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Existing guidelines recommend the use of the Environmental Contours method to estimate site-specific extreme
environmental conditions, which critically influence both the operational efficiency and structural integrity of
Floating Offshore Wind Turbines (FOWTs). While different approaches for computing such contours have been
proposed in previous literature, the major source of uncertainty is still represented by the extreme data selec-
tion. In this respect, this study extracts Environmental Contour surfaces at four locations in the Mediterranean
Sea relying on three different approaches, i.e., annual maxima, peak over threshold, and complete dataset, for
environmental parameters representing the primary loading sources, namely hourly mean wind speed (U,), sig-
nificant wave height (H,), and peak period (7}). Results across all sites indicate that H, peaks on the contour
surfaces are overestimated when using the entire dataset compared to selecting only extreme values, underscor-
ing the influence of the marginal distribution on environmental contour computations. Finally, the comparison of
excitation levels across different sites supports the calibration of FOWT designs specifically for the Mediterranean
Sea, as existing design criteria and recommendations are primarily tailored to the more severe conditions of the
North Sea and the Atlantic Ocean. This approach offers potential cost-reduction benefits, aiding decision-making

in a region with a high demand for renewable energy.

1. Introduction

Offshore wind technology has been identified as a potentially effec-
tive means of producing renewable energy, aligning with sustainability
and decarbonization targets to alleviate climate change. By 2030, the
European Union aims to reach 425 GW of installed wind capacity, almost
doubling the 2023 production of 220 GW, of which 201 GW onshore and
19 GW offshore. The outlook consists of an expansion in offshore wind
capacity, with annual offshore installations expected to outgrow the on-
shore towards the end of the decade (Windeurope, 2025). The expan-
sion of this market is expected to benefit especially from Floating Off-
shore Wind Turbines (FOWTs), which offer a cost-competitive solution
for deep waters, i.e. over 50 m water depth, allowing installations fur-
ther from the coasts compared to traditional fixed bottom technologies.
This makes FOWT particularly convenient in the Mediterranean basin,
where coastal areas often host protected cultural heritage sites which
may conflict with such developments. In this respect, semi-submersible
platforms have shown promising performances in the area, with hot-
spots identified based on levelized cost of energy (LCOE) and benefitting
from optimal wind regimes (Martinez and Iglesias, 2021).

* Corresponding author.

Currently, guidelines for the design of FOWTs present a variety of
alternatives, with several criteria adapted from the oil and gas industry.
DNV and International Electrotechnical Commission (IEC) guidelines
specifically address the design of FOWTs adopting the Limit State ap-
proach. The standards require that the extreme response corresponding
to a return period be determined by applying site-specific environmen-
tal loads to the structure. Although the full long-term analysis approach
can accurately predict the structural response considering all sea states
(Soares, 1993), the Environmental Contour (EC) method offers an effi-
cient and more doable alternative. By extracting a reduced sub-sets of
relevant forcing, this allows to reduce the computational load particu-
larly during the preliminary design stages, while complying with most
design guidelines.

In this framework, one well established tool is the inverse-first order
reliability method (IFORM) (Winterstein et al., 1993), which paved the
road for numerous works on the topic.

Alternative approaches have also been developed for the compu-
tation of ECs. Haselsteiner et al. (2017) leads to similar contours to
the IFORM ones but associated to lower probability levels and there-
fore being hardly comparable, Silva-Gonzalez et al. (2013) used a Nataf
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Fig. 1. Locations of the potential offshore installation sites of semi-submersible FOWTs in the MS (Met Office, 2010).

transformation which implies that Gaussian (thus symmetric) Copulas
define the joint density of the variables, an assumption often too strict
in case of metocean scatters. Huseby et al. (2015) introduced a new
method based on Monte Carlo bootstrap that yield very similar results
to the IFORM for convex contours (Vanem and Bitner-Gregersen, 2015).
Neither method requires massive computational costs for the extrapola-
tion of the EC, so the available resources do not affect the choice. In view
of the above, the IFORM method is applied in the present study, given
its well-established robustness, ease of implementation, and widespread
use within the scientific community.

At present, limited research has explored how reduced environmen-
tal conditions should be selected to reduce the computational cost for
the structural assessment of a FOWT (Li et al., 2024; Li and Zhang,
2020; Wang and Moan, 2023, 2024). Additionally, a few applications
have been presented to date in the Mediterranean Sea (MS; see, e.g.,
Leo et al., 2021; Mikuli¢ and Parunov, 2023), and existing guidelines,
developed in the North European regions, have yet to be tailored for
applications in the Mediterranean region. This is relevant considering
that most current standards have been formulated based on the meto-
cean conditions typical of Northern Europe, which may not accurately
reflect the environmental characteristics of other regions characterized
by milder climates, such as the Mediterranean Sea, potentially leading
to overly conservative design. The MS is indeed an enclosed basin, im-
plying that waves are mostly locally generated and are associated with
lower amplitudes and shorter periods (compare in this respect, e.g., the
wind and wave maps in Chirosca and Rusu, 2022), owing to limited
fetches and exposure to rough atmospheric patterns (Barbariol et al.,
2021).

Based on the above grounds, in this work we apply the IFORM ap-
proach to derive EC surfaces representing the combined wind and wave
parameters at four test sites in the MS. Analysis are based on hindcast
data reconstructed in the 1979-2020 period. Long-term joint distribu-
tions of the mean wind speed at 10 m height (U,), significant wave
height (H,), and spectral peak period (7)) are modeled through EC sur-
faces resulting from different data selection. Namely, the probability
of occurrence of Annual Maxima (AM) and independent storms iden-
tified using the Peak-Over-Threshold method (POT) are discussed, and
next the results obtained from both approaches are compared with those
stemming from the complete data sets (that is the initial distribution ap-
proach or ID selection) (Velarde et al., 2019). From a theoretical point
of view, the POT approach is expected to outperform the AM as it retains
a higher number of peaks, thereby improving the fitting of the probabil-
ity distribution subsequently used to model the extremes. However, the
selection of the threshold does not come with ease (Lang et al., 1999)
and can introduce additional uncertainty into the analysis. On the other

hand, the ID does not require subjective thresholds selection but it vi-
olates the assumption of independent and Identically Distributed data.
Moreover, probability distributions often fail to capture the behavior
of the data tails, being biased toward the bulk of the data around the
mode (Vanem, 2015). The use of different approaches in extreme value
analysis has long been discussed in the literature and still represents an
open question, as different choices can affect the extrapolated extremes
to a great extent. While previous literature has primarily focused on
comparing predictions of the marginal distributions corresponding to
the approaches above (Bezak and Sraj, 2014; Teena et al., 2012; Volpi
et al., 2019), the following study extends the analysis to understand
their influence on the EC assessment. This enables an investigation of
the EC surface region associated with the highest H, which is critical
for identifying design states relevant to FOWT excitation.

Starting from the ECs, the purpose of the study is to provide a set of
environmental loads following the methodology proposed in Wang and
Moan (2024) for the Ultimate Limit State (ULS), according to the cur-
rent guidelines. To this end, the Response Amplitude Operators (RAOs)
of a typical FOWT with a semi-submersible platform (Coulling et al.,
2013; Tran and Kim, 2015; Wang et al., 2023) are employed, allowing
to detect crucial design combinations. Although the reference structures
are designed to accommodate wind turbines in Northern European re-
gions, their dynamic characteristics are deemed relevant to assess how
Mediterranean conditions reflect on the loading of commercially avail-
able systems.

The article is organized as follows. After this Introduction, Section 2
details the methodology used to assess the EC surfaces, subsequently
used for selecting the design states according to the ULS for the struc-
ture. Section 3 introduces the case studies including the data used, while
Section 4 presents and discusses the results, followed by Section 5, which
draws the conclusions of this research.

2. Methodology

This section details the methodology for a comparative analysis of
the EC surfaces for the four selected sites, and the dynamic characteris-
tics of a semi-semisubmersible FOWT based on its typical RAOs. The
development of the EC is based on a joint environmental model for
wind and wave conditions, achieved by fitting analytical formulations
to the relevant metocean variables. In this study, the hierarchical con-
ditional model factorizes the joint Probability Density Function (PDF)
into the product of the PDFs of the single variables. The hierarchical
conditional model relies on predefined assumptions regarding the distri-
butional form of each variable, where the parameters of one variable’s
distribution are expressed conditionally on others through a specified
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Fig. 2. Inverse marginal CDF and qqplot of the POT (a)(b), the AM (c)(d) and the complete set of raw data (e)(f) of H,.

parametric dependence structure. This approach typically involves fit-

ting the model to the full dataset, implicitly assuming that the observa-
tions are independent and identically distributed (Hauteclocque et al.,

where H,, U, and T, indicate random variables, while /4, 4 and ¢
represent their realizations. The PDFs factorizing the joint distribution
model are respectively: the marginal PDF of H,, f H, (h), the conditional

2022). The joint PDF is expressed as follows:

fHA-.T,,-UW(h’ tu) = fHA.(h)fUW\HA (ulh)pr\Hl,UW(tlh’ u)

PDF of U, given Hy, fy u (ulh), and the conditional distribution of 7,
given H; and U, pr|HyUW(t|h, u) (Haselsteiner et al., 2020).
The marginal distribution of H; is the only distinguishing factor in
) generating the joint distributions for AM, POT, and the complete raw
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data sets. In this research, we use the Generalized Extreme Value (GEV)
and Generalized Pareto Distribution (GPD) for AM and POT series of H,,
respectively (note that these are the classical distributions used for such
subsets; Coles et al., 2001). In the POT method, the peak excesses above
a high threshold - set in this study as the 99th percentile of the empirical
distribution of H, — are assumed to occur as stochastically independent
events, considering a minimum time lag of 24 hours between consecu-
tive peaks (Ferreira and Soares, 1998; Goda, 2000; Lucefo et al., 2006;
Soukissian et al., 2006; Zachary et al., 1998).

As for the entire data set, we rely on the exponentiated Weibull dis-
tribution (Haselsteiner and Thoben, 2020), whose PDF reads:

a—1

o =af(3) 1o ()] ew ()

where k is the first shape parameter, « is the second shape parameter
and A is the scale parameter of the distribution.

The conditional distribution of U,, given H is modeled through a
Weibull distribution (Morgan et al., 2011):

ah) (u_ a(h)—1 _(L>a(h)
Su,m,wlh) = /’(h>(ﬂ(h)) €xp G , u>0 -
0, u<0

The Weibull shape and scale parameters, a(h) and f(h) are estimated
by grouping U,, data into H| classes, and next fitting the following func-
tions:

a(h) = a; + ah,  P(h) = by + byh" )]

where ay, a,, a3, by, b, and b; are tuning parameters.

The lognormal distribution is employed to model the conditional dis-
tribution of T, given H, and U, estimated using the procedure outlined
in Johannessen et al. (2002). The corresponding PDF is expressed as:

(1) = e,y (o) \
L[y

Jr |H5,Uw(f|h,u) =—"¢
’ V2701, (h,u)t 2 Oin(r) (1, 1)
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The parameters Hincr))(hs 1) and a,,,(Tp)(h, u), representing the mean
and standard deviation of In(T},), are expressed as functions of the mean
and standard deviation of T, denoted as Hr, (h,u) and or, (h, u), respec-
tively. The following formulation is adopted to incorporate conditional-

ity:

(h,u)
U (hu):ln#Tp— 62 (hyu)=In (V2 (h,u)+1) (6)
In(T;,)\ 1> > > in(7,) " T,
A/1+ va(h, u)

where

) UTp(h,u) -
\Z JU) = ——-
g ur, ()

The parameter Hinr,)(h,u) can be represented as a function of the
expected spectral peak period 7(h) and mean wind speed u(h), with fitting

coefficients § and y:
u—u(h) )’
u(h)

pr, (hou) = 1(u, h) = 1(h) [1 + 9( (8

where

Wh)= e, +eh, )= fy + f,h" ©)

being e, e,, e3, f;, f, and f; parameters to be estimated from the
data. The expression [1 + 6(u — u(h)/u(h)"] adjusts the expected T, based
on the offset between actual and expected wind speeds for a given H
value. For improved parameter estimation, §(h) and y can be derived by
rewriting the Eq. 8 as:

by _7 _ T 14
t(u, if) t(h) _ 0(14 - u(h)> 10)
t(h) u(h)
A linear relation between 0(h) and the H, classes is adopted:
0(h) = m; + myh an

For the sake of simplicity, va(h) can be assumed to be a function of

H, alone:
vy, (h) = ki + ky exp(hks) 12)

The Maximum Likelihood method (MLM) is used to estimate the fit-
ting parameters of the GEV and the GP distributions, while the Linear
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Fig. 7. H,-T, observations at two locations: one in the Mediterranean Sea (site 1) and one in the North Sea, with corresponding marginal histograms.

Least Squared (LLS) method prioritizing high quantiles of H is applied
for the exponentiated Weibull distribution (Haselsteiner and Thoben,
2020). The Non-Linear Least Squares (NLS) method is used to assess the
conditional distributions’ fitting parameters (Pfanzagl, 1994).

The estimation of wind and sea state conditions corresponding to a
specified return period is performed using the IFORM approach (Win-
terstein et al., 1993), which is typically based on the hierarchical model
used to define the joint distribution, as described in Eq. 1. This method
defines the contour in a standard normal U-space, represented by vari-
ables u = {u;,u,,us}, instead of the original variable space. The Rosen-
blatt transformation is applied to map the sphere associated with a con-
stant failure probability:

=@ (Fy (h), uy =&~ (Fy 1 wlh)), uz = q>—1(FTp,HS,Uw(z|h, u))
13)

where ®~! denotes the standard univariate normal Cumulative Dis-
tribution Function (CDF), while F, w, (W, Fy, u, (u|h) and FTP, HoU,, (t|h,u)
correspond to the marginal CDF of H,, the conditional CDF of U,, given
H; and the conditional CDF of T, given H, and U, respectively. The
failure probability P, is subsequently determined within the standard
normalized U-space:

1-Pp= / D(u)du
Gy w)=<0

where ®(u) represents the PDF of standard univariate normal distri-
bution. According to the IFORM approach, the failure surface G (u) is
approximated by a convex shape in the transformed space, where the
failure boundary is subjected to linearization. In the U-space, events as-
sociated with a specified Ty lie on the sphere with radius g, known as
reliability index, which is computed as:

pr=0"'(1-P) (15)
The failure probability is then associated to the return period T} via
the average time between two consecutive target events Ar:
_Ar
Ty
Based on the reliability index for the prescribed Ty, the sphere is
defined in the U-space:

2 2, 2 _
u1+u2+u3—ﬂF

14

Py (16)

a7)

Finally, to estimate the EC, the transformation from the U-space
to the environmental parameter space is performed using the inverse
Rosenblatt transformation:
h=Fpl(@w), w=Fg (W), t=Fiy ., (@) (18)

In line with the ULS recommendations, EC surfaces corresponding to
a return period of 50 years are considered. Subsequently, EC lines are
defined from these surfaces based on specific wind turbine conditions
that may be critical for the ULS. These conditions are associated with the
mean wind speed at the hub height, as schematized in the guidelines’
Design Load Cases (DLCs). The mean wind speed considered in the joint
distribution is the 1-hour average at a height of 10 meters above sea
level Uy, ;_p,(10). For structural assessment of a FOWT at ULS, the 1-
hour mean wind speed at hub height U, ;o_,(z,;) may be required.
In a preliminary design stage, the power law can be applied to estimate
the wind speed at any given height z, and a time-averaging correction
factor, applicable to the 50-year return period, can be incorporated as
specified in IEC 61400-3:

Uni-nrzy (2 \*
ky z,

where z denotes the height and z, is the reference height above the
still water level used for the profile fitting. The time-averaging correc-
tion factor k| is taken as 0.95. A simulation of the wind field accounting
for the roughness and topographic effects would enable a more realistic
characterization of the wind speed profile under Mediterranean condi-
tions, including parameters such as the power-law exponent «. How-
ever, only a limited number of studies have investigated the value of
the power-law exponent for wind speed extrapolation in the MS, and
the available works (see, e.g., Farrugia, 2003; Sisman, 2021) are not
representative of the specific sites considered in this study. In this work,
a power-law exponent of 0.12 was adopted, consistent with the study
of Wang and Moan (2024). This value is lower than the widely used
1/7 power law exponent, which is frequently applied to estimate wind
speed at the hub height of wind turbines (Peterson and Jr, 1978). The
adoption of a lower exponent for offshore locations is also supported
by other studies (see, e.g., Hsu et al., 1988; Shu et al., 2016), although
the calibration of this parameter should be conducted on a site-specific
basis.

Uw,lO—min(Z) = (19)
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Fig. 8. 50-year H, — T, EC lines for POT, AM and the entire dataset under rated, cut-out and parked conditions at site 1 and the selected load cases corresponding

to the EC line generated using the entire dataset.

The reference device considered in this study is a semi-submersible
FOWT designed to support the DTU 10-MW horizontal-axis wind tur-
bine (Li et al., 2024). The floating platform comprises three pontoons
and four columns, with its main geometric characteristics summarized
in Table 1. The dynamic characteristics used for load case selection are

estimated from the dominant peak positions of the bending moment
RAOs, at both an outer column and the central column of the reference
system, across different wave directions. These peaks fall in the [5 s; 10
s] wave period range. In addition, the pitch natural period of the refer-
ence system, which equals approximately 25 seconds, is taken into ac-
count. This value is typical for semi-submersible FOWTs and aligns with
observations from other case studies, such as WindFloat (Roddier et al.,
2017), 0C4-DeepCwind (Coulling et al., 2013; Tran and Kim, 2015), and
OUCwind (Bai et al., 2024). However, the presented RAOs and natural
frequencies represent general trends; each FOWT, nonetheless, exhibits
distinct dynamic characteristics influenced by multiple factors, includ-
ing the specific site conditions and the broader design context.
Extreme conditions for DLCs 1.6 and 6.1 in DNVGL-ST-0437
(DNVGL-ST-0437, 2016) are selected following the methodology pre-
sented by Wang and Moan (2023), suggesting that RAOs for an estab-
lished floater geometry should be computed under specific conditions.

Table 1

Main dimensions of the semi-
submersible platform described in
Li et al. (2024).

Parameter Value
Water depth [m] 50
Draft [m] 22
Column centerline spacing [m] 45
Outer column radius [m] 5.25
Outer column height [m] 26
Central column height [m] 26
Pontoon width [m] 16
Pontoon height [m] 7

The methodology is based on design standards and critical wave pe-
riods related to the natural period of motion and the RAOs of inter-
nal loads. Wind-sea conditions selected for Site 1 are presented in Ta-
ble 2, while metocean variables for the remaining sites are provided in
Tables A.5-A.6-A.7 of the Appendix A. According to DNVGL-ST-0437
(DNVGL-ST-0437, 2016), a FOWT must be assessed under several op-
erational states, named Design Load Condition (DLC), associated with
specific wind conditions, including: power production (DLC 1), power
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Table 2

Environmental conditions and load cases for site 1.

Condition DLC Load case Uy, [m/s] U,_, [m/s] H; [m] T, [s]
Rated condition DLC 1.6 LC1 11.40 8.32 249  6.00
LC2 11.40 8.32 4.06  9.00
LC3 11.40 8.32 6.34 13.86
Cut-out condition DLC 1.6 LC4 24.00 17.52 2.94 6.00
LC5 24.00 17.52 5.33  9.00
LC6 24.00 17.52 8.99 14.49
Parked condition DLC 6.1 LC7 26.00 18.99 2.73 6.00
LC8 26.00 18.99 545  9.00
LC9 27.50 20.10 5.41 9.00
LC10 35.86 26.17 11.12 14.41
LC11 36.58 26.67 10.78 13.98

production with a fault occurrence (DLC 2), start-up (DLC 3), normal
shutdown (DLC 4), emergency stop (DLC 5), parked (DLC 6), parked
with a fault occurrence (DLC 7), and transport, installation, mainte-
nance, and repair (DLC 8). Each DLC must be evaluated under differ-
ent combinations of marine and wind conditions, including, for exam-
ple, representative wind turbulence models, sea states, wind and wave
directionality, sea currents, and water levels. For the purposes of this
study, DLCs 1.6 and 6.1 of DNVGL-ST-0437 are selected. These DLCs
are stationary and correspond to 50-year extreme sea state conditions,

which can be estimated using the EC method. Accordingly, the consid-
ered conditions include the rated wind condition (mean wind speed of
11.4 m/s at hub height), the cut-out wind condition (mean wind speed
of 25 m/s, with 24 m/s being more critical due to control system behav-
ior), and the parked condition under extreme environmental loading. As
schematized in Table 2, LC1 and LC2 are associated with 7}, values of
6.0 s and 9.0 s, as these fall within the range (5 s-10 s) where peaks in
the RAOs for bending moments are observed. LCs 4-5-7-8 are associated
with the same T, values but different wind conditions (note that such
range for T, is also critical for splitting/praying). Since EC lines shift
towards higher peak periods as the wind speed increases, the first and
the second parked conditions are selected to include 7, values of 6 s
and 9 s, respectively, along the EC lines corresponding to the maximum
U,. LC3 in rated wind conditions is identified with the highest H, value
in the rated condition, while LC10 and LC11 correspond to conditions
with the maximum H, and the maximum U, on the EC surface. The H|
peak values along the two contour lines for parked conditions are not
selected, as they are considered less severe than those corresponding to
LC10 and LC11.
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Fig. 10. As in Fig. 8 for site 3.

3. Data

This study relies on the long-term hindcast data provided by the
Department of Civil, Chemical, and Environmental Engineering of the
University of Genoa (Lira-Loarca et al., 2022). The hindcast covers the
whole MS, with variable resolution from approximately 25 km off-shore
to approximately 300 m at the coast. At each node, hourly time series
of H,, T, and U, are retained, covering a timeframe of 42 years (from
1979 to 2020). Four locations with water depths ranging between 50
and 100 m are selected to consider sites associated with varying po-
tentials ****[see Table 3 and Fig. 1](Ferrari et al., 2020; Martinez and
Iglesias, 2021). Data from a North Sea location are employed to com-
pare metocean conditions with a Mediterranean site, both suitable for
the installation of semi-submersible FOWTs (Messmer et al., 2023). For
the North Sea site, the ERAS reanalysis dataset produced by ECMWF is
used (Hersbach et al., 2020), spanning the same timeframe as the dataset
adopted for the MS.

4. Results & discussion

We first present the results for the uni-variate extreme value distri-
butions used to describe H,; for the sake of clarity, reference is made

Table 3

Coordinates of the target sites (RS: WGS84).
site ID lon lat basin
1 8.1100 40.2600 West Thyrrenean
2 12.0540  37.6500  South Thyrrenean
3 18.1660 40.8000 Adriatic
4 3.9047 42.9600 Gulf of Lion
5 4.2748 60.6516 North Sea

to site 1 only. In all cases, the 95% Confidence Interval (CI) of the Ty
estimates embed the vast majority of empirical data, demonstrating the
reliability of the distributions, as further demonstrated by the QQplot
(Wilk and Gnanadesikan, 1968) (Fig. 2, panels a,b for POT data; panels
c,d for AM data; panels e,f for total data). However, while either AM
and POT data yield comparable values for higher return periods, the ex-
ponentiated Weibull distribution tends to overpredict values for return
periods exceeding 1 year. This overestimation persists despite utilizing
the least squares fitting method and affects the subsequent characteri-
zation of extreme wind-wave conditions. The overestimation resulting
from the use of the complete dataset, as compared to employing only
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Fig. 11. As in Fig. 8 for site 4.

storm maxima, has also been reported by Coe et al. (2022) and affects
the shape of the ECs.

The conditional distribution of U,, is analyzed across different H,
classes to estimate the shape and scale parameters. Fig. 3 provides ex-
amples of the conditional distribution of U,, for two H| classes. For
higher H, (between 5.5 m and 6 m), the conditional distribution of U,,,
exhibits improved alignment. Indeed, data deviating from the Weibull
distribution for the lower H| classes are mainly associated with values
of U, near zero, which are absent in the upper H, classes. The scale
parameter of the Weibull distribution shows a remarkable fit (Fig. 4b)
across the H, classes, while higher values of H, yield noisy estimates of
the shape parameter (see Eq. 4 and Fig. 4a).

For the conditional lognormal distribution of 7, given U, and H,,
the latter plays the major role. This is evident in Fig. 5, which shows
the empirical values of the mean T,(h,u), also denoted as #(u, h), (see
Fig. 5a and Eq. 10) and the empirical COV of T, (Fig. 5b). The first
parameter is used to evaluate (h), and subsequently yTp(h, u) while
the second is the ratio between the empirical standard deviation and
mean of Tp(h,u), which together are used to assess the coefficients of
va(h, u). The parameters qu(h, u) and va(h, u) are then employed to es-
timate the parameters of the lognormal distribution, namely Hinr) (R, 1)

and o2

ln(Tp)(h, u) (see Eq. 6). As expected, T, increases according to H,,

10

while the opposite trend (although with lower magnitude) is found with
respect to U,, as shown by the behavior of # (which expresses the
ratio between the normalized T, and the normalized U,,; see Eq. 10
and Fig. 6 (a)). Overall, the model exhibits higher deviations for lower
H, and U, values, as shown by the residual matrix of the mean 7,
(Fig. 6 (b)). Conversely, the residuals diminish under extreme condi-
tions, suggesting improved model accuracy for more energetic states.
The parameters of the distributions for all sites are summarized in
Table 4.

Load cases corresponding to rated, cut-out, first parked, and second
parked wind conditions are then selected along the EC lines obtained
from the EC surfaces illustrated in the Figs. A.13-A.14-A.15-A.16 of the
Appendix A. The EC lines are evaluated for each wind condition using
the AM, POT, and the entire H dataset. Initially, the results obtained
using AM, POT, and all raw data are compared through the EC lines dis-
played in the Figs. 8-9-10-11. The analysis reveals that resonance con-
ditions for pitch motion, associated with the lowest natural frequency
among a semi-submersible floater’s six motions, cannot occur across the
four sites. In fact, the typical natural frequency for pitch motion in semi-
submersible floaters is approximately 25 s, far off from the wave periods
associated with a 50-year return period at the selected sites. As a mat-
ter of fact, the Mediterranean wave climate is characterized by shorter
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Fig. 12. (a) H, and (b) T, values across the four sites under load cases LC1-LC11.

waves than those observed in the Northern Europe. Fig. 7 supports this
evidence by comparing the relationship between H, and T, at Site 1 in
the MS and a location in the North Sea, both considered suitable for
the installation of semi-submersible FOWTs. The North Sea site exhibits
extreme events with longer 7, which may approach the pitch natural
frequency of FOWTs. This has implications for the design process, even
in its early stages. A commonly accepted preliminary design criterion re-
quires pitch and roll natural periods to exceed 25 s to avoid resonance in
rigid-body motion, a feature based on typical Northern European meto-
cean conditions (Li et al., 2024). This constraint influences the structural
geometry, particularly the submerged components, as added mass plays
a key role in determining natural frequencies. Consequently, satisfying
stricter criteria may necessitate larger and heavier structures to achieve
greater mass and added mass, thereby increasing the natural periods.
Moreover, the core of the joint H,-T, distribution in the North Sea is
shifted toward longer and higher waves compared to the MS, which
may also affect fatigue assessment.

The discussion then focuses on the selected load cases derived exclu-
sively from the EC lines estimated using the full dataset. As expected,
the extreme values predicted by the EC corresponding to the complete
dataset are overestimated across all four sites, particularly for higher
Hj and T, This is obviously due to the marginal distribution of H, (see
Fig. 2e, f), as it is the only component that differs in the assessment of
the joint distribution, and yields higher values than the GEV and GPD
for long return periods. On the other hand, the latter exhibit closer align-

11

ments, consistent to the respective H,/T, curves (Fig. 2a, b and c, d).
Across the four sites, the EC surfaces can be sliced in correspondence of
the rated condition for the POT and the entire data set, except at site
2, where wind-sea combinations corresponding to the AM and POT EC
surfaces are predicted under higher wind conditions, but the rated. The
other target wind conditions intersect the EC surfaces estimated with
POT, AM, and the entire dataset. In these instances, the EC lines of AM
are enclosed within those obtained through POT data. The differences
in their H, predictions diminish under high wind conditions. Under the
second parked condition, at site 2, the H, prediction corresponding to
higher 7, values exceeds that of the EC line of AM; however, their dif-
ference remains negligible for load case selection purposes. At sites 1
and 3, the wind speeds to include T, values of 6 s under the first parked
condition and 9 s under the second parked condition along the EC lines
range between 24.3 m/s and 29.1 m/s. At Site 1, the wind speed as-
sociated with Tp equal to 6 s and 9 s (for the first and second parked
conditions, respectively) results in a narrower interval embedded within
the above limits. This increase is comparatively lower than in observed
locations in the North Sea or the Atlantic Ocean, where the difference
between the U, in the second park and the cut-out conditions can reach
up to 70% (Wang and Moan, 2023). The wind speed associated with
the second parked condition is equivalent for sites 2 and 3. The EC sur-
faces at higher U,, for these two sites exhibit narrow EC lines, indicating
limited variability in terms of H, and T, particularly at higher sea state
parameters. In contrast, site 1, located in Sardinia, displays a rounder EC
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Table 4

Parameters for the marginal PDF of H,, f, (h), with the AM,
POT and all raw data, for the conditional PDF of U, given H,,
fu, 1, (ulh), and for the conditional PDF of T, given H, and U,,
fr im0, @1 w).

Probability Parameter Equation Site 1 Site2 Site3 Site 4
fu,(h) AM u GEV 6.90 5.96 444 531
o GEV 0.72 0.68 0.47 0.71
£ GEV 0.26 0.02 0.21 0.04
fu,(h) POT u GP 478 415 3.07 3.67
c GP 1.34 1.08 0.80 0.92
£ GP -0.28 -0.15 -0.22 -0.07
Su,(h) k Eq. 2 1.17 1.04 1.07 1.01
a Eq. 2 1.10 191 169 235
A Eq. 2 1.23 083 0.66 0.70
Suw, (bl a Eq. 4 212 262 233 4.29
a, Eq. 4 1.69 098 1.24 0.01
a; Eq. 4 037 0.72 1.28 3.68
by Eq. 4 2.07 1.04 072 -5.14
b, Eq. 4 409 588 692 13.95
by Eq. 4 0.74 0.63 0.62 0.34
fT,,\HuUU (tlh,u) m; Eq. 11 -0.00 -0.00 -0.01 -0.01
m, Eq. 11 -0.29 -0.50 -0.21 -0.35
Y Eq. 8 1.00 1.00 1.00 1.00
e, Eq. 9 0.34 276 274 3.04
e, Eq. 9 6.03 3.14 267 2.06
ey Eq. 9 0.34 0.55 0.60 0.74
fi Eq. 9 1.90 087 0.78 -3.01
1 Eq. 9 3,55 538 6.14 10.93
f3 Eq. 9 0.79 0.66 0.67 0.40
ky Eq. 12 0.03 0.02 0.02 0.03
ko Eq. 12 0.26 0.23 0.31 0.30
ks Eq. 12 -0.68 -0.39 -0.69 -0.75

surface profile for higher sea state parameters, resulting in sea state com-
binations distributed over a wider range of values. For site 2, the first
parked condition cannot occur as the U, value, equivalent to 22.3 m/s,
falls below the cut-out threshold. Specifically, under cut-out conditions,
the T, value equivalent to 6 s is already close to the minimum values
of the EC line. Finally, site 4 is characterized by the most severe parked
conditions in terms of wind speeds, which exceed 32 m/s. Specifically,
the methodology used to define the load cases in the parked conditions
cannot be strictly applied to this site due to the resulting concave shape
of the EC surface, which features two U, peaks above the first parked
condition. In this case, the second parked condition is determined by
including the T}, of 9 s at the boundary with the highest T, values from
one of the two EC lines.

Figs. 12(a)(b) illustrate the loading conditions for the four sites in
terms of H, and T,,. Notably, the variability is limited across sites 1 and
2 (in Sardinia and Sicily) for all load cases. Although site 4 exhibits
higher U, under parked conditions, the corresponding wind speeds in
LC10-LC11 (33.2 m/s and 34.64 m/s) are not the highest across the four
sites; under these conditions, Site 1 exhibits higher H, values and the
longest sea states in terms of 7). Site 2 is characterized by the longest
T, values under the rated and cut-out conditions, exhibiting the max-
imum 7, value among all the load cases. For combinations where 7,
equals 6 s and 9 s, none of the sites distinctly dominate in terms of
H,. Finally, the minimum loading with the selected wind-sea param-
eters would be applied to a FOWT at site 3 in the Adriatic Sea. For
nearly all load cases, sites 1 and 2 exhibit the highest loading in terms
of H, and the longest sea states. These observations are based on the
loading level associated with specific wind-sea parameter combinations
selected using the preliminary methodology. However, assessing the
suitability of a particular site for the installation of a semi-submersible
FOWT should integrate these considerations with the estimation of ad-
ditional parameters, such as the Annual Energy Production (AEP) linked
to the local wind resource. Furthermore, the RAOs for a defined geom-
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etry should be evaluated to enable a more accurate selection of load
cases.

5. Conclusions

The exploitation of wind energy in the Mediterranean Sea (MS) is
garnering increasing attention within the offshore renewable energy sec-
tor, with semi-submersible floating technology identified as the most
promising in this context. However, existing design criteria and recom-
mendations for Floating Offshore Wind Turbine (FOWT) structures are
mainly tailored to North Sea and Atlantic Ocean climates, with lim-
ited focus on the Mediterranean basin. On this note, in this research
we evaluate the DNV and IEC guidelines for the ULS to compute the
loading condition for FOWT at four sites spread in the MS. We gen-
erate EC surfaces using the IFORM for a 50-year return period, taking
advantage of hindcast data (U,,, H, and T,) defined in the 1979-2020
period. The combinations of wave parameters are represented as EC
lines, with design states selected to align with target wind speeds as
specified in the DLCs guidelines. The selection of target design loads
in the MS provides insights into the combined wind-sea excitations re-
quired to perform an extreme response analysis of a FOWT. Moreover, it
serves as a useful basis for investigating how uncertainties in data extrac-
tion propagate within the 3D IFORM framework under Mediterranean
conditions.

The results are presented for each site under four wind conditions,
with EC lines evaluated for three EC surfaces established by differ-
ently selecting the initial data set, that is AM, POT method, and the
entire time series. Load cases are selected from the EC line obtained us-
ing the full dataset, following a methodology proposed by Wang and
Moan (2023). The dynamic characteristics of reference FOWTs estab-
lished for Northern European environmental conditions are incorpo-
rated into this approach, due to the lack of systems tailored explicitly for
the MS.

Our findings indicate that resonance associated with the natural fre-
quency of pitch motion is unlikely to occur under Mediterranean cli-
mates, as typical sea states are associated to wave periods below 20
s. Unlike in the MS, extreme metocean conditions in the North Sea
can approach the natural pitch frequencies of semi-submersible FOWTs.
This distinction may significantly influence floater design from the early
stages, potentially resulting in lighter configurations in the Mediter-
ranean, as preliminary criteria on natural frequencies are primarily
based on the Northern European climate. Results also reveal that the
highest H values on the EC lines are predominantly influenced by the
choice of marginal distribution: the exponentiated Weibull distribution,
usually employed for modeling the entire data sets, tends to overes-
timate H, values at high return periods, and this is reflecting to the
resulting EC lines.

The two sites located in the south-west Thyrrenean Sea yield aligned
environmental contours, and this is reflecting on similar load cases, be-
ing overall characterized by the highest combined wind-sea parame-
ters. By contrast, the location in the Adriatic Sea is characterized by the
lowest combined H, and T, parameters, with the exception of a few
load cases. However, variations in wind-sea parameters are not always
directly associated with the response effects on the structure on pur-
pose. To more accurately identify the points on the EC surface that may
maximize specific response effects, the complete RAO functions, rather
than just their first peaks, should be evaluated for the specific geom-
etry of the FOWT. This approach would provide a clearer understand-
ing of the relationship between environmental conditions and structural
responses.

The work-flow and design environmental stressors presented in this
study provide a preliminary tool to compare potential locations for
FOWT installations in the MS, based on the predicted conditions ex-
pected to result in the highest excitation under ULS. This can aid in
tailoring future designs specifically for the Mediterranean region, help-
ing to avoid overly conservative estimations and scantling. Indeed, site-
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specific analyses are essential for achieving lighter, more efficient, and
cost-effective platform designs—particularly in the Mediterranean Sea,
where wind speeds are milder and wave conditions are generally char-
acterized by lower heights and shorter periods than those observed in
Northern European seas. In this context, adopting a refined probabilis-
tic approach that accounts for the statistical dependence between key
environmental variables (e.g., Hy, T,, U,,) allows for more precise and
efficient FOWT design calibration. In contrast, simplified approaches
based on safety factors or assumptions, as in IEC 61400-3, where the
dependency of T, on H, and U, is neglected — may lead in overly
conservative estimations. In the end, such approach is set within the
context of reducing the costs associated to these developments, which
is crucial for the large-scale deployment of FOWT technology, thereby
supporting its broader adoption in the renewable energy sector in the
MS.
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Appendix A. Additional Results, Figures, and Tables

Table A.5
Environmental conditions and load cases for site 2.

Condition DLC Load case U,,, [m/s] U,_, [m/s] H [m] T, [s]
Rated condition ~DLC 1.6 LC1 11.40 8.32 2.75 6.00
Lc2 11.40 8.32 3.99 9.00
LC3 11.40 8.32 5.67 14.20
Cut-out condition DLC 1.6 LC4 24.00 17.52 3.43 6.00
LC5 24.00 17.52 5.44 9.00
LC6 24.00 17.52 8.55 15.38
Parked condition DLC6.1 LC7 22.30 16.30 3.45 6.00
LC8 22.30 16.39 5.24 9.00
LCo 29.10 21.24 6.02 9.00
LC10 35.27 25.72 10.21 14.02
LCI11 36.93 26.93 10.48 12.65
Table A.6
Environmental conditions and load cases for site 3.
Condition DLC Load case Uy, [m/s] U,_, [m/s] H,[m] T,[s]
Rated condition DLC 1.6 LCl 11.40 8.32 2.56 6.00
LCc2 11.40 8.32 3.82 9.00
LC3 11.40 8.32 4.28 10.06
Cut-out condition DLC 1.6 LC4 24.00 17.52 3.06 6.00
LC5 24.00 17.52 4.93 9.00
LC6 24.00 17.52 6.28 11.65
Parked condition DLC6.1 LC7 24.30 17.73 3.05 6.00
LC8 24.30 17.73 4.96 9.00
LC9 29.10 21.25 5.27 9.00
LC10 35.27 24.01 7.33 11.76
LC11 36.93 24.81 6.92 11.16
Table A.7
Environmental conditions and load cases for site 4.
Condition DLC Load case Uy, [m/s] U,_, [m/s] H, [m] T, [s]
Rated condition DLC1.6 LC1 11.40 8.32 2.63 6.00
LC2 11.40 8.32 4.02 9.00
LC3 11.40 8.32 5.42 12.78
Cut-out condition DLC 1.6 LC4 24.00 17.52 3.30 6.00
LC5 24.00 17.52 5.16 9.00
LC6 24.00 17.52 7.43 13.50
Parked condition DLC6.1 LC7 32.20 18.61 3.59 6.00
LC8 32.20 18.61 5.77 9.00
LCo 33.00 24.10 5.67 9.00
LC10 35.27 25.74 9.35 14.01
LC11 36.93 26.95 3.75 6.72
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