterranean Sea farms may be more
favourable than those in the European Atlantic Ocean due to the higher
maintainability of the former farms. This is supported by the fact that
in Nordes, which has a higher potential for wind energy resources than
Rosas, a higher AEP is achieved only if major repairs can be performed
with vessels having limits of 𝐻𝑠 of at least 2 m.

Consequently, the results demonstrate the importance of the 𝐻𝑠
limit of vessels for major repairs in the development of upcoming FOW
10

farms, particularly in the North Sea and on the northwest coast of
the Iberian Peninsula. These findings also hold significance for vessels
builders, as vessels for conducting major repairs on FOW turbines
are presently in the design phase, and the 𝐻𝑠 limit is often used in
maintenance contracts [52].

Aside from the significance of maintenance, these findings also
underscore the importance of FOW turbine reliability in ScotWind farms
and on the northwest coast of the Iberian Peninsula. With the develop-
ment of the FOW farms in these two regions, the focus should be on
enhancing maintenance practices and reducing FOW turbine failures.
That is, with fewer FOW turbine failures, the need for maintenance
vessels will decrease, leading to reduced downtime and consequently,
increased AEP.

4. Conclusion

This paper is unique in evaluating how operation and maintenance
(O&M) factors impact energy production across a broad geographi-
cal area and, consequently, the identification of optimal deployment
sites for floating offshore wind (FOW) farms. The geospatial analysis
performed in this paper comprehensively incorporates O&M factors,
including reliability, maintainability, accessibility and availability as-
pects, and evaluates their impact on energy production across the North
Sea and the Iberian Peninsula. Novel results from this paper show that:

• O&M factors impact energy production and the identification of
optimal deployment sites, both quantitatively and qualitatively.
The O&M factors quantitatively affect energy production, because
no energy is generated during turbine downtime. This downtime
varies depending on the geographical location of the farm, result-
ing in a qualitative change in the spatial distribution of energy
production. Regions with reduced wind resources and shorter
downtime may exhibit higher overall efficiency than regions with
higher wind resources but longer downtime.

• In the North Sea, areas identified as having not the highest wind
resource potential, such as the coastlines of Denmark, Germany,
and southern Scotland, may be considered promising locations
when O&M factors are included in the analysis. The southern
regions of the North Sea, including the coastlines of southern Eng-
land, Belgium, and the Netherlands, are characterised by shorter
turbine downtime due to higher maintainability. However, in
these southern regions, the wind resource potential is also lower
and turbine downtime is not significantly shorter than in the

central and northern regions of the North Sea.
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• In the Iberian Peninsula, areas traditionally considered to have
the highest wind resource potential, such as the northwest coast
and the Portuguese coast, may be considered less appealing when
O&M factors are incorporated into the analysis, in contrast to
areas in the Mediterranean, such as the regions in the Alboran
Sea and the Gulf of Roses. In the Mediterranean, the wind re-
source potential is lower than in the European Atlantic Ocean, but
the higher maintainability results in significantly shorter turbine
downtime.

• Neglecting O&M factors in the estimation of energy production
of ScotWind farms in the North Sea can result in an average
overestimation of the capacity factor (CF) of 7.64%. In future
farms located along the northwest coast of the Iberian Peninsula,
such as Nordes and Volanteiro, neglecting O&M factors can result
in an overestimation of CF of 19.43% and 11. 55%, respectively.
In contrast, in the Mediterranean and Bay of Biscay farms, the CF
overestimation is lower than 2.5%.

• The significant turbine downtime in the North Sea and along
the northwest and Portuguese coast of the Iberian Peninsula are
largely attributed to restricted accessibility for major repairs, in-
cluding replacements of pitch and hydraulic systems, generators,
blades, and gearboxes. Increasing the limit of significant wave
height (𝐻𝑠) limit of vessels for major repairs from 1.5 m to 2 m
results in an average increase in CF of 2.54% in the ScotWind
farms. The same increase in 𝐻𝑠 limits results in an increase in CF
of 11.19% in Nordes and 6.38% in Volanteiro. The Atlantic Ocean
based Nordes farm only surpasses the energy production of the
Mediterranean based Roses farm if major repairs can be conducted
with a 𝐻𝑠 limit of at least 2 m.

Consequently, the results from this paper highlight the significance
f O&M during the pre-operational and operational phases of FOW
arms, including the identification and operation of optimal deployment
ites. Thus, O&M factors should be incorporated into the GIS and
echno-economic frameworks developed to identify optimal deploy-
ent sites. Additionally, the findings of this research work can offer

aluable insights to partners involved in the ScotWind and Iberian
eninsula FOW farms, as it evaluates the potential impact of O&M
actors on the energy production of these future farms. Lastly, this
aper highlights the importance of major repairs and, specifically, the
perational limits of the vessels to perform these repairs, can play in
he efficiency of commercial scale FOW farms. This information is also
elevant to the vessels manufacturers, as vessels for performing onsite
ajor repairs on FOW turbines are currently in the design phase, and

hese operational limits are considered in maintenance contracts.
Future research will explore the techno-economic aspects within

eospatial analysis and will conduct a comprehensive assessment of
he influence of maintenance ports and the tow-to-port major repair
trategy on final key performance indicators.
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ppendix. Characteristics of the components for the FOW turbine

See Tables A.3–A.5.

Table A.3
Taxonomy for the FOW turbine and related properties [41].

Components Annual failure rate Onsite repair O&M Vessel
[failures/turbine/year] time [h] category

Floating platform 0.98112 12 Medium FSV
Mooring lines 0.14892 12 Medium FSV
Anchors 0.15768 12 Medium FSV
Power cable 3.23e−5 24 Medium FSV
Export cable 0.167 24 Medium FSV
Pitch & Hydraulic sys. 1.076 89 Major HLV
Generator 0.999 67 Major HLV
Blades 0.52 31.25 Major HLV
Gearbox 0.633 44.5 Major HLV
Grease, Oil 0.471 22 Medium FSV
Electrical comp. 0.435 20.75 Medium FSV
Contactor 0.43 17.5 Medium FSV
Controls 0.428 17.5 Medium FSV
Safety 0.392 13.25 Medium FSV
Sensors 0.346 12.75 Medium FSV
Pumps 0.346 11 Medium FSV
Hub 0.235 8.3 Medium FSV
Heaters, Coolers 0.213 8 Minor CTV
Yaw system 0.189 7.3 Minor CTV
Tower 0.05 7 Minor CTV
Power converter 0.18 8 Minor CTV
Transformer 0.065 3.6 Minor CTV

Table A.4
Main information the selected floating offshore wind farms in the North Sea and the
Iberian Peninsula [45,46].

Wind farm name Region Latitude Longitude Port name To port [mi]

Ossian NS 56.69◦N 0.392◦W Aberdeen 71.3
Bellrock NS 56.85◦N 0.036◦E Peterhead 81.79
CampionWind NS 57.3◦N 0.114◦E Peterhead 71.97
MuirMhor NS 57.42◦N 0.568◦W Peterhead 45.5126
MarranWind NS 58.162◦N 0.623◦W Fraserburgh 60.39
Broadshore NS 58.16◦N 1.8◦W Fraserburgh 33.74
Buchan NS 58.41◦N 1.232◦W Fraserburgh 57.65
Stromar NS 58.51◦N 2.145◦W Wick 34.36
Ayre NS 58.86◦N 2.2◦W St Margarets 26.88
Nao Victoria IP 36.2◦N 4.8◦W Europa Point 31
Geroa IP 43.6◦N 3.13◦W Bilbao 17.73
Golfo de Roses IP 42.2◦N 3.45◦E Rosas 14.4
Volanteiro IP 42.1◦N 9.25◦W Vigo 28.82
Nordes IP 43.9◦N 8.4◦W Ferrol 29.97

Abbreviations: NS = North Sea, IP = Iberian Peninsula.
Note 1: This paper considers that each floating offshore wind farm comprises one
hundred 10 MW turbines mounted on semi-submersible platforms.
Note 2: To establish maintenance ports for each floating offshore wind farm, distances
to all ports defined in the World Port Index [54] have been initially computed, followed
by the selection of the closest port.
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Table A.5
Annual Energy Production (AEP) of selected floating offshore wind farms in the North Sea and the Iberian Peninsula, with and without Operation and Maintenance (O&M) factors
consideration.

Wind AEP AEP with O&M

Farm w/o O&M 𝐻𝑠𝑙𝑖𝑚 = 1.5 m 𝐻𝑠𝑙𝑖𝑚 = 1.5 m 𝐻𝑠𝑙𝑖𝑚 = 2 m 𝐻𝑠𝑙𝑖𝑚 = 2 m 𝐻𝑠𝑙𝑖𝑚 = 2.5 m 𝐻𝑠𝑙𝑖𝑚 = 2.5 m
Name [GWh] 𝑈𝑤𝑙𝑖𝑚

= 25 m/s 𝑈𝑤𝑙𝑖𝑚
= 15 m/s 𝑈𝑤𝑙𝑖𝑚

= 25 m/s 𝑈𝑤𝑙𝑖𝑚
= 15 m/s 𝑈𝑤𝑙𝑖𝑚

= 25 m/s 𝑈𝑤𝑙𝑖𝑚
= 15 m/s

[GWh] 𝛥CF [%] [GWh] 𝛥CF [%] [GWh] 𝛥CF [%] [GWh] 𝛥CF [%] [GWh] 𝛥CF [%] [GWh] 𝛥CF [%]

Ossian 5342.1 4658.08 7.81 4655.13 7.84 4883.85 5.23 4858.32 5.53 4966.79 4.28 4914.94 4.88
Bellrock 5283.86 4522.51 8.69 4522.08 8.7 4788.22 5.66 4769.06 5.88 4878.07 4.63 4834.63 5.13
CampionWind 5272.14 4501.37 8.8 4500.03 8.81 4765.24 5.79 4743.1 6.04 4862.88 4.67 4815.65 5.21
MuirMhor 5293.84 4611.78 7.79 4611 7.79 4847.34 5.1 4824.94 5.35 4932.57 4.12 4886.77 4.64
MarranWind 5339.36 4529.06 9.25 4528.63 9.25 4817.03 5.96 4798.82 6.17 4919.83 4.79 4879.03 5.25
Broadshore 5323.31 4738.14 6.68 4734.2 6.73 4930.87 4.79 4909.53 4.72 4998.95 3.7 4954.7 4.21
Buchan 5358.73 4617.5 8.46 4616.36 8.47 4875.6 5.52 4857.67 5.72 4965.96 4.48 4923.38 4.97
Stromar 5306.24 4786.68 5.93 4783.78 5.96 4945.68 4.12 4921.64 4.4 5005.65 3.43 4955.07 4.01
Ayre 5376.55 4902.42 5.41 4896 5.49 5042.14 3.82 5002.19 4.27 5096.84 3.19 5029.46 3.96
Nao Victoria 2909.28 2786.93 1.4 2786.1 1.41 2799.27 1.26 2796.2 1.29 2803.44 1.21 2799.15 1.26
Geroa 1794.07 1670.05 1.42 1670.05 1.42 1701.34 1.06 1701.15 1.06 1712.64 0.92 1712.23 0.83
Golfo de Roses 3904.47 3689.91 2.45 3681.77 2.54 3728.59 2 3707.3 2.25 3746.48 1.8 3712.55 2.19
Volanteiro 3903.48 2891.64 11.55 2891.64 11.55 3450.13 5.18 3437.39 5.32 3588.55 3.6 3566.54 3.85
Nordes 4999.92 3297.62 19.43 3297.62 19.432 4277.67 8.25 4266.51 8.37 4500.75 5.7 4469.94 6.05

Abbreviations: AEP = Farm-level annual energy production, w/o = without.
ote 1: Each floating offshore wind farm comprises one hundred 10 MW turbines mounted on semi-submersible platforms.
ote 2: 𝐻𝑠𝑙𝑖𝑚 and 𝑈𝑤𝑙𝑖𝑚

refer to the operational limits of heavy lift vessels used for major component replacements.
ote 3: 𝛥CF [%] refers to the percentage change between the CF without and with consideration of operation and maintenance factors.
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