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A B S T R A C T

Offshore wind power is one of the fastest-growing renewable energy sources, as it is expected to play a major
role in the transition towards sustainability and net zero emissions. Despite its potential, the interaction of
the turbines with the oceanic waves, especially in case of floating turbines, is one of the main drawbacks
associated to it. In fact, mechanical oscillations caused by the waves could potentially alter the operation
and lifetime of the turbines. Hence, while the characterization of the wind is sufficient for the long-term
design of onshore wind turbines, the procedure is more complex in case of offshore turbines, since the height,
period and direction of the waves will affect the lifetime of the turbine. In this paper, a methodology for
the evaluation of the energy generation and fatigue mechanical loads of a Floating Offshore Wind Turbine
(FOWT) considering a 30-year period is proposed. To that end, meteorological data from 1991 to 2020 are
characterized using a cluster analysis and reduced into a computationally affordable number of simulation
cases. Results show negligible energy loss of a FOWT due to interaction with the oceanic waves. However, a
substantial increment of the mechanical fatigue in the side-side and fore-aft bending moments of the tower
are detected. Such analyses might be applied for the predictability of the lifetime of an offshore wind turbine,
as well as the selection of potential optimal wind farm locations, based on climatic patterns and the evolution
of meteorological data.
1. Introduction

The rapidly increasing number of offshore wind turbines is a clear
representation of the growth of this technology in the recent years. Af-
ter the installation of the first offshore turbine in 1990, the cumulative
offshore wind power capacity had already incremented to 1471 MW
by 2008 [1]. From that moment on, the tendency has been exclusively
incremental and by 2017 a 1.5% (43 TWh) of the energy production in
the European Union presented offshore wind origin [2]. The prognosis
is the short-term expansion and settlement of marine renewable energy
sources, especially wind and wave power, as the principal drivers of the
decarbonization and net zero emission process in the energy generation
infrastructure [3].

The main advantages of offshore wind power in comparison to on-
shore wind technology are related to the wind speed resource at oceanic
locations [4], where usually higher mean wind speed values and lower
turbulence and wind shear are found. Higher wind speed values allow
improved energy generation, and lower turbulence is translated into a
reduction of the mechanical loads in the wind turbine. Additionally,
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depending on the distance to the shore, offshore wind turbines are
unrestricted in terms of visual or noise impact, which increases the
availability of areas for the installation of wind turbines. Expensive
foundations or mooring systems, costly maintenance, difficulties re-
lated to grid integration and hydrodynamic interaction with the ocean
waves are the most important drawbacks associated to offshore wind
technology. A detailed comparison between onshore and offshore wind
technologies is provided in [1].

Concerning location, offshore wind turbines might be installed ei-
ther near-shore or far-offshore [5]. Strict regulations in some countries,
regarding noise or visual impact of the wind turbines, as well as the
protection of near-shore marine ecosystems, have led to the installation
of far-offshore wind farms, which, as a consequence of the larger water
depth, require Floating Offshore Wind Turbines (FOWTs). Additionally,
in some cases, the installation of FOWTs is a direct result of the abrupt
coastal floor in some areas, where the large water depth near-shore
prevents the installation of bottom-fixed wind turbines. In this context,
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List of Abbreviations

AEP Annual Energy Production
CF Capacity Factor
DEL Damage Equivalent Load
DLC Design Load Case
ECMWF European Centre of Medium-Range Weather

Forecasts
FAST Fatigue, Aerodynamics, Structures and Tur-

bulence
FOWT Floating Offshore Wind Turbine
HAWT Horizontal Axis Wind Turbine
LCA Life Cycle Assessment
LSS Low Speed Shaft
NREL National Renewable Energies Laboratory
NTM Normal Turbulence Model
SSP Shared Socioeconomic Pathway
SWL Surface Water Level
TMD Tuned Mass Damper

Nomenclature

𝑈10 Wind speed at 10 m height from ERA5
𝑈100 Wind speed at 100 m height from ERA5
𝑈90 Wind speed at 90 m height
𝑧0 Roughness of the sea
𝑈𝑑𝑖𝑟 Incoming direction of wind (degrees clock-

wise from North)
𝜌0 Standard air density
𝜌 Real air density
𝐻𝑠 Significant wave height
𝑇𝑝 Peak wave period
𝐻𝑠𝑑𝑖𝑟 Incoming direction of waves (degrees clock-

wise from North)
𝑚 Material exponent for fatigue calculation
𝑘 Weibull scale parameter
𝑐 Weibull form parameter
𝑃𝑈 Probability of occurrence of wind speed for

the confidence interval of the centroid in
each cluster

𝑃𝑠𝑡 Standard probability of occurrence of wind
speed for the confidence interval of the
centroid in each cluster

𝑃𝑐 Probability of occurrence of each cluster

bathymetry studies must be conducted to characterize the coastal floor
prior to selection of offshore wind farm locations [6].

The location of a wind farm, near-shore or far-offshore, will affect
the costs associated to it. A comparison between a 20 year long Life
Cycle Assessment (LCA) of a far-offshore wind farm (formed by 40–
50 FOWTs) [7] and the LCA of an equivalent near-shore wind farm
formed by bottom-fixed wind turbines [8] indicate that the increased
economical cost associated to materials, installation and maintenance
of FOWTs is compensated by a higher capacity factor. As a result,
the LCA and the environmental impact of the electricity generation is
similar in both cases.

Besides installation, maintenance and structural design of the wind
turbine, wind farm location will also have an impact on the operation
and mechanical loading of the wind turbines, as a result of their
interaction with the oceanic waves. Numerical methods to study these
hydrodynamic processes have been widely studied in literature [9]. In
addition, as a result of the mechanical oscillations generated by the
2

waves, their influence on the performance of the turbine might be
amplified in case of FOWTs [10]. This could lead to power losses due to
platform-pitch interactions [11], excitation of mechanical frequencies
of the wind turbine components or the reduction of the expected
lifetime of these components due to fatigue failure [12]. Increasing
the aerodynamic damping via control functionalities [11], or with
the introduction of additional Tuned Mass Damper (TMD) [12] are
solutions proposed and nowadays used for FOWTs.

Therefore, a previous assessment of the wind and wave resources
[13], as well as their coupling [14], at potential wind farm installation
locations is crucial as it can help characterize the effect of the environ-
mental conditions on the performance of the wind turbines [14], the
increment of their fatigue mechanical loads as a result of the hydrody-
namic interaction with the oceanic waves at that specific location or
even optimize maintenance procedures [15]. On that account, optimal
locations for the installation of wind farms based on the evolution of
historical meteorological data could be selected.

While the characterization of the wind results sufficient for the long-
term design and analysis of onshore wind turbines, the procedure gets
complicated in case of offshore turbines, since the height, period and
direction of the predominant waves need to be considered for such
long-term horizon analyses. In this paper, a methodology is proposed
for the estimation of the energy generation and the fatigue mechanical
loads of FOWTs at specific offshore locations and under consideration
of climatological normal periods as time horizon used in the calcula-
tions. This methodology shall be valid to analyse the effect of long-term
climate change patterns on the wind turbine energy generation and
their fatigue mechanical loads, as well as the predictability of future
mechanical fatigue affection of the wind turbines based on meteorologi-
cal projections and the selection of optimal locations based on historical
or projected evolutions of meteorological conditions.

In this case, the wind and wave energy resource are obtained
using fifth generation ERA5 Reanalysis [16] at the grid point closest
to Hywind-Scotland [−1.5◦E, 57.5◦N], i.e. first floating wind farm in
the world. The time resolution of this study is 1 h and the studied
period is 30 years (1991–2020), that is, the database includes 262 968
hourly cases. The selection of this reference period (30 years of data
starting in 1991) corresponds to the current guidelines by the World
Meteorological Organization [17] in the definition of climatological
standard normals. This is the same period currently used by major
meteorological data providers such as the Copernicus Climate Change
Service in their climatological analyses [18].

The wind turbine model used for the calculation of the mechanical
loading is the baseline NREL 5 MW turbine with OC3-Hywind spar-
type flotation system. This model is structured around the open-source
aeroelastic model OpenFAST v2.6.0 [19] and presents the same flota-
tion device as the wind turbines in the Hywind wind farm [20]. Open-
FAST tool, developed by the National Renewable Energies Laboratory
(NREL), combines aerodynamics, hydrodynamics for offshore struc-
tures, control and structural dynamics. It offers, hence, a high-detailed
simulation environment for both onshore and offshore wind turbines,
which have been widely-used and accepted in the literature [21].

Finally, on account of the high number of meteorological resource
datapoints in a climatological normal period of 30 years (262 968
hourly cases) and the computational unfeasibility to simulate and post-
process all the cases using a high-detailed wind turbine model such
as OpenFAST, a characterization method of the climatological normal
period into a reduced number of datapoints is proposed in this paper.
Thus, hourly wind and wave data in Hywind have been classified into
20 clusters using Ward’s minimum variance method [22]. Next, the
atmospheric-sea combined state representing each of the clusters has
been used for a simulation using the aeroelastic code OpenFAST in
order to analyse the operation and calculate the power production
and the mechanical loads of a FOWT operating at such environmental

conditions.
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Table 1
Main characteristics of the baseline NREL 5 MW wind turbine.

Value Unit

Rated power 5 MW
Rotor diameter 123 m
Hub height, diameter 90, 3 m
Cut-in, rated, cut-out wind speed 3, 11.4, 25 m/s
Cut-in, rated rotor speed 6.9, 12.1 rpm

The paper is structured as follows: The wind and wave energy
esource data and the analysis method of ERA5 are introduced in

Section 2.1. The wind turbine model and the simulation environment
used in the analysis are described in Section 2.2. In Section 2.3 a de-
tailed explanation of the methodology followed by the characterization
of the climatological normal period using a cluster analysis and the
calculation of the power production and the fatigue mechanical loads
of the FOWT is given. In Sections 3 and 4, the results and discussion are
presented, respectively. Finally, the conclusions and the future outlook
are explained in Section 5.

2. Data and methodology

The wind and wave data used in the analysis and the methodology
for the assessment of the power production and the fatigue mechanical
damage in a FOWT over a climatological normal period are described
in the following sections.

2.1. ERA5 reanalysis at Hywind-Scotland location

The fifth generation ERA5 Reanalysis [16] one-hourly data at the
earest grid point to Hywind-Scotland have been used in this study.
hese data have been downloaded from the Copernicus Climate Change
ervice’s Climate Data Store (https://cds.climate.copernicus.eu/) of Eu-
opean Centre of Medium Weather Forecasting (https://www.ecmwf.
nt/) (ECMWF) for the 1991–2020 time period, i.e. considering 30 years
n order to comprehend the variations of long-term climatic patterns,
s also recommended by the Worl Meteorological Organization [17].
uch data have shown very good validations for wind energy applica-
ions [23], and also for wave energy resource assessment [24].

Specifically, wind speed at 10 m height (𝑈10), wind speed at 100 m
height 𝑈100, peak wave period (𝑇𝑝) and significant wave height (𝐻𝑠)
ave been object of study. Additionally, the incoming direction of the
ind 𝑈𝑑𝑖𝑟 and the waves 𝐻𝑠𝑑𝑖𝑟, by means of zonal and meridional
ind speed and wave direction, have also been incorporated into the
nalysis. Being the focus of this paper the estimation of the energy
eneration and the fatigue mechanical damage of a FOWT, this was the
et of variables that could be expected to have the biggest influence.

Atmospheric data from ERA5 are disseminated by default at an
orizontal resolution of 0.25◦ × 0.25◦, while the default grid for ocean
ata shows a wider resolution of 0.50◦×0.50◦. That is why the common
earest grid point for both atmospheric and oceanic data has been
elected, which is located at (−1.5◦W, 57.5◦N), 12 km distance from the
ind farm. The exact position of the floating wind farm at the East of
cotland and the West of the North Sea is shown in Fig. 1(b).

The wind rose and the wave rose (for the zonal and meridional
rojections of significant wave height) diagrams for the specified lo-
ation are presented, respectively, in Figs. 2(a) and 2(b), which show
he main patterns of wind and wave climate in a single representation.
esides the considerable mean wind speed value at the hub height
above 9 m/s), the main characteristic of this site is the misalignment
etween the predominant wind direction (North) and wave direction
Southwest), consistent with the relative orientation of the coast with
espect to the main wind-wave generation areas and the propagation
f the waves [26]. That means, that the current analysis poses a new
3

Table 2
Main characteristics of the OC3-Hywind spar-type flotation system.

Value Unit

Technology Spar –
Depth to platform base below SWL 120 m
Depth to anchors below SWL 320 m
Number of mooring lines 3 –
Platform mass, including ballast 7466.33 tonnes
Water displaced volume 8029 m3

challenge since the directional effect of wind and waves need to be
incorporated into the analysis.

Given that the hub height of the baseline NREL 5 MW wind turbine
is 90 m, refer to Table 1, wind speed data at 10 m (𝑈10) and at 100 m
(𝑈100) are used to compute the one-hourly roughness of the sea (𝑧0)
using the logarithmic law that determines the vertical profile of the
wind shear [27], see Eq. (1).

𝑈100
𝑈10

=
log(100∕𝑧0)
log(10∕𝑧0)

⇒ 𝑧0 = 𝑒(((log(2)+log(5))(2𝑈10−𝑈100))∕(𝑈10−𝑈100)) [m]

(1)

By using the obtained 𝑧0 time-series, logarithmic law can be applied
gain to calculate the wind speed at the hub height of the turbine
90 m) starting from 𝑈10, see Eq. (2).

90 = 𝑈10
log(90∕𝑧0)
log(10∕𝑧0)

[m∕s] (2)

Furthermore, wind speed data have been normalized according to
the instantaneous air density computed from temperature and pressure
as described in [28]. In summary, the normalization of the wind speed
is given by the cubic root of the ratio between air densities, being 𝜌0
the standard air density, and 𝜌 the real air density, see Eq. (3).

𝑈90𝑛 =
(

𝜌
𝜌0

)
1
3
𝑈90 [m∕s] (3)

2.2. Floating offshore wind turbine model

The first floating wind farm in the world is located in Hywind-
Scotland and operates with a installed capacity of 30 MW, covering
an area of 4 km2 [29]. Hywind is formed by 5 equal OC3-Hywind
spar-type FOWTs (see Fig. 1(a)), each with a rotor diameter of 154 m
and a rated power of 6 MW. A high-fidelity model of a FOWT of
very similar characteristics and using the same OC3-Hywind spar-type
flotation system is available in OpenFAST [19]. Hence, this model will
be used in the analysis proposed in this paper. General characteristics
of the wind turbine model and the OpenFAST simulation environment
employed for the aeroelastic simulations are presented in Sections 2.2.1
and 3.2, respectively.

2.2.1. Characteristics of the baseline NREL 5 MW OC3-Hywind spar-type
wind turbine

The baseline NREL 5 MW wind turbine [30] with a OC3-Hywind
spar-type flotation system [31] will be used in this paper for the
high-fidelity evaluation of the effect of the wind and wave character-
istics corresponding to a climatological normal period on the energy
generation and the fatigue mechanical damage of a FOWT.

The main characteristics of the baseline NREL 5 MW wind turbine
modelled in OpenFAST are presented in Table 1. Additional character-
istics of the wind turbine can be found in [30].

Similarly, the main characteristics of the OC3-Hywind spar-type
flotation system are shown in Table 2. Additional information about the

platform and the mooring of this wind turbine are presented in [32].

https://cds.climate.copernicus.eu/
https://www.ecmwf.int/
https://www.ecmwf.int/
https://www.ecmwf.int/
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Fig. 1. (a) OC3-Hywind spar-type FOWT installed in Hywind-Scotland [25]. (b) Geographical location of the Hywind-Scotland pioneering floating wind farm.
Fig. 2. Wind and wave rose diagrams at the nearest grid point from Hywind-Scotland [−1.5◦E,57.5◦N].
2.2.2. OpenFAST simulation environment
OpenFAST [19] is an open-source, high-fidelity and multi-physics

(includes aerodynamics, hydrodynamics for offshore structures, control
and structural dynamics) aeroelastic simulation environment for the
evaluation of the coupled dynamic response of a large variety of wind
turbine configurations, including onshore, bottom-fixed offshore and
floating offshore topologies. An overview of the various components
considered in an OpenFAST simulation is presented in Fig. 3

OpenFAST v2.6.0 tool, as well as its previous releases FAST, have
been widely-used in the literature for the simulation and analysis
of Horizontal Axis Wind Turbines (HAWTs), both onshore and off-
shore, with a high degree of detail and acceptance [33]. The effect
of wind-wave misalignments on the operation and mechanical loads
of an offshore wind turbine is studied in [34] using FAST. Similarly,
mechanical loads reduction after introduction of passive structural
4

elements [35] or active individual pitch actuation [36] have also been
analysed in the literature using this same aeroelastic code.

As part of OpenFAST simulations, the characteristics of environ-
mental conditions, both wind and wave, can be externally defined,
see Fig. 3, with respect to the scope of the conducted analysis. In this
case, the objective of the present analysis is to make an assessment of
the effect of wind and wave characteristics, at climatological normal
period level, on the energy generation and fatigue mechanical loads
of a spar-type FOWT. For that, numerous aeroelastic simulations have
been conducted using different wind speed (principally defined by the
mean wind speed at hub height 𝑈90) and sea state (principally defined
by the significant height 𝐻𝑠, the peak period 𝑇𝑝 and the direction 𝐻𝑠𝑑𝑖𝑟
of the waves) conditions.

Turbulent wind speed fields for the simulation are generated using
the stochastic turbulence emulator Turbsim [37]. As defined in the stan-
dard IEC 61400-3 [38], Kaimal spectrum, Normal Turbulence Model
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Fig. 3. Overview of the multi-physic components involved in a FOWT simulation using OpenFAST.
(NTM), and C wind class are selected for the simulation of the FOWT.
In addition, irregular waves are generated based on the JONSWAP
spectrum, with a peak enhancement factor calculated following the
methodology in IEC 61400-3 Annex B, i.e. using peak wave period 𝑇𝑝
and significant wave height 𝐻𝑠, as explained in [39].

Finally, it is to be noted that OpenFAST simulations are conducted
using an external control system in Matlab-Simulink, which provides
effective pitch and torque regulation to optimize the performance of the
wind turbine at below rated wind speeds, limit it at beyond rated wind
speeds and provide limited load reduction handles, since no additional
tower damping is provided.

2.3. Methodology for power production and mechanical fatigue loads as-
sessment

The methodology for the evaluation of the energy generation and
the fatigue mechanical loads is divided into several steps, which are
described in the following subsections. The characterization of the
meteorological data into a reduced number of clusters is described
in Section 2.3.1. The methodology to calculate power production of
the FOWT is described in Section 2.3.2. Finally, the methodology to
estimate the fatigue mechanical loads of the FOWT is explained in
Section 2.3.3.

2.3.1. Cluster analysis of wind and sea states
As introduced in Section 1, in order to ensure computational sim-

ulation feasibility of the one-hourly observations taken during the
climatological normal standard period 1991–2020, they are grouped
into a reduced number of clusters. To that purpose, the Ward’s min-
imum variance method is proposed, since it aims at finding compact,
spherical clusters. This algorithm has been used in several wind studies
for similar clustering purposes [22] and references therein.

Conventional similar studies are structured around the clustering of
the wind [40]. While that approach might result valid for onshore wind
power generation systems, additional variables are necessary to ensure
reliability of an analysis of an offshore wind turbine. Due to the hydro-
dynamic interaction between the oceanic waves and the wind turbine,
the characteristics of the wave resource will influence the operation
of a FOWT and must, therefore, be included in the clustering, which
increases its complexity but is required to guarantee the reliability of
the results. Consequently, in this study, the hyperspace of each case is
defined by the following 5 dimensions:
5

• 𝑈90 [m] wind speed at hub height.
• 𝑈𝑑𝑖𝑟 [◦] incoming direction of wind.
• 𝐻𝑠 [m] significant wave height.
• 𝐻𝑠𝑑𝑖𝑟 [◦] incoming direction of waves.
• 𝑇𝑝 [s] peak wave period.

After standardization of the variables, the selection of the number
of clusters is made by examination of the agglomeration tree of the
individual observations in the 5-D hyperspace obtained with the Ward
algorithm. The distance between two cases is calculated as the square
of the Euclidean distance. Going upwards in the agglomeration tree, the
most similar cases (e.g those that exhibit the smallest distance among
them) tend to cluster together. In Fig. 4, it can be observed, that a
number of 20 clusters reasonably represents the most important groups
of similar individual observations. Additionally, the wind and wave
roses of the 20 clusters (not included in the paper), exhibit a clear
predominant direction for most individual hourly cases belonging to
those clusters.

2.3.2. Calculation of produced power
Power production of the baseline NREL 5 MW wind turbine with

OC3-Hywind spar-type flotation system is evaluated considering 10 min
simulations using OpenFAST framework, see Section 3.2. As specified in
the standard IEC 61400-3 [38], 10 min simulations are recommended
for power production scenarios. i.e. DLC 1.2 cases, considering at least
6 random seeds, thus resulting in 60 min of stochastic wind and wave
inputs for each environmental condition. Plus, the low peak wave
period 𝑇𝑝 values of the sea states considered in the simulations support
the use of 10 min simulations.

Therefore, the operation of the wind turbine, and especially its
power production, are analysed for all 20 cluster cases obtained in
Section 2.3.1. Moreover, to be consistent with the requirements in
the standard IEC 61400-3, 10 different NTM wind speed seeds are
simulated and post-processed for each cluster case. The inclusion of
numerous seeds in the calculations reduces variability and increases ro-
bustness of the results, as it minimizes the risk of reaching conclusions
based on isolated events.

Additionally, the Capacity Factor (CF) of the analysed FOWT is
estimated and compared to CF values presented in related studies in the
literature. A coherent CF value shall validate the environmental data
considered, as well as the conducted power production calculations.
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Fig. 4. Identification of clusters. Agglomeration tree obtained after execution of Ward’s algorithm.
2.3.3. Estimation of fatigue mechanical loads
The estimation of the fatigue mechanical damage in the main com-

ponents of the wind turbine is accomplished by post-processing of
OpenFAST simulation results using software tool MLife [41]. The ap-
plication of this tool for the calculation of fatigue mechanical loads
associated to active control strategies in a HAWT [42] or to determine
mechanical short-term affection of oceanic waves in the tower of a
FOWT [43] can be found in the literature.

Fatigue damage estimation is fundamentally based on the calcu-
lation of mechanical loads in the time domain, the application of a
rainflow counting algorithm to determine the number of cycles and
a latter cumulative damage calculation based on the S-N curve corre-
sponding to the material of the mechanical component [44]. In this
case, as it is presented in Fig. 5, the mechanical loads in the time
domain are obtained through simulation of DLC 1.2 cases considering
the 20 clusters obtained in Section 2.3.1 and using OpenFAST frame-
work, see Section 3.2. Again, according to the standard IEC 61400-3,
the length of the simulation has been set to 10 min and 10 different
NTM wind speed seeds are simulated and post-processed, in order to
reduce variability of the obtained results.

The list of mechanical bending moment elements selected for fatigue
post-processing, as well as a brief description of each of them, is pre-
sented in Table 3. These elements are a reflection of the most important
mechanical moments in the core components of a HAWT, i.e. tower,
LSS and blades, and shall therefore be used as performance indicators
of the main subsystems in a HAWT. Same performance indicators
are used in similar mechanical fatigue loads estimation studies in the
literature [45].

Material exponents 𝑚 selected for the calculation of the fatigue
damage (in a time horizon of 30 years) are 3,4,5 for the tower and the
LSS and 8,10,12 for the blades. This selection responds to the material
of each component, steel for the tower and the LSS and composite for
the blades [45].

Finally, MLife weights the fatigue Damage Equivalent Load (DEL)
of each bending moment element by the statistical terms given by the
Weibull distribution and its characteristic parameters, scale 𝑘 and form
𝑐, which determine the frequency of occurrence of each wind speed
bin interval [27]. In case of onshore wind turbines, the probability of
6

Table 3
List of bending moment elements selected for fatigue post-processing, named after their
abbreviations in OpenFAST.

Name Description Unit

RootMxb1 Edgewise bending moment at the blade root [kN m]
RootMyb1 Flapwise bending moment at the blade root [kN m]
RootMzb1 Pitch bending moment at the blade root [kN m]
RotTorq Rotor torque, constant along the LSS [kN m]
LSSGagMya Rotating y-axis bending moment at the LSS strain gage [kN m]
LSSGagMza Rotating z-axis bending moment at the LSS strain gage [kN m]
TwrBsMxt Side-side (or roll) bending moment at the tower base [kN m]
TwrBsMyt Fore-aft (or pitch) bending moment at the tower base [kN m]
TwrBsMzt Torsional (or yaw) bending moment at the tower base [kN m]

occurrence of the wind might suffice for the long-term fatigue damage
calculation. Nevertheless, for offshore wind turbines, the statistical
distribution of the sea states must also be considered in order to achieve
reliable results.

On account of the restrictions to consider the statistical distribution
of the sea states in the MLife post-processing, the fatigue DEL calcula-
tion is done in two steps. For that, the probability of occurrence of each
cluster wind speed 𝑃𝑈 is computed considering the 95% confidence
interval of its centroid, i.e. 𝑈90𝜖 [𝑈90,𝑞05, 𝑈90,𝑞95], as it is shown in
Eq. (4).

𝑃𝑈,𝑖 = 𝑒−(
𝑈𝑞05,𝑖

𝑐 )𝑘 − 𝑒−(
𝑈𝑞95,𝑖

𝑐 )𝑘 (4)

where 𝑁 refers to the total number of clusters and 𝑖𝜖 {1,… , 𝑁}.
In the first step, the scale and form factors are defined with their

standard value, 𝑘 = 2 and 𝑐 = 6 m∕s, and the standard probability of
occurrence 𝑃𝑠𝑡 is calculated. However, the real statistical contribution
of each cluster 𝑖 is provided by its probability of occurrence 𝑃𝑐 , which
is shown in the last column in Table 4. Therefore, the original fatigue
DEL values provided by MLife are normalized by 𝑃𝑠𝑡 and re-weighted
by 𝑃𝑐 , which already considers the statistical distribution of 𝑈90, 𝑈𝑑𝑖𝑟,
𝐻𝑠, 𝐻𝑠𝑑𝑖𝑟 and 𝑇𝑝 for each cluster. This procedure gives the final fatigue
DEL value by the pondered contributions of all clusters, see Eq. (5).
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Fig. 5. Schematic diagram of the procedure for the estimation of the fatigue mechanical damage of the FOWT.
𝐷𝐸𝐿𝑓 =
𝑁
∑

𝑖=1
𝐷𝐸𝐿𝑖

𝑃𝑐,𝑖

𝑃𝑠𝑡,𝑖
(5)

where 𝑁 refers to the total number of clusters and 𝑖𝜖 {1,… , 𝑁}.

3. Results

The results of the cluster analysis and the subsequent characteri-
zation of the meteorological data into a reduced number of cases is
described in Section 3.1. Section 3.2 shows the results related to the
evaluation of the power and energy production of the FOWT. Finally,
results corresponding to the estimation of the fatigue mechanical loads
are presented in Section 3.3.

3.1. Identification of cluster classes

The centroids of the clusters described in Section 2.3.1 can be
considered as the major wind-sea combined state-types in which all
the observations in the area for the analysed 30 years period can be
grouped. The list of 20 cluster classes obtained after execution of the
clustering process using Ward’s minimum variance method is presented
in Table 4. All hourly climate observations in the analysed 30 years
exhibit the smallest distance to one of this particular centroids or, in
other words, belong to one of the clusters.

As representatives of the major wind-sea combinations in Hywind-
Scotland for the last climatological normal standard period (30 years,
1991–2020), the environmental conditions defined by the clusters in
Table 4 are simulated using the aeroelastic code OpenFAST v2.6.0 in
order to evaluate in detail the power production and fatigue mechanical
loads (with the same time horizon of 30 years) of a FOWT in such
environmental conditions.

The last column in Table 4 represents the probability of occurrence
of the cluster during the analysed 1991–2020 period. This probability
must be considered in the estimation of the fatigue mechanical damage,
in order to successfully match each set of environmental conditions to
their actual occurrence, and compute long-term damage in a realistic
way.

3.2. Evaluation of power and energy production

As described in Section 2.3.2, the evaluation of the power produc-
tion of the FOWT is based on the simulation of DLC 1.2 cases, with a
7

Table 4
Cluster centroids and percentage of occurrence.

Cluster # 𝑈90 [m/s] 𝑈𝑑𝑖𝑟 [◦] 𝐻𝑠 [m] 𝐻𝑠𝑑𝑖𝑟 [◦] 𝑇𝑝 [s] 𝑃𝑐 [% of
occurrence]

1 11.2 119.8 2.2 93 7.8 6.6
2 14.9 169.6 2.3 161.1 6.5 7.1
3 6 92 1.1 167.4 8.6 0.3
4 8 181.7 0.8 153.6 4.8 10.6
5 11.9 189.1 2.7 120.3 8.8 1.4
6 7.9 249.4 0.9 254.3 4.8 4.8
7 4.7 184.8 1 97.1 8.6 10.1
8 8.7 205.1 1.4 172.8 11.5 1.1
9 13.8 223.2 2.3 187.5 6.9 4.7
10 13.8 232.2 2.1 230.5 5.9 14.5
11 7.7 232.7 1 135.9 5.9 0.98
12 10.4 225.1 1.9 54.8 8.6 0.04
13 14 252.9 2.8 297 8.1 0.3
14 12 317.6 2.2 285.6 7 9.7
15 6 125 0.9 96.4 5.5 9.6
16 12.5 200 2.9 57.4 9.4 4.5
17 7 304.1 1.2 153.2 6.5 1.4
18 14.7 300.2 3 225 8.3 0.1
19 8.7 82.2 2.2 85.2 8.5 2.6
20 7.1 241.6 1.7 192.7 11.3 9.5

simulation time of 600 s. After that, the produced power and general
operation variables of the FOWT at all set of environmental conditions
defined in 3.1 can be analysed. Additionally, in order to assess the
effect of the waves on the operation and power production of the wind
turbine, the operation of the same FOWT have been simulated at still
water state, but considering the same wind condition of each cluster.
Note that for all 20 clusters 10 different turbulent wind speed seeds
have been simulated, in order to reduce variability of the results and
increase robustness of the conclusions.

The negligible affection of the waves on the power production and
overall operation of the FOWT is shown in Fig. 6. For that, the following
simulation cases are shown:

• Wind conditions in cluster 1, turbulent seed 1 and still water
(straight blue line).

• Wind and wave conditions in cluster 1, turbulent seed 1 (dashed
yellow line).

• Wind conditions in cluster 1, turbulent seed 3 and still water
(straight purple line).
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Fig. 6. OpenFAST based time-domain operation and power production of the FOWT in various environmental conditions.
• Wind and wave conditions in cluster 1, turbulent seed 3 (dashed
orange line).

Besides wind speed and instantaneous wave elevation, rotor speed,
pitch angle and electrical power are analysed as major representatives
of the operation of the wind turbine. While electrical power production
is usually the final and most-widely analysed concept, as it defines
Annual Energy Production (AEP), rotor speed and pitch angle are
necessary to evaluate the correct operation of the wind turbine and
interpret the instantaneous electrical power production value.

The simulation results show that the operation of the wind turbine
is not remarkably altered by the interaction with the waves, as there
is no obvious difference in any of the operational variables, including
electrical power production. In addition, the conclusion is valid for both
turbulent wind speed seeds that have been represented in Fig. 6, which
infers that it is not an isolated coincidence.

However, in order to demonstrate the general validity of the conclu-
sions, the deviation (in [%]) between the electrical power production in
case of still water and in case of interaction with waves is represented in
Fig. 7, for each cluster and each turbulent wind speed seed. Finally, the
statistical mean deviation value for each one of the clusters is calculated
and represented using the dashed black line.

It is to be observed that the mean deviation in the electrical power
production does not exceed 0.2% in any of the clusters, which might
even be affected by simulation uncertainties of the aeroelastic code
OpenFAST. Hence, in light of the lack of a pattern that explains a
systematical power loss due to the interaction of the FOWT with the
waves, it can be concluded that there will be no effect of Hywind-
Scotland waves on the AEP of the FOWTs.

Therefore, conventional Weibull distribution based calculations can
be used for the estimation of the energy generation of a FOWT installed
in Hywind-Scotland wind farm and during the studied climate period
(1991–2020). Those calculations can be summarized as a fitting of the
scale and form (𝑘 and 𝑐) parameters related to the Weibull distribution
to match the 30 year wind speed data, and a latter implementation of
the power curve of the FOWT on the fitted histogram to estimate its
energy production. Note that, in this case, the power curve of the FOWT
has been calculated using the same simulation environment described
in Section 2.2.2 and considering 10 different turbulent wind speed
seeds to reduce variability. The results of the fitting procedure on the
histogram (the values of the Weibull parameters), the AEP and the
8

corresponding CF are shown in Fig. 8.
3.3. Estimation of fatigue mechanical loads

In addition to the power production of the FOWT, the fatigue
mechanical damage in its main components have also been calculated
and evaluated. In contrast to the electrical power production, which
have been observed to remain invariable, the fatigue damage in some of
the mechanical components of the wind turbine, especially the tower,
is expected to increase as a result of the hydrodynamic interaction with
the oceanic waves.

As described in Section 2.3.3, DLC 1.2 cases, with a simulation
time of 600 s, have simulated to calculate the time-domain mechanical
loads necessary for the estimation of the fatigue damage of the main
mechanical components of the wind turbine. Additionally, in order to
assess the effect of the waves on the fatigue damage of the wind turbine,
the operation of the same FOWT have been simulated at still water
state, but considering the same wind condition of each cluster. Again,
note that for all 20 clusters 10 different turbulent wind speed seeds
have been simulated, in order to reduce variability of the results and
increase robustness of the conclusions.

A preliminary analysis of the expected fatigue mechanical damage
on the wind turbine components can be performed using the time-
domain bending moments presented in Fig. 9. For that, the following
simulation cases are shown:

• Wind conditions in cluster 1, turbulent seed 1 and still water
(orange line).

• Wind and wave conditions in cluster 1, turbulent seed 1 (blue
line).

It is to be observed in Fig. 9 that the tower side-side is the most
heavily affected bending moment due to the hydrodynamic excitation
exerted by the oceanic waves. In fact, the affection of the waves on
the blade edgewise bending moment and the rotor torque is limited,
as no integral differences between the simulations with still water and
waves are detected. Thus, the expectation is to notice remarkable fa-
tigue damage increment principally in the tower base bending moment
elements.

The equivalent fatigue DELs through the climatological period
1991–2020, for both still water and wave conditions, are presented in

Table 5.
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Fig. 7. Deviation (in [%]) between the electrical power production of the FOWT in case of still water and considering the waves.
Fig. 8. Weibull fitting and estimated energy production of a FOWT in Hywind-Scotland
during the time period 1991–2020.

Furthermore, in order to facilitate the comparison and the evalu-
ation of the affection of the oceanic waves on the fatigue damage of
each one of the components, the relative increments (in [%]) of each
bending moment are presented in Table 6.

The largest relative increment values in Table 6 are highlighted
in red, the intensity of the colour being proportional to the value of
the increment. The results support the expected premises, as the main
increments are observed in the tower side-side and fore-aft bending
moments, which was to be expected after the preliminary analysis of
the time-domain bending moments presented in Fig. 9. The relative
increment of the DEL of the rest of the bending moments is negligible,
as such small values could even be considered to be due to simulation
uncertainties.

Fatigue mechanical loads are heavily dependent on the characteris-
tics of the wind turbine, the environmental conditions and the DLCs
considered. Therefore, even though the obtained results are hardly
comparable in absence of certainty of identical conditions having been
considered in the input data, the similar DEL values presented in [46]
in calculations with the same wind turbine shall serve for the validation
of the presented results. Other studies in which quadrature rule tech-
niques are applied to the fatigue load calculations [47] also presented
consistent although not identical results.
9

Table 5
30 year equivalent fatigue mechanical DELs ([kN m]). Still water in black and waves
consideration in blue.

30 year fatigue DELs [kN m]. Still water \ Waves

3 4 5 8 10 12

RootMxb1 3115.61 3265.20 3376.46
3119.18 3267.48 3377.07

RootMyb1 2455.86 2762.41 3009.19
2463.14 2775.85 3020.05

RootMzb1 49.31 53.71 57.20
49.52 53.95 57.49

RotTorq 208.85 278.45 346.07
210.14 279.92 347.38

LSSGagMya 1679.93 1986.60 2232.31
1681.39 1990.51 2235.15

LSSGagMza 1678.62 1985.89 2225.21
1678.63 1986.65 2224.72

TwrBsMxt 2477.95 3029.79 3542.40
6151.60 7542.50 8682.42

TwrBsMyt 12 651.56 16 961.72 20 561.73
13 675.49 18 281.12 22 114.09

TwrBsMzt 985.59 1135.88 1294.02
986.43 1141.13 1298.43

Table 6
Relative increment (in [%]) of fatigue mechanical DELs due to hydrodynamic
interaction of the FOWT with the oceanic waves.

Comparison of 30 year fatigue DELs [%]

3 4 5 8 10 12

RootMxb1 0.11 0.07 0.02
RootMyb1 0.30 0.49 0.36
RootMzb1 0.44 0.45 0.51
RotTorq 0.61 0.53 0.38
LSSGagMya 0.09 0.20 0.13
LSSGagMza 0.00 0.04 -0.02
TwrBsMxt 148.25 148.94 145.10
TwrBsMyt 8.09 7.78 7.55
TwrBsMzt 0.08 0.46 0.34

4. Discussion

The methodology presented in this paper reduces the computational
cost and simplifies the estimation process of energy production and
fatigue mechanical damage for FOWTs, even though the complexity of
the problem is incremented by introducing new ocean-related variables,
such as wave height, period and direction, which are unaccountable

in case of onshore wind turbines. This is accomplished by execution
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Fig. 9. OpenFAST based time-domain mechanical bending moments of the FOWT in various environmental conditions.
of a cluster classification. Whereas the presented results are specific
for the characteristics of the baseline NREL 5 MW wind turbine with
OC3-Hywind spar-type floating system, a general methodology is es-
tablished, which can therefore be applied for any other FOWT with
different characteristics. In this case, although the number of potential
load cases to simulate might be infinite, the presented analysis is based
on the simulation and post-processing of load cases in which the FOWT
produces power in standard environmental conditions, as they are
considered to be the harshest in terms of mechanical loading, supported
by their probability of occurrence in a 30 years time horizon.

In regards to the power production analysis of the FOWT, and the
subsequent energy generation, it is demonstrated that the influence
of the predominant wave conditions on the efficiency of the offshore
wind farm can be attenuated by the design of an adequate SW based
regulation of the turbine. This regulation should avoid interactions
between control dynamics and mechanical oscillations caused by the
waves, allowing the operation of the wind turbine to remain invariable
with respect to the waves. Even though this conclusion supports the
installation of future floating offshore wind farms, it must be noted that,
prior to the installation of these FOWTs, the load analysis presented in
this paper should be extended to incorporate extreme events. In this
case, the analysis has been limited to the predominant environmental
conditions, and the consequent fatigue mechanical damage. However,
the well-being of the turbine facing extreme sea states must also be
ensured.

The invariability of the power production of the FOWTs with respect
to the predominant wave conditions also allows a fundamental decou-
pling between the estimation of the energy generation by a FOWT and
the sea states, limiting the variables necessary to be considered in the
estimation process and, therefore, simplifying it. The obtained value of
CF 52% is coherent with this premise, as it presents the same value as
similar studies in the literature for offshore wind farms and for the last
news on annual energy production records at Hywind [48].

Regarding fatigue mechanical damage in the main components of
the FOWTs, a considerable increment of the side-side bending moment
of the tower has been noticed as a result of the hydrodynamic inter-
action of the structure of the wind turbine with the oceanic waves.
A milder increase of the fore-aft bending moment of the tower has
also been detected. The estimation of this DEL increments is important,
since it must be considered during the design process of the wind
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turbine, in order to account for the mechanical loads the FOWT needs
to withstand during its lifetime. Note that as consequence of the thrust
force, which actuates in the same direction as the rotor orientation,
the absolute value of the fore-aft bending moment is still much larger
than the incremented side-side bending moment. The fatigue damage
increment due to the sideways propagating waves can therefore be
better understood.

In this context, Hywind-Scotland constitutes a paradigmatic location
due to the misalignment of the predominant direction of the wind and
the propagation of the waves, as it is shown in the wind rose (Fig. 2(a))
and the wave rose (Fig. 2(b)). For instance, it is well known that
the North-Westerns swell and winds that govern the sea states in the
Irish, Portuguese or Gulf of Biscay’s shoreline would cause even higher
increments of the DEL in the fore-aft bending moment. On the contrary,
the strong Western component of the waves relative to the predominant
Northern winds at Hywind, generate the particular increment of loads
for the side-side bending moment, as it is shown in Table 6.

In general, the reduced increment of the fatigue mechanical DELs
in the rest of the mechanical components of the FOWT, lessens the
potential consequences of installing floating wind farms. However,
before generalizing the conclusion, the analysis should be broadened
to other FOWT designs, as there could be increased loads due to the
different mechanical properties of a different FOWT. The use of the IEA
Wind 15-Megawatt Offshore Reference Wind Turbine [49] is expected
in future analyses.

The methodology proposed in this paper could serve for various
purposes. On the one hand, the long-term fatigue damage of existing
offshore wind turbines could be estimated based on the environmental
data since the installation of the wind turbines. In fact, due to the
nature of the proposed methodology, large amounts of data can be
reduced into a computationally affordable number of cases, includ-
ing their probability of occurrence, and long periods of time can be
analysed. However, in future analyses this methodology could also be
used for the selection of optimal wind farm locations based on not
only past, but also future meteorological conditions in different Shared
Socioeconomic Pathway (SSP) scenarios of CMIP6 [50]. Past data shall
detect environmental patterns in the potential locations that support
the installation of the wind farm, while future projections can be used
to estimate the energy generation and fatigue mechanical damage of
a wind turbine in that location after its installation. The combination
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of both features might optimize the location selection procedure in a
context of climate oscillations, where this approach could be applied
to estimate future energy production, fatigue loads and economical
feasibility of wind farms now being put into operation. The centroids
represent the characteristic combined wind-sea states whose frequency
of occurrence may change in the future like in other areas such as
the Bay of Biscay [51] or other regions worldwide such as the regions
affected by the trade winds, to name another example [52].

Finally, this methodology could also be used for pure investiga-
tive purposes in which the effects of climate change patterns in the
behaviour and maintenance of wind turbines could be analysed, e.g.
within the context of increment of extreme ocean events because of
global warming [53].

In the future, the hydrodynamics of the proposed method can be
improved using new open-source alternatives. Evaluation of the ocean
wave load is conventionally done by commercial software, such as
WAMIT. However, in recent years some newly developed open-source
free software has become available for this purpose. In Oct. 2020,
an open-source offshore hydrodynamics code—HAMS was released
publicly to the field of ocean renewable energy [54], including floating
wind energy [55] and wave energy [56]. Wave loads acting on the
floating foundation of a floating wind turbine (spar, semi-submersible,
TLP, etc.) can be computed against the wave climates at a specific local
site, such as wave incident angle, wave height, wave frequency and
water depth. HAMS can generate the hydrodynamic force coefficients
required by OpenFAST and can be used with a visual user interface
BEMRosetta [57] which can view the output channels from OpenFAST.
In addition, a new open-source tool RAFT [58] for floating wind turbine
optimization is developed by NREL using HAMS as the hydrodynamic
basis.

5. Conclusions

A new methodology for the long-term estimation of the energy gen-
eration and fatigue mechanical damage of FOWTs is presented in this
paper, combining cluster analysis for wind and wave data, statistical
distribution of the environmental data, and their effect in a high-
detailed aeroelastic wind turbine model, i.e. OpenFAST. A time horizon
of 30 years has been selected for the energy and fatigue estimation, in
order to consider the variability of the climatic patterns and have a
consistent approximation:

• This methodology can be coherently projected for future 30 year
periods, generating a new way for long-term operation and main-
tenance prediction based on expected fatigues, which nowadays
constitutes one of the mayor challenges of offshore renewable
energy extraction.

• Results show that there is limited affection of the waves to the
operation and power production of a FOWT. Hence, the energy
generation of the turbines might be considered unrelated to the
predominant sea states in the Hywind-Scotland locations and
the estimation process of the energy is simplified, as a reduced
number of environmental conditions can be considered.

• On the other hand, a substantial increment of the long-term
fatigue DEL in the tower side-side and fore-aft bending moments
have been detected, especially the former, as almost a 150%
increment has been estimated. Such increments should be consid-
ered during the design of the wind turbine, if premature failures
of the wind turbine are to be avoided. The affection is negligible
on the rest of the analysed mechanical components.

• It must be noted that the obtained conclusions are limited to the
scope of this study, i.e. the specific characteristics of the baseline
NREL 5 MW wind turbine with OC3-Hywind spar-type and the
dominant sea states in the Hywind-Scotland location. Therefore,
the conclusions should not be generalized to all wind turbine
configurations. Likewise, extreme environmental conditions have
11

been considered to be beyond the scope of the paper.
• Finally, this methodology could be used not only for the estima-
tion of energy generation and fatigue damage in already installed
wind turbines, but also for the selection of optimal wind farm lo-
cations based on past data and future meteorological projections,
as well as the study of climate change patterns on the energy
generation and fatigue damage of FOWTs.
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