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Abstract. Lifetime reassessments of offshore wind turbines are very time consuming due to the large number of required
simulations. As a result, the use of meta-models as surrogate models of the aeroelastic simulation model could offer a suitable
alternative to simulations in the time domain (e.g., Kriging, artificial neural networks, or polynomial chaos expansion). Meta-
models for the approximation of fatigue loads, i.e., damage equivalent loads, of wind turbines in normal operation have been
researched comprehensively in recent years. Especially for offshore wind turbines, however, the downtimes, i.e, the times when
the wind turbine is idling, also have a significant impact on the lifetime. For this reason, the creation of meta-models, more
precisely Kriging meta-models, for an idling offshore wind turbine is investigated comprehensively in this paper. To ensure
that the fatigue loads for the training and test data are not influenced by the initial transients at the start of the simulation, the
run-in times are determined first. The subsequent investigation of meta-modelling shows that for the approximation of the rotor
blade root bending moments, two additional input parameters have to be considered in addition to the input parameters that are
used for the creation of a meta-model for the same offshore wind turbine in normal operation. The comprehensive investigation
of the Kriging meta-models shows that the meta-models trained with 2000 data points represent the simulation model with an

acceptable approximation quality when choosing suitable Kriging settings.

1 Introduction

Lifetime reassessments for offshore wind turbines are very time consuming, as many load cases have to be calculated. Due
to the high number of load cases, an exact lifetime reassessment, in which all actually occurred load cases are considered,
is not possible when using aeroelastic simulation codes. According to IEC 61400-3 (IEC, 2019), representative load cases
are therefore calculated, although the number of required simulations is still very high (approximately 1,000,000 simulations,
depending on the site). One way to significantly decrease the computing time for a lifetime reassessment is to lump load cases
into a few representative load cases (Ziegler and Muskulus, 2016; Bouty et al., 2017). The load cases are lumped here in
such a way that the representative load cases generate the same damage as if all load cases resulting from the scatter diagram
had been simulated. The calculated damage is then extrapolated to the lifetime. One drawback of this method is that not all
combinations of environmental parameters that occur in reality can be considered. An alternative to a load case reduction for

lifetime calculations is the use of meta-models as surrogate models for the aeroelastic simulation code (e.g., Dimitrov et al.
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(2018); Schmidt et al. (2023)). For this purpose, the meta-models must first be created and it is important to ensure that the
meta-models approximate the aeroelastic simulation model with sufficient accuracy.

In recent years, a lot of research has been done in the area of meta-modelling for the fatigue load prediction of operating wind
turbines (onshore and offshore). Investigations were carried out involving, among other approaches, artificial neural networks
(ANN, e.g., Miiller et al. (2017); Haghi and Crawford (2024)), polynomial chaos expansion (PCE, e.g., Murcia (2018)), Kriging
or Gaussian Process regressions (e.g., Wilkie (2020); Avendafio-Valencia et al. (2021); Miiller et al. (2022)), and mixture
density networks (e.g., Singh et al. (2024)). Comparative studies have also been carried out, for example by Dimitrov et al.
(2018), who compared five different meta-models including Kriging and PCE for the approximation of fatigue loads, i.e.,
damage equivalent loads (DEL), of an onshore wind turbine. In addition, Schroder et al. (2018) compared the use of PCE and
ANN for the same onshore wind turbine and Slot et al. (2020) analysed PCE and Kriging for an onshore wind turbine. Miiller
et al. (2021) compared ANN and Kriging for an offshore wind turbine and Singh et al. (2024) conducted a comparison of
mixture density networks and Kriging for onshore and offshore wind turbines. It was found that for both onshore and offshore
wind turbines in normal operation, meta-models for approximating the fatigue loads can provide a suitable alternative to the
original aeroelastic simulation model.

However, according to IEC 61400-3 (IEC, 2019), idling must also be taken into account in addition to normal operation when
calculating the lifetime of an offshore wind turbine. Here, the rotor blades are pitched out and the rotor is usually not braked,
so very slow rotation of the rotor is possible. Due to the low rotational speed, there is almost no aerodynamic damping. For
onshore wind turbines, idling has a positive effect on the lifetime of the wind turbine due to the lower occurring loads. In
contrast, the loads of offshore wind turbines can be the same or even higher for idling conditions than for normal operation.
This can be explained by the fact that the wave loads have a higher impact on the structural behaviour due to the lack of
aerodynamic damping. As a result, the structure is excited more strongly, which can lead to loads that are not negligibly low
compared to the loads during normal operation. Especially for large wind turbines on monopiles, this is relevant as the impact
of the wave loads is larger compared to wind turbines on smaller monopiles.

The number of idling load cases is significantly smaller compared to the load cases in normal operation. However, extrapolated
over the lifetime, there are still a large number of idling load cases that need to be calculated. Approximately 5 % of of the
occurring load cases are idling load cases caused by wind speeds below the cut-in or above the cut-off wind speed (here based
on the example of the wind speed distribution of FINO 3 (Hiibler et al., 2017b) using the NREL 5 MW reference turbine).
In addition, around 4-10 % of the load cases are idling load cases due to downtimes caused by the general availability of the
wind turbine, which are assumed to be uncorrelated with the environmental conditions (Horn and Leira, 2019). Adding these
together, around 9-15 % of the total number of load cases of the lifetime are idling load cases. Extrapolated to a lifetime of
25 years, this means that more than 100,000 simulations (with a simulation time of 10 minutes each) must be carried out just
to take idling load cases into account. Due to this high number of simulations, a calculation in the time domain, i.e., with
aeroelastic simulation codes, is hardly possible. In order to be able to take all these load cases into account in the lifetime
calculation, meta-models must also be created for the idling wind turbine. Nevertheless, to the authors’ knowledge, there has

been no research so far regarding meta-modelling for idling wind turbines, although idling can have a significant influence
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on the lifetime of offshore wind turbines as described above. Due to the lack of aerodynamic damping and the resulting
increased impact of the wave loads, the idling wind turbine has a different structural behaviour compared to the turbine in
normal operation. For this reason, it cannot be assumed that the findings of previous investigations into meta-modelling of
offshore wind turbines in normal operation can be transferred to idling offshore wind turbines. For this reason, the creation of
meta-models, more precisely Kriging meta-models, of an idling offshore wind turbine is investigated comprehensively in this
paper. Kriging, also knwon as Gaussian process regression, was selected because, on the one hand, Kriging meta-models have
shown promising results in previous work, in terms of approximation quality and the computational time required to create the
meta-models for wind turbines in operating conditions, e.g., Slot et al. (2020); Wilkie (2020). On the other hand, there already
exist Kriging meta-models for the same simulation model used in this work for normal operation with a good approximation
quality (Miiller et al., 2021).

To create the meta-models, a database (i.e., training and test data) must be first generated. Due to the almost non-existent
aerodynamic damping, it can be assumed that longer run-in times must be taken into account compared to an operating wind
turbine to exclude the effects of the initial transients due to the abrupt loading on the turbine at the start of the simulation
(Hiibler et al., 2017b). For offshore wind turbines in normal operation, run-in times used in the literature vary substantially,
generally ranging from 20 seconds to several hundred seconds, e.g., Jonkman and Musial (2010); Vemula et al. (2010); Miiller
et al. (2018); Dimitrov et al. (2018); Singh et al. (2024). This is, among other causes, due to the fact that the run-in times
depend on the simulation model (wind turbine type and substructure) and the aeroelastic code used. There are only a few
detailed studies in which the required run-in times have been determined. A first detailed study on run-in times was carried out
by Zwick and Muskulus (2015) for an offshore wind turbine on a jacket. In this study, however, only normal operation was
considered, while idling load cases were not taken into account. Hiibler et al. (2017b) also conducted a study of the run-in times
of offshore wind turbines for a monopile and a jacket foundation. Here, in addition to the load cases of normal operation, the
run-in times were also analysed for idling conditions for wind speeds below cut-in and above cut-out wind speeds. However,
for the idling condition, the run-in times for wind speeds between the cut-in and cut-off wind speeds were not analysed. Due to
the very high maximum run-in time of 720 seconds in Hiibler et al. (2017b), it is not reasonable to take this as a conservative
assumption for all wind speeds, as this dramatically increases the computational effort. For this reason, before starting meta-
modelling, the first step is to determine the run-in time for idling as a function of the wind speed.

The paper is structured as follows. In the first part, the focus is on the time domain simulation of the idling operating state. Here,
the run-in times are determined with respect to the wind speed. Then, the next step is to create the training and test data sets for
meta-modelling. These are then used to investigate the creation of the meta-models for the idling wind turbine. The Kriging
meta-models are analysed with regard to the Kriging settings, i.e., the choice of the covariance and basis function. Subsequently,
a convergence study is carried out to determine the number of simulations required for creating the meta-models. Finally, the
results of the meta-modelling of the idling offshore wind turbine are compared with the results of the meta-modelling of the

same offshore wind turbine in normal operation and a conclusion is drawn.



95

100

105

110

115

120

125

https://doi.org/10.5194/wes-2025-83 WIND
Preprint. Discussion started: 17 June 2025

~
© Author(s) 2025. CC BY 4.0 License. e we \ EE:EEIT\I%YE

2 Time-domain simulations of an idling offshore wind turbine
2.1 Simulation model and environmental conditions

The time-domain simulations for the investigations in this work are conducted using the aero-hydro-servo-elastic code FASTv8
from the National Renewable Energy Laboratory (Jonkman, 2013). A soil model by Hifele et al. (2016) and Hiibler et al.
(2018) that enhances the FASTvS8 code is considered. The NREL 5 MW reference turbine (Jonkman et al., 2009) with the OC3
monopile and soil (Jonkman and Musial, 2010) is used as the wind turbine model. For the soil model, the required soil matrices
are based on the lateral soil model of Kallehave (Kallehave, 2012) and on the axial soil model of FUGRO (API, 2007). These
choices follow the work of Hiibler et al. (2017a, 2018). In accordance with Hifele et al. (2016), the soil matrices are calculated
using initial conditions, i.e., no loads were applied.

The turbulent wind field is calculated using TurbSim (Jonkman and Kilcher, 2012). Here, the Kaimal turbulence model is
used, which is one of the turbulence models recommended in the IEC 61400-1 guideline (IEC, 2019) and which is frequently
used, for example by Yang et al. (2015), Slot et al. (2020), and Wilkie (2020). The irregular waves are calculated using the
JONSWAP spectrum. The JONSWAP spectrum is commonly used for offshore wind turbine simulations, e.g., by Velarde et
al. (2019), Stieng and Muskulus (2020), and Wilkie (2020).

Five scattering parameters (mean wind speed v, turbulence intensity 7'1, significant wave height H,, wave peak period 7}, and
wind-wave-misalignment 6,,;5) are considered in this work. For these five parameters, the statistical distributions by Hiibler
et al. (2017b) are used, which were fitted to the measured environmental conditions at the FINO 3 research platform in the
German North Sea.

The simulation length of each simulation is 10 minutes in addition to the run-in times to be determined in the next section.
2.2 Determination of the run-in times

Before creating the database for the training and testing of the meta-models, the first step is the determination of the the run-in
times for the NREL 5 MW reference turbine on the OC3 monopile in idling conditions using the FASTv8 software. Since
previous investigations have shown that the run-in times depend on the wind speed (Zwick and Muskulus, 2015; Hiibler et al.,
2017b), the run-in times are determined as a function of the wind speed.

The run-in times are determined by investigating the internal forces at two representative locations at the wind turbine, which
are visualised in Fig. 1. The internal forces of the monopile are investigated a mudline and the internal forces of the rotor blade
are investigated at its root. An overview of the considered internal forces can be found in Tab. 1. In the further course of this
paper, the meta-models are then created and analysed for these internal forces.

To obtain the run-in times as a function of the wind speed, wind speeds of 1 ms~! to 33 ms~! with a step width of 2 ms—!
are considered. 10,000 simulations are carried out for each wind speed. In each of the 10,000 simulations, the random wind
and wave seeds and the initial azimuth angle v (initial position of the rotor blades) are varied. All other scattering parameters,
ie. Hy, T, T1, etc., are kept constant, whereby the mean values of the corresponding probability distribution are used. This

means that the 10,000 simulations conducted for every wind speed are identical except for the values of the random wind and
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Figure 1. Visualisation of the NREL 5 MW reference turbine on the OC3 monopile (not to scale) with markings indicating the locations at

which the internal forces are evaluated.

Table 1. Considered internal forces for the determination of run-in times and for the creation of meta-models

Internal forces  Description

F, shear force at mudline in wind direction

M, overturning moment at mudline in wind
direction

F, shear force at mudline perpendicular to wind
direction

M, overturning moment at mudline perpendicular to

wind direction
Mz Root edgewise moment at the blade root

My Root flapwise moment at the blade root

wave seeds and the initial azimuth angle 1.
A convergence study is conducted to determine the run-in times. Each of the 10,000 simulations per wind speed has a simulation
length of 60 minutes. This leads to a maximum of 50 minutes for the initial transients as the usable simulation length is 10

minutes. Based on the study of Hiibler et al. (2017b) on initial transients of an offshore wind turbine, it is assumed that this
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130 duration is sufficient for an idling wind turbine.
For the convergence study, the run-in time is increased step by step in 10-second intervals, starting with a minimum run-in
time of 10 seconds. Then, in each step, for each of the 10,000 simulations, the run-in time is cut off and a short-term DEL is

calculated for a simulation length of 10 minutes according to Eq. (1).

1
Seq = (Z N ) (M
135 Here, n; is the corresponding number of cycles for each load range .S; determined by a rainflow counting according to the stan-

dard ASTM E1049-85 (ASTM, 2017). N,..y = 600 is the number of equivalent cycles for a frequency of 1 Hz for a 10-minute

time series and m is the Wohler exponent. The Wohler exponent m = 3 is chosen for steel and m = 10 for the composite

material of the rotor blade. The load range S; is corrected according to Goodman (1899).
The resulting 10,000 short-term DELs S,, are then averaged for each step of the convergence study. The run-in time is con-
140 sidered sufficiently long if the deviation of the current mean short-term DEL from the mean short-term DEL of the maximum
analysed run-in time of 50 minutes is less than 5 %.
As described above, the 10,000 simulations conducted for every wind speed are identical except for the values of the random
wind and wave seeds and . ¢ is varied in each simulation in addition to the random wind and wave seeds, as during the
investigations, it turned out that the run-in times, especially for the flapwise bending moment at the blade root M root, could
145 only be determined if v is varied in each simulation. This can be explained as follows. In the case of an idling wind turbine,
the blades are pitched out. Due to this pitch angle and the very low rotational speed of the rotor, the flapwise (idling: in-plane)
bending moment is significantly affected by the weight of the rotor blade itself and therefore depends on the position of the
rotor blade. This dependency is shown in Fig. 2, where the time series of the azimuth angle and M, r,.: are shown for one
example simulation with a mean wind speed of v, =17 ms~!. It becomes clear that the value of My Root 18 significantly in-
150 fluenced by the value of the azimuth angle. Furthermore, it is noticeable that the values of M, roo: Only change very slowly.
This is due to the fact that the azimuth angle, i.e., the rotor position, only changes very slowly caused by the low rotor speed
(approximately one rotation per hour). If only the random wind and wave seeds are varied while ¢ has the same value in all
10,000 simulations, the resulting time series of M, r,.: differ only due to different rotor speeds caused by different stochastic
wind fields. These differences are — especially for My, roo: — not large enough to determine a convergence of the run-in times,
155 as the time series are too similar and the mean values of My roo¢,pEr are therefore too strongly affected by the rotation of
the rotor. This issue can be avoided by varying ¢ in each simulation. Due to the different initial rotor positions, the time series
of My root are more different. Consequently, the influence of the rotation of the rotor in M, root, pEL is averaged out when
calculating the mean value of M root, pr1- This enables the run-in times to be determined. For this reason, the azimuth angle
is varied randomly to determine the run-in times.
160 Figure 3 shows an example of the convergence behaviour for wind speeds from 1 ms—! to 9 ms~! for My per, and My root,DEL-
For the remaining internal forces and wind speeds considered, the convergence behaviour is shown in Appendix A in Fig. Al
to A3. Itis clear that M, prr has a better convergence behaviour than My root, prr and that longer run-in times are required

when looking at My root, pEL- For My pry it can be seen that the run-in time depends on the wind speed. The higher the
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Figure 2. Influence of the azimuth angle on the flapwise bending moment My roo¢ at the rotor blade root for a mean wind speed of
1

vs=17ms™
wind speed, the shorter the run-in time required. This dependence of the run-in time on the wind speed can be observed for all
analysed internal forces, although the run-in times of the bending moments at the rotor blade roots deviate from this in some
cases. For My root, pEL, fOr example, it can be seen that the results for 3 ms~1 and 5 ms~! deviate from this trend as shown
in Fig. 3. The reason for these deviations could not be determined in this study. As the simulation of My root, pr, additionally
requires the highest run-in times for most wind speeds, 800 seconds run-in time is assumed for wind speeds < 16 ms~! to be on
the conservative side. For very high wind speeds, the investigations show required run-in times of less than 10 seconds. Here,
to be on the safe side, a minimum run-in time of 60 seconds is specified. The run-in times defined in this work are shown in
Tab. 2.

Comparing the results in Tab. 2 with the results of Hiibler et al. (2017b) for the same wind turbine in operation, it is noticeable
that the trend that the required run-in time becomes shorter with increasing wind speed was observed previously. The results
also agree well for wind speeds of less than 3 ms~!, where the turbine is idling. However, the results differ significantly in
one aspect. Compared to 60 seconds in this study, a very long run-in time of 360 seconds was determined for the idling wind
turbine for wind speeds greater than 25 ms~—!. One possible reason for this could be that in this work only one load case per
wind speed is calculated 10,000 times with different random seeds and varying initial azimuth angles. Here, the mean values

of the probability distributions of the remaining scattering parameters are used. The determined run-in times therefore apply
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Figure 3. Initial transient behaviour of the idling wind turbine for mean wind speeds of 1 ms ™" to 9 ms™*

Table 2. Recommended run-in times that should be discarded to exclude the effects of initial transients

vs in ms™? <2 2-4 4-6 6-8 8-10 10-12 12-14 14-16 16-18

run-in timeins 800 800 800 800 800 800 800 800 100

vs in ms™? 18-20 20-22 22-24 24-26 26-28 28-30 30-32 >32

run-in time in s 70 70 60 60 60 60 60 60

to average load cases. However, rarely occuring combinations of input parameters, which may lead to higher run-in times, are
180 not taken into account. In Hiibler et al. (2017b), in contrast, 10,000 different load cases per wind speed bin were calculated
to determine the run-in times. This means that the wind speed and other scattering parameters such as turbulence intensity,
significant wave height, wave peak period, etc., were varied in each of the 10,000 simulated load cases per wind speed bin.
As aresult, less frequently occuring combinations of input parameters were also taken into account, which may lead to higher
run-in times. To summarise, it can therefore be concluded that the run-in times in this work apply to average load cases while

185 the run-in times from Hiibler et al. (2017b) can be used to be on the conservative side.
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3 Meta-modelling
3.1 Kriging meta-model

In this work, Kriging is used as a meta-model for the simulation model of the offshore wind turbine in idling conditions.
Kriging uses a combination of a regression equation to model the mean or general trend in the data and a Gaussian process
with a zero mean to model the deviations from the general trend (Santner et al., 2018). The equation of Kriging is given as

follows by Rasmussen and Williams (2008):

g9(x) = f(x) +h(x)" 8. )

h(x)T 3 represents the general trend in the data with known regression or basis functions h(x) and unknown regression coef-

ficients 3. f(x) is a Gaussian process with a zero mean and the covariance function or kernel function k(x,x’):
f(x) ~GP(0,k(x,x")). 3)

As mentioned before, using the Gaussian process (GP), the deviations from the general trend, also called residuals, are mod-
elled. Here, the covariance function k(x,x’) describes the similarity between different data points (x and x”). It is assumed that
data points whose input values are close to each other, i.e., are similar, also have similar output values. Covariance functions can
be isotropic or anisotropic. They differ in the correlation length used. The correlation length indicates how distant data points
may be from each other in order for them to still be correlated. For isotropic covariance functions, there is a joint correlation
length for all input parameters. In contrast, for anisotropic covariance functions, there is a separate correlation length for each
input parameter. This can be beneficial when the different input parameters have different influences on the output parameters
(Rasmussen and Williams, 2008). In this work, the anisotropic covariance functions are named with the prefix ARD (automatic
relevance determination).

For more information on Kriging, the reader is referred to Santner et al. (2018) and Rasmussen and Williams (2008).

The Kriging meta-model is used in this work to predict fatigue loads, i.e., short-term DELs S,,, based on the input parameters
vs, T'1, Hg, T, and 0,,;5. These environmental parameters were identified as significant in sensitivity analyses for operating
wind turbines by Hiibler et al. (2017a), Murcia (2018), and Velarde et al. (2019). Due to their significant influence on the
fatigue loads of operating wind turbines, it is assumed in this work that these parameters also have a significant impact on the
fatigue loads in the case of an idling wind turbine.

It should be mentioned that a separate meta-model is created for each of the six internal forces analysed (see Tab. 1). To train the
meta-models, the short-term DELs S, determined with the aeroelastic simulation model f depending on the input parameters

are used.
Seq:f(vsaTI7Hsan79mis) (4)

A Kriging meta-model is a mathematical model which, in principle, can also make unphysical predictions, such as negative

short-term DELs. To avoid the prediction of negative DELs, the logarithm of the short-term DELSs is used to train the meta-
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As the meta-models g were trained with [n(Se,), the meta-models g also predict values for Zn(S’eq), where S’eq is the approxi-

mated short-term DEL.
In(Seq) = g(vs, T1, Hy, Ty, Ormis) (6)

The values of Eq. 6 can then be used to calculate Seq as follows.

Seq = exp(In(Seq)) )
It should be noted that a Kriging meta-model generally predicts a mean and a corresponding standard deviation of the short-
term DEL. For the prediction of the short-term DELs in this work, only the predicted mean values are used, as the mean values
are the central values of the predictive distributions and provide a clear and unambiguous estimate of the expected short-term

DELs.
3.2 Generation of training and test data

Using the previously defined initial transients, the training and test data sets for meta-modelling can be created. Here, the same
simulation model and environmental conditions are used as described in Sect. 2.1. The five environmental input parameters for
the meta-models v,, T'I, H,, T}, and 0,,,;, are considered as scattering parameters. In addition to these variables, 1 and the
random wind and wave seeds are also varied randomly in each simulation. For the other environmental variables, which are
also scattered in reality (e.g., wind shear exponent), the mean values of their probability distributions are used.

In the sampling process, correlations between the input parameters are taken into account as shown in Fig. 4. This means that
combinations of environmental variables that do not occur in reality, such as a high wind speed in combination with a very low
wave height, are not considered in this work. The correlations were considered using the statistical distributions of Hiibler et
al. (2017b), which contain the correlations between the different environmental variables.

10,000 samples are created using a Halton sequence. A Halton sequence is also known as a quasi-random sampling method.
Here, samples are generated in the interval of [0,1] with the help of an equation. The created samples are then transformed
using the inverse cumulative probability distribution. The Halton sequence is selected because it led to the best results in terms
of the required number of samples compared to other methods in an earlier study (Miiller et al., 2022) for an offshore wind
turbine in operation. In addition, the Halton sequence was also used by Dimitrov et al. (2018) and Slot et al. (2020).

The resulting time series for the different internal forces (see Tab. 1) are subsequently tranformed into short-term DELSs using
Eq. 1. The data set is then split into a training data set and a test data set. Here, 85 % of the samples are used to train the Kriging

meta-model and 15 % of the samples are then used to test the meta-model.

10
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Figure 4. Correlations of mean wind speed v, and significant wave height H

3.3 Load comparison of operating and idling wind turbines

As already described, the idling load cases can certainly have a significant impact on the lifetime, as the wave loads have a
more significant impact on the structural behaviour due to the almost non-existent acrodynamic damping. Thus, the wave loads
excite the structure more strongly. To understand the magnitude of the internal forces of the idling conditions compared to
the internal forces of normal operation, the internal forces of the idling wind turbine and the internal forces of the operating
wind turbine are compared first. This comparison also helps to check whether it is appropriate to create a meta-model for all
the internal forces considered in this work, or whether some of the internal forces in idling conditions are so small that no
meta-model is required, as they have almost no influence on the lifetime.

For this investigation, the generated training and test data sets from the previous section are compared with the training and test
data sets for meta-modelling for normal operation of the same offshore wind turbine (i.e., the same simulation model) from
Miiller et al. (2022). For both data sets, the wind speed range from 3 ms~! (cut-in wind speed) to 25 ms~! (cut-off wind speed)
is divided into bins with a width of 2 ms~!. Subsequently, the mean of the short-term DELs is calculated for each bin and for
both data sets. Example results are shown in Fig. 5 for I, pgr,, Iy, pEL, and the out-of-plane (OoP) bending moment at the
blade root Moo p,Root,pEL- The comparison for the remaining internal forces is shown Appendix A in Fig. A4. It becomes
clear that the internal forces at the monopile under idling conditions are in the same range compared to the internal forces
during normal operating conditions and can be even higher than in normal operating conditions. The bending moments at the
rotor blade roots are smaller but at least of a similar order of magnitude for low wind speeds. This study therefore leads to the

conclusion that meta-models should be created for all six internal forces considered.
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Figure 5. Comparison of the internal forces between idling and operating conditions for F; prr, Fy,per and Moop,Root, DEL

3.4 Input parameters for meta-modelling

Based on the results in Sect. 2.2 showing significant impacts of 1 and the rotor speed on M, root, this section briefly inves-
tigates whether v and the mean rotor speed w need to be considered as additional input parameters for meta-modelling. For
this purpose, the meta-models are first trained with the five environmental input parameters described in Sect. 3.2 (vs, T'1,
Hy, T, and 0,,;5) using all 8,500 training samples. Subsequently, meta-models are created with v and w as additional input
parameters. To decide whether the additional input parameters need to be taken into account, the two meta-models created with
different numbers of input parameters are compared for each considered internal force using the 1,500 test samples. Here, the
predicted short-term DELs of the two meta-models are compared with the short-term DELs determined with the aeroelastic
simulation code FASTVS.

Example results are shown in Fig. 6 for M, pg;, and M, root,pEr, depending on v,. From Fig. 6(a) and (c), it is clear that
the use of the five input parameters for the approximation of M, pgr, leads to good results as both the overall trend and the
scatter are represented. The meta-model of My root, pEL, in contrast, cannot represent the scatter of the simulated values of
My Root,pEL- Figures 6(b) and (d) show the approximations of the meta-models for My, prr and My root, pEr With 1) and
w as additional input parameters. It is clear that there is barely any change in the approximation of M, pgr compared to the
meta-model with five input parameters. For My root, pEL, in contrast, it becomes apparent that the approximation of the meta-
model is significantly better when the two additional input parameters are employed. From these results it can be concluded,
on the one hand, that it is sufficient for the internal forces at the monopile to use the five environmental input parameters that
are also used for a wind turbine in normal operation. For the bending moments at the rotor blade roots, on the other hand, the

two additional input parameters 1) and w are required for an acceptable approximation quality of the meta-models.
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use five input parameters (vs, T'1, Hs, Tp, Omis), (b) and (d) use seven input parameters: input parameters from (a) plus 1 and w.

While 4 is an input parameter that can be specified in the FASTvS input files, w is not an input parameter of the aeroelastic
simulations. w depends on, among other factors, the wind field of the aeroelastic simulation and is therefore actually an output
parameter of the simulation. In order to be able to use w as an input parameter, the relationship between the input parameters
vs, T, Hg, Tp, 0145, and 1) and the output parameter w is therefore modelled using an additional Kriging meta-model. To train
this meta-model for w, the same simulation data are used as for training the meta-models for the prediction of the short-term

DELs. Since the rotor speed strongly depends on the random seeds (see also Sect. 2.2), it is not sufficient for the prediction of
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w to only use the mean value of the Kriging meta-model for w (as done for the meta-models for the prediction of the short-
term DELs). Using only the mean value for the prediction, the scattering of w cannot be properly modelled (see Fig. 7(a)).
For this reason, the standard deviation is used in addition to the mean value to predict the short-term DELs. For this purpose,
each predicted short-term DEL is randomly sampled from the normal distribution resulting from the predicted mean value of
the corresponding short-term DEL and the standard deviation given by the Kriging meta-model of w. Including the standard
deviation of the Kriging meta-model for w allows a sufficiently accurate mapping of the relationship between w and the input

parameters (v, T'1, Hy, T, and 0,,,;5). This is shown in Fig. 7(b).
3.5 Investigation of Kriging settings and convergence study

Having defined the input parameters for meta-modelling, the next step is to analyse which meta-model settings lead to the best
approximation of the simulation model. Here, four different basis functions and five covariance functions are analysed for the
investigation of the meta-model settings for the Kriging meta-model. The analysed basis and covariance functions have already
been used for Kriging meta-models in wind energy. For the five covariance functions, both the option with equal correlation
lengths (isotropic covariance functions) and the option with different correlation lengths (anisotropic covariance functions)
for each input parameter are evaluated. The investigated basis and covariance functions are listed in Tab. 3. More detailed
information on the covariance functions can be found in Rasmussen and Williams (2008).

For every possible combination of the investigated basis and covariance functions, a Kriging meta-model is created to select

a meta-model setting for all further investigations in this paper. As measure of error, the normalised root mean square error
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Table 3. Investigated basis and covariance functions

basis functions none, constant, linear, and pure

quadratic

covariance functions  exponential, squared exponential,
rational quadratic, matern 5/2,
matern 3/2, ARD exponential,
ARD squared exponential,
ARD rational quadratic
ARD matern 5/2, ARD matern 3/2,

(NRMSE) is used.

1 STV (Seq(:))? = Seq ()2
NRMSE = E(Seq(x))\/ N, ®)

Here, Scq(x) are the simulated short-term DELSs and S’eq(xi) is the i-th short-term DEL predicted by the meta-model. Ny.s; is

the number of test samples and E(S,,(z)) is the expected value of the short-term DELs S, (). One advantage of this error
metric is the possibility to compare the meta-models for the different fatigue loads directly with each other. Therefore, it is
quite simple to determine whether there are internal forces that can be better represented by a meta-model than others.

It turns out that the approximation quality mainly depends on whether an isotropic or anisotropic covariance function is chosen.
The anisotropic covariance function, i.e., different correlation lengths for the different input parameters, leads to a better
approximation of the simulation model than the isotropic covariance function. An example can be seen in Fig. 8 for M, pgr..
This result was to be expected, as the five input parameters (fatigue loads at the monopile) or seven input parameters (fatigue
loads at the rotor blade root) each have a different impact on the investigated internal forces.

To be able to decide which settings lead to the best meta-model — also with regard to the required number of samples — a
convergence study is carried out. Here, the number of samples is increased step by step up to the maximum number of training
samples of 8,500. Due to the result that the approximation quality is better when using anisotropic covariance functions, only
the anisotropic covariance functions are considered further for the convergence study. Fig. 9 shows the convergence of the
NRMSE for My root,pEL and My root,prr for the five different anisotropic covariance functions in combination with all
analysed basis functions as a function of the number of samples used. The results of the remaining internal forces are shown in
Appendix A in Fig. AS. It becomes clear that the choice of the covariance function has an influence on the number of samples
required for meta-modelling, but that the choice of the basis function does not for most of the internal forces considered.
Only for the bending moments at the rotor blade roots can the selected basis function be decisive for the required number of
samples as the choice of no basis function and a quadratic basis function partly leads to significantly worse results compared
to a constant or linear basis function.

Since the ARD matern 3/2 covariance function leads to the best results overall for all fatigue loads considered, this covariance
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Figure 8. NRMSE for different settings of Kriging using M, pgr, as an example and using the entire training data of 8,500 samples

function is used from this point onwards in this paper. For the basis function, the use of a constant or linear basis function is
recommended, as these lead to a good approximation for all internal forces analysed. Therefore, in the following, a linear basis
function is used.

Furthermore, it is clear from Fig. 9 and Fig. A5 that the value of the N RM S E has not yet converged for all internal forces (e.g.
M. root,pEL and My prr), even when all 8,500 training samples are used. In order to achieve convergence, further samples
would be necessary. However, as this is only useful if a convergence of the N RM SFE is required for a sufficiently accurate
meta-model, the next section first analyses how suitable the meta-models created in this work, using all 8,500 samples, are in

comparison to the simulation model.
3.6 Evaluation of the approximation quality of the Kriging meta-model

In this section, the previously raised question of how good the meta-models created are in terms of their approximation quality
and whether they should or could be more accurate will be addressed. Here, it should be noted that the aeroelastic simulations
themselves also contain uncertainties, e.g., due to the random seeds used for the generation of the wind and wave fields. This
seed-to-seed uncertainty and the uncertainty of the meta-models compared to the aeroelastic simulation model will be analysed
in the following. The aim is to be able to rate the approximation quality of the meta-model in comparison to the seed-to-
seed uncertainty of the simulation model. For this purpose, the test data set (see Sect. 3.2) is simulated nine additional times
with varied wind and wave seeds using the aeroelastic simulation code FASTvS. For the resulting 10 test data sets, which are
identical except for the wind and wave seeds, the NRM SFE is calculated for all possible combinations of the 10 test data
sets (NRM SEg;y,, 45 combinations in total). The mean value N RM SFEg;m mean is then calculated from the 45 values of

NRMS FEg;p,. At the same time, the predictions of the meta-models are compared with the 10 test data sets. For this, the
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Figure 9. NRMSE depending on the number of simulations for different settings of the Kriging meta-model for the bending moments at the

rotor blade root

NRMSE is first calculated for all possible combinations of the predictions of the meta-models with the 10 test data sets
(NRM SE,ctq, 10 combinations in total). Here again, the mean value N RM SE,,ctq,mean is determined from the 10 values
of NRM SFE,,etq- The resulting two mean values of the N RM SE are then compared for all considered internal forces (see
Tab. 4). Additionally, a visual comparison, in which the first test data set is plotted against the second test data set and against
the predictions of the meta-model is conducted. An example is shown in Fig. 10 for F; prr, and My root,DEL-

The results in Tab. 4 show that the N RM SE,,,¢, is smaller than the N RM S E;,, for all considered internal forces although
the difference for My root,p 1 is very small. It can therefore be concluded that the meta-models are sufficiently accurate as the
meta-models do not have to be more accurate, since the uncertainty of the simulation model due to the seed-to-seed uncertainty
is already larger than the error of the meta-models. This is also clear from Fig. 10.

Based on these results, the findings of the previous section regarding the required samples and the choice of the meta-model

17



https://doi.org/10.5194/wes-2025-83 WIND

\
Preprint. Discussion started: 17 June 2025 ENERGY
Author(s) 2025. CC BY 4.0 License. w \
© Author(s € € SCIENCE

® european academy of wind energy
m

800 : : ;
NRMSE . =0.203, NRMSE =0.146
s1m meta

600 ——=

il

400 -

FX: ppL M kN

200

simulated (blue) / predicted (red)

o

0 200 400 600 800

simulated Fx._DL-'L in kN

1500 'INRMSE = 0.689, NRMSE__ =0.684]
1000 | s

500

MY:RW:DLL m kNm
simulated (bluc) / predicted (red)

0 500 1000 1500

simulated My.Root._DL-'L in kNm

simulation - simulation
simulation - meta-model
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settings must be re-evaluated. Assuming that the values of NRM SFE,,.:, do not have to be smaller than the values for
360 NRMSFEg;n, from Tab. 4, Fig. 9 and Fig. A5 show that significantly fewer than the 8,500 simulations carried out in this
work are enough to create sufficiently good meta-models. When using a linear basis function and an ARD matern 3/2 covari-
ance function as recommended in the previous section, as few as 2,000 samples are sufficient to create the meta-models for

every considered internal force, although the N RM S E has not yet converged. It can therefore be summarised that significantly
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Table 4. Comparison of the mean values of N RM S FE;,, for simulation against simulation resulting from all possible combinations of
10 random seeds (45 combinations) with the mean values of the of NRM S Eyetq for meta-model against simulation resulting from the
possible combinations of the same 10 random seeds (10 combinations) for all considered internal forces using the maximum number of

training samples

Internal force NRMSEsim mean NRMSEecta,mean

(45 combinations) (10 combinations)
FipEL 0.198 0.146
My, pEL 0.439 0.318
Fy pEL 0.149 0.114
Mz pEL 0.355 0.263
Mz, Root,pEL 0475 0.369
My, Root,pEL  0.681 0.680

fewer samples are required to create a sufficiently accurate meta-model compared to the results of the convergence study.

Fig. 10 also clearly shows that the seed-to-seed uncertainty has a different impact on the considered internal forces. Especially
for My root, 0 EL, the influence of the seed-to-seed uncertainty is significant and it becomes clear that a change of the random
seeds alone (while keeping all other input parameters unchanged) results in a large scattering of the short-term DELs. This
large scattering can be explained by the fact that the different random seeds result in different wind fields, which cause the

rotor to rotate at different speeds during the simulation (see also Sect. 2.2).

4 Comparison to meta-modelling of an operating wind turbine

The findings concerning the meta-modelling of the idling offshore wind turbine are compared with the findings concerning
the meta-modelling of the same offshore wind turbine in normal operation. For this purpose, the results from a previous study
are used, in which the meta-modelling of the same simulation model, i.e., the NREL 5 MW reference turbine on the OC3
monopile, was investigated (Miiller et al., 2021). In this study, the same five input parameters were used for meta-modelling
and the use of the ARD matern 3/2 covariance function in combination with a quadratic basis function was recommended.

It is noticeable that the results of the investigations into meta-modelling of the short-term DELs are very similar for idling
and for normal operation. The findings that an anisotropic rather than isotropic covariance function leads to a better meta-
model and the influence of the basis function is rather low are valid for both normal operating and idling conditions. Only
the recommendation of a linear instead of pure quadratic basis function differs. However, the results in Miiller et al. (2021)
show that it is also possible to use a linear basis function for normal operation. It would therefore be possible to use the same
covariance and basis functions for both operating states.

The five input parameters that were used for normal operation are also sufficient for meta-modelling of the idling condition
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for the prediction of the internal forces at the monopile. With regard to the approximation of the bending moments at the
rotor blade roots, two additional parameters (¢ and w) must be added for idling compared to normal operation. However, this
does not affect the choice of the Kriging settings, so that the same settings could be used for the Kriging meta-models for the
prediction of the short-term DELSs both at the monopile and at the rotor blade root.

With regard to the evaluation of the approximation quality, no conclusion can currently be made on the basis of the work in
Miiller et al. (2021) as the influence of the seed-to-seed uncertainty was not investigated in this study. Since the same simulation
model was used, it can be assumed that similar effects occur in normal operation as when idling. Nevertheless, this would have

to be confirmed in a further study.

5 Conclusions

In this work, meta-modelling for the estimation of damage equivalent loads for an idling offshore wind turbine was investigated.
The simulation model analysed was the NREL 5 MW reference turbine on the OC3 monopile. Here, the approximation of the
fatigue loads at the monopile at mudline in the wind direction and perpendicular to the wind direction as well as the blade root
moments were investigated. Moreover, before the meta-models were created, the run-in times for the idling wind turbine were
determined.

In this context, the following new findings have been achieved:

1. The investigation of the run-in times showed that the required run-in times decrease with increasing wind speed. It turned

out that the recommended run-in times are between 60 and 800 seconds depending on the wind speed.

2. The findings concerning meta-modelling of the idling wind turbine are generally similar to the findings concerning

meta-modelling of the same wind turbine in normal operation.

3. However, it was found that ¢ and w have a significant impact on the flapwise bending moment at the rotor blade root
My Root- Therefore, these parameters should be included in meta-models for the internal forces at the blade root. Never-

theless, there is no need to include them in meta-models for the internal forces at the monopile.

4. Regarding the meta-model settings, the use of the ARD matern 3/2 covariance function in combination with a linear

basis function is recommended for the creation of the meta-models.

5. Due to a large seed-to-seed uncertainty in aeroelastic simulations, significantly fewer samples compared to the entire

training data set of 8,500 samples are required to create the meta-models (i.e., approximately 2,000).

Nevertheless, there are some limitations to the generalisation of this work. Regarding the run-in times, it is important to keep
in mind that the run-in times only apply to the simulation model of the NREL 5 MW reference turbine on the OC3 monopile
analysed in this work using the aeroelastic simulation code FASTVS. If a different wind turbine, substructure or aeroelastic
simulation code is used, the run-in times may differ from those in this paper. Nevertheless, the run-in times given can, of

course, provide an indication for the choice of the run-in times. Furthermore, it should be noted that the meta-modelling was

20



415

420

425

430

https://doi.org/10.5194/wes-2025-83 WIND

Preprint. Discussion started: 17 June 2025 e WE\ ENERGY
Auth 2025. BY 4.0 Li .
© " Or(S) O 5 CC O reense european academy of wind energy SCI ENCE

investigated only for six different internal forces at two locations of the offshore wind turbine and for one specific wind turbine
model. To be able to assess whether these results can be transferred to other locations of the wind turbine or to other wind
turbine models and substructures, further investigations must be carried out. It should also be noted that the meta-models
were not created or tested for extreme environmental conditions. The meta-models were created for the load cases covered
by the 8,500 simulations of the training data and tested for the load cases of the 1,500 test samples. In addition to the points
discussed, it should be mentioned that the use of short-term DELSs for the fatigue calculation, especially for the rotor blades, is
a simplification.

In future work, the new meta-models created in this work can be used for the lifetime reassessment of wind turbines to
enable the consideration of idling in the lifetime reassessment in addition to modelling normal operation using meta-models.
This would lead to a significant reduction of the computational effort of the lifetime reassessment. However, even though the
meta-models in this study show a good approximation quality, their use for the lifetime reassessment should be investigated in a
further study. Furthermore, the findings from this work can be used to create meta-models for other simulation models of idling
wind turbines. In addition, other meta-models could also be investigated, for example, the use of a heteroscedastic Gaussian
process regression. In contrast to the homoscedastic Gaussian process regression used in this work, heteroscedastic Gaussian

Process regression can take a varying uncertainty (standard deviation) over the range of input parameters into account.

Data availability. Datasets related to this article are available upon request. It is planned to make the datasets publicly accessible.

Appendix A: Additional figures
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forces

23



https://doi.org/10.5194/wes-2025-83 —~  WIND
Preprint. Discussion started: 17 June 2025

(© Author(s) 2025. CC BY 4.0 License. eawe \ g(NﬂEEFl{\IGCYE

european academy of wind energy
DISCUSSIONS

—
&
—
2

—
—

0.9}

normalised mean Fx_ DEL
normalised mecan My_: DEL
=
\D —
3
|
|
|
|
|
|
|
|
|
|
|
|
|
|
1

0.8

e
)

0 1000 2000 3000 1000 2000 3000
"run-in" time in s "run-in" time in s

o

[u—
]
|
—
[§]

—
[

normalised mean Fy DEL
|
1
|
1
|
|
|
|
|
|
|
|
|
|
|
1
normalised mean MX:DLL
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
1

0.9r 0.9}
0.8 0.8
0 1000 2000 3000 0 1000 2000 3000
"run-in" time 1n s "run-m" time in s
B 1.2¢ B 1.2
= =
a a
2 g
g L1 g
3 )
= =
g g
E g
= =
= 0.9r = 0.9}
0.8 0.8
0 1000 2000 3000 0 1000 2000 3000
"run-in" time in s "run-in" time in s
21 ms™! 27 ms’! 33 ms’!
————— 23ms! ====-=20mg! = = = 5 % deviation
"""""" 25 ms™h 31 ms!

Figure A3. Initial transient behaviour of the idling wind turbine for mean wind speeds of 21 ms ™" to 33 ms~! for all considered internal

forces

24



https://doi.org/10.5194/wes-2025-83
Preprint. Discussion started: 17 June 2025
(© Author(s) 2025. CC BY 4.0 License.

x10*
2.5 ¢ .
*  operating
+ idling
2 + —+
& + -+
Z T
~ +
E 15 +
3 +
= +
e
= 1 o X
x
*
e
K
0.5 ><><><><X
0 10 20
\«'_inms']
5

30

(&)

MX:DL.L m kN

0.5

s
+

operating
idling

v inms
5

30

—/ § WIND
eawe\ ENErcy
european academy of wind energy SCI E N C E
5000
X operating
. 4000 t + idling
4 x
- X
B 3000 | oy x XX
2
A
g 2000 |
&
=
= ++
1000 +
PN o
+
0 L .
0 10 20 30
Vv in ms”!
5

Figure A4. Comparison of the internal forces between idling and operating conditions for My prr, M. prr and the in-plane bending

moment at the blade root M7 p, root,DEL

25



https://doi.org/10.5194/wes-2025-83

WIND

Preprint. Discussion started: 17 June 2025 Dy ENERGY
(© Author(s) 2025. CC BY 4.0 License. e we \
@ ® european academy of wind energy SCI E N C E
F__ . F
0.2 ©DEL 0.18 DEL
' +
0.19 1% 016l ©
018 R
[;]_1 @ ox % %
= . r % . L ¢)
= 017 §8: = 014 ?@
Z X % (3 (@ Z & X5 i
DI6_$§£§§§§§§ 0.12 $g§ %@e&&@
15+ Dwax B b % % a8
SRR LLLLIE P TT ST
0.14 0.1
0 2000 4000 6000 8000 10000 0 2000 4000 6000 8000 10000
number of simulations number of simulations
MV,DEL Mx,DEL
0.35 :
15,
§ %
0.34 - !
8f
LT . 2
2 03 %&g%%g@ =
Z. ¥ O z Z
® éasagggﬁﬁg
0.32} Y860
0.31 .
0 2000 4000 6000 8000 10000 0 2000 4000 6000 8000 10000

number of simulations

number of simulations

+  ARD exponential - none

©  ARD exponential - constant

©  ARD exponential - linear

»  ARD exponential - quadratic

+  ARD squared cxponential - none

¢ ARD squared exponential - constant
©  ARD squared exponential - linear

+

ARD squared exponential - quadratic

ARD rational quadratic - none

ARD rational quadratic - constant

ARD rational quadratic - linear

ARD rational quadratic - quadratic

ARD matern 5/2 - none
ARD matern 5/2 - constant

ARD matern 5/2 - linear
ARD matern 5/2 - quadratic
ARD matern 3/2 - none
ARD matern 3/2 - constant
ARD matern 3/2 - lincar
ARD matern 3/2 - quadratic

x O <&+ o=

Figure AS. NRMSE depending on the number of simulations for different settings of the Kriging meta-model for the internal forces at the

monopile

26



435

https://doi.org/10.5194/wes-2025-83 WIND
Preprint. Discussion started: 17 June 2025

~
© Author(s) 2025. CC BY 4.0 License. o We \ EZFET\I%YE

Author contributions. FS did the main research work, investigated the simulation constraints, analysed the meta-modelling and wrote the
paper. Through discussion and feedback, CH and RR contributed to the interpretation and discussion of the results. The paper was revised

and improved by all authors.
Competing interests. R. Rolfes is a member of the editorial board of the journal.

Acknowledgements. We gratefully acknowledge the financial support of the German Federal Ministry for Economic Affairs and Climate Ac-
tion (research project TransWind - Transdisziplindre End-of-Life Analyse von Windenergieanlagen zur Entwicklung technisch-wirtschaftlich
optimaler Nachnutzungsstrategien, FKZ 03EE3029A). This work was also supported by the LUH computing cluster, which is funded by

Leibniz Universitity Hannover, the Lower Saxony Ministry of Science and Culture (MWK) and the German Research Association (DFG).

27



440

445

450

455

460

465

470

475

https://doi.org/10.5194/wes-2025-83 WIND

Preprint. Discussion started: 17 June 2025 e WE\ ENERGY
Auth 2025. BY 4.0 Li .
© " Or(S) O 5 CC O reense european academy of wind energy SCI ENCE

References

American Petrolium Institute (API): Recommended Practice for planning, designing and constructing fixed offshore platforms - working
stress design - Errata and supplement 3: RP 2A WSD, 2007.

Anmerican Society for Testing and Materials (ASTM): Standard practices for cycle counting in fatigue analysis, ASTM E1049-85, 2017.

Avendafio-Valencia, L. D., Abdallah, 1., and Chatzi, E.: Virtual fatigue diagnostics of wake-affected wind turbine via Gaussian Process
regression, Renew. Energy, 170, 539-561, 10.1016/j.renene.2021.02.003, 2021.

Bouty, C., Schathirt, S., Ziegler, L., and Muskulus, M.: Lifetime extension for large offshore wind farms: Is it enough to reassess fatigue for
selected design positions?, Energy Procedia, 137, 523-530, https://doi.org/10.1016/j.egypro.2017.10.381, 2017.

Dimitrov, N., Kelly, M. C., Vignaroli, A., and Berg, J.: From wind to loads: wind turbine site-specific load estimation with surrogate models
trained on high-fidelity load databases, Wind Energy Science, 3, 2, 767-790,10.5194/wes-3-767-2018, 2018.

Goodman, J.: Mechanics applied to engineering, Longmans, Green & Company, New York, NY, USA, 1899.

Haghi, R. and Crawford, C.: Data-driven surrogate model for wind turbine damage equivalent load, Wind Energy Sci., 9, 2039-2062,
https://doi.org/10.5194/wes-9-2039-2024, 2024.

Hifele, J., Hiibler, C., Gebhardt, C. G., and Rolfes, R.: An improved two-step soil-structure interaction modeling method for dynamical
analyses of offshore wind turbines, Appl. Ocean Res., 55, 141-150, 10.1016/j.apor.2015.12.001, 2016.

Horn, J.-T. and Leira, B. J.: Fatigue reliability assessment of offshore wind turbines with stochastic availability, Reliability Engineering &
System Safety, 191, 106550, 10.1016/j.ress.2019.106550, 2019.

Hiibler, C., Gebhardt, C. G., and Rolfes, R.: Hierarchical four-step global sensitivity analysis of offshore wind turbines based on aeroelastic
time domain simulations, Renew. Energy, 111, 878-891, 10.1016/j.renene.2017.05.013, 2017.

Hiibler, C., Gebhardt, C. G., and Rolfes, R.: Development of a comprehensive database of scattering environmental conditions and simulation
constraints for offshore wind turbines, Wind Energy Science, 2, 2, 491-505, 10.5194/wes-2-491-2017, 2017.

Hibler, C., Hifele, J., Gebhardt, C. G., and Rolfes, R.: Experimentally supported consideration of operating point dependent soil properties
in coupled dynamics of offshore wind turbines, Marine Structures, 57, 18-37, https://doi.org/10.1016/j.egypro.2017.10.381, 2018.

International Electrotechnical Commission (IEC): Wind energy generation systems - part 1: Design requirements, International standard IEC
61400-1, 2019

International Electrotechnical Commission (IEC): Wind energy generation systems - part 3-1: Design requirements for fixed offshore wind
turbines, International standard IEC 61400-3-1, 2019

Jonkman, B. J. and Kilcher, L.: TurbSim user’s guide: Version 1.06.00, National Renewable Energy Laboratory, Golden, Colorado, USA,
2009.

Jonkman, J., Butterfield, S., Musial, W., and Scott, G.: Definition of a 5-MW Reference Wind Turbine for Offshore System Development,
National Renewable Energy Laboratory, Golden, Colorado, USA, 2009.

Jonkman, J. and Musial W.: Offshore Code Comparison Collaboration (OC3) for IEA Task 23 Offshore Wind Technology and Deployment,
National Renewable Energy Laboratory, Golden, Colorado, USA, 2010.

Jonkman, J.: The New Modularizationi Framework for the FAST Wind Turbine CAE Tool, 51st AiAA Aerospace Sciences Meeting, including
the New Horizons Forum and Aerospace Exposiotion, 7-10 January 2013, Dallas, Texas, USA, 1-26, 2013.

Kallehave, D., Thilsted, C.L., and Liingaard, M.: Modification of the API P-y Formulation of Initial Stiffness of Sand, in: Offshore Site
Investigation and Geotechnics: Integrated Technologies - Present and Future, 12-14 September 2012, London, UK, 2012.

28



480

485

490

495

500

505

510

https://doi.org/10.5194/wes-2025-83 WIND

Preprint. Discussion started: 17 June 2025 e WE\ ENERGY
Auth 2025. BY 4.0 Li .
© " Or(S) O 5 CC O reense european academy of wind energy SCI ENCE

Miiller, K., Dazer, M., and Cheng, P.W.: Damage assessment of floating offshore wind turbines using response surface modeling, Energy
Procedia, 137, 119-133, https://doi.org/10.1016/j.egypro.2017.10.339, 2017.

Miiller, K., Guzman, R. F., Cheng, P. W.,Galvdn, J., Sancez, M. J., Rodriguez, R., and Manjock, A., Load sensitivity analysis for for a floating
wind turbine on a steel semi-submersible substructure, in: Proceedings of the ASME 2018 1st International Offshore Wind Technical
Conference, San Franscisco, USA, 4-7 November, VOO1T01A042, 2018.

Miiller, F., Hiibler, C., and Rolfes, R.: Assessment of meta-models to estimate fatigue loads of an offshore wind turbine, in: The Proceedings
of the Thirty-First (2021) International Ocean and Polar Engineering Conference, Rhodos, Greece. 20-25 June 2021, 543-550, 2021.

Miiller, F., Hiibler, C., and Rolfes, R.: Transferability of meta-model configurations for different wind turbine types, in: Proceedings of the
ASME 2022 41st International Conference on Ocean, Offshore and Arctic Engineering, Vol. 8: Ocean Renewable Energy, OMAE 2022,
Hamburg, Germany, 5-10 June 2022, 79698, https://doi.org/10.1115/0MAE2022-79698, 2022.

Murcia, J. P., Réthoré, P.-E., Dimitrov, N., Natarajan, A., Sgrensen, J. D., Graf, P., and Kim, T.: Uncertainty propagation through an aeroelastic
wind turbine model using polynomial surrogates, Renewable Energy, 119,910-922, 10.1016/j.renene.2017.07.070, 2018.

Rasmussen, C. E., and Williams, C. K. I.: Gaussian processes for machine learning, 3. print. ed. Adaptive computation and machine learning.
MIT Press, Cambridge, Massachusetts, USA, 2008.

Santner, T. J., Williams, B. J., and Notz, W. L.: The Design and Analysis of Computer Experiments, Springer New York, New York, New
York, 2018.

Schmidt, F., Hiibler, C., and Rolfes, R.: Lifetime reassessment of offshore wind turbines using meta-models, in: 14th International Conference
on Applications of Statistics and Probability in Civil Engineering (ICASP14), Dublin, Ireland, 9-13 July 2023, 2023

Schroder, L., Dimitrov, N. K., Verelst, D. R., and Sgrensen, J. A., Wind turbine site-specific load estimation using artificial neural networks
calibrated by means of high-fidelity load simulations, J.Phys.: Conf. Ser., 1037, 62027, 10.1088/1742-6596/1037/6/062027, 2018.

Singh, D., Dwight, R., and Viré, A.: Probabilistic surrogate modeling of damage equivalent loads on onshore and offshore wind turbines
using mixture density networks, Wind Energ. Sci., 9, 1885-1904, https://doi.org/10.5194/wes-9-1885-2024, 2024.

Slot, R.M., Sgrensen, J. D., Sudret, B., Svenningsen, L., and Thggersen, M. L.: Surrogate model uncertainty in wind turbine reliability
assessment, Renewable Energy, 151, 1150-1162, 10.1016/j.renene.2019.11.101, 2020.

Stewart, G. M.: Design load analysis of two floating offshore wind turbine concepts, Ph.D. thesis, University of Massachusetts-Amherst,
USA, 126 pp, 2016.

Stieng, L. E. S. and Muskulus, M.: Reliability-based design optimization of offshore wind turbine support structures using analytical sensi-
tivities and factorized uncertainty modeling, Wind Energy Science, 5, 1, 171-198, 10.5194/wes-5-171-2020, 2020.

Velarde, J., Kramhgft, C., and Sgrensen, J. D.: Global sensitivity analysis of offshore wind turbine foundation fatigue loads, Renew. Energy,
140, 177-189, 10.1016/j.renene.2019.03.055, 2019.

Vemula, N. K., de Vries, W., Fischer, T., Cordle, A., and Schmidt, B.: Design Solution for the UpWind Reference Offshore Support Structure
- Delivarable D4.2.5 (WP4: Offshore Foundations and Support Structures), Rambgll Wind Energy, Esbjerg, Denmark, 2010.

Wilkie, D.: Advancing probabilistic risk assessment of offshore wind turbines on monopiles, PhD thesis, University College London, London,
UK, 2020.

Yang, H., Zhu, Y., Lu, Q., and Zhang, J.: Dynamic reliability based design optimization of the tripod sub-structure of offshore wind turbines,
Renew. Energy, 78, 16-25, 10.1016/j.renene.2014.12.061, 2015.

Ziegler, L. and Muskulus, M.: Fatigue reassessment for lifetime extension of offshore wind monopile substructures, Journal of Physics:

Conference Series, 753, 092010, 10.1088/1742-6596/753/9/092010, 2016.

29



https://doi.org/10.5194/wes-2025-83 WIND
Preprint. Discussion started: 17 June 2025

~
© Author(s) 2025. CC BY 4.0 License. e we \ EZ:EEIT\I%YE

Zwick, D. and Muskulus, M.: The simulation error caused by input loading variability in offshore wind turbine structural analysis, Wind
515 Energy, 18, 1421-1432, 10.1002/we.1767, 2015.

30



