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A B S T R A C T

Within this study, an analysis of the global standard panorama for wave energy converters (WECs) is presented,
in order to develop design methodologies as close as possible to the state-of-the-art. In particular, an analysis
of such international standards panorama exhibits a lack of information and detail regarding WEC system
design, and the specific simulations procedures that shall be followed accordingly.

In the light of this, this study proposes a standardised design process that can be followed to define the
design loads which characterise a structural analysis, which are obtained by high-fidelity models. The device
assessment in extreme states is analysed on intact and damaged conditions, where the use of a computational
fluid dynamics (CFD) software is proposed to encompass any non-linear behaviour related to extreme events.
Furthermore, this article also describes a fatigue assessment based on linear system theory, with the inclusion
of linearised significant terms, such as, e.g. mooring influence on device dynamics.
1. Introduction

Over the next decades world energy consumption will rise consider-
ably. The energy production via so-called traditional methods represents
a serious environmental problem, and starting from the last years, gov-
ernments are pushing to a pollution-free production method [5]. The
evolution of renewable energies has paved the way for the development
of various technologies, and one emerging area is ocean energy.

Ocean energies can be divided according to several harvesting
methods and, amid them, wave energy is significantly promising, having
the second largest energy potential [6,7]. To define the importance
of an energy source, the potential of that source should be related
to the capacity of the technology to extract power. According to re-
cent studies, the power extraction could reach 10%–20% of the total
potential,1 which could provide a substantial part of the total energy
consumption [8]. In addition, an important factor that could lead to
effective development of wave energy technology is related to the
predictable behaviour of waves, which can be forecasted (in statistical
terms) in 1–2 days in advance [9,10].

Far from being standardised, wave energy converters (WECs) cur-
rently developed are categorised according to the working principle,
i.e.:

∗ Corresponding author.
E-mail address: bruno.paduano@polito.it (B. Paduano).

1 Please note that the highlighted quantity pertains to simplified models or the energy available in reachable areas. For a comprehensive understanding of the
analysis and the underlying assumptions, we direct the reader to the detailed discussion in [1,1–4].

• An oscillating water column (OWC) takes advantage of the air
compressibility in order to move a bidirectional turbine and
harvest energy.

• A point absorber is relatively small compared to the wave length
and operates in pitch, heave or multiple degrees of freedom
(DoFs).

• An attenuator, is a wave energy system parallelly-oriented to
the incoming wave. In order to tune the attenuators resonance
condition, these systems need to have a size that is comparable
with the wave length.

• A terminator is a wave energy system perpendicularly-oriented to
the incoming wave.

For an exhaustive description of wave energy systems, the reader can
refer to [11–14].

Moreover, the levelised cost of wave energy is still high compared to
other renewable sources (such as solar or wind) [15,16] and, therefore,
the path to a commercial stage of WECs to harvest energy from waves,
shall incorporate an effective design process based on reliable mathe-
matical models, facilitating optimal device design for given operating
conditions.
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Nomenclature

ALS Accidental limit state
BEM Boundary element method
CAD Computer-aided design
CDF Cumulative distribution function
CFD Computational fluid dynamics
CMA Conditional model approach
DNV Det Norske Veritas
DoF Degree of freedom
EC Environmental contour
EMEC European marine energy centre
FD Frequency domain
FEM Finite element method
FLS Fatigue limit state
GL Germanischer Lloyd
IEC International electrotechnical commission
ISO International organisation for standardisa-

tion
ITTC International towing tank conference
MEC Marine energy converter
MPM Most probable maximum
PDF Probability distribution function
PTO Power take-off
RANS Reynolds-averaged Navier-Stokes
RAO Response amplitude operator
SWL Sea water level
TD Time domain
ULS Ultimate limit state
WEC Wave energy converter
YRP Year of return period

The design process of a WEC is far from being trivial and can be
roadly divided into two main phases [17]:

• Preliminary design: in the first development stage, WECs shall be
tested and dimensioned according to the environmental condi-
tions of the site to be deployed. This phase is generally based on
a simplified optimisation model [18], to define the best device in
terms, for example, of cost of energy. The preliminary design set
its focus primarily on effective harvested energy and device cost
and, although energy production device characteristics (i.e. device
power take-off (PTO) and controller synthesis [19]) are defined at
this stage, generally, a structural analysis is neglected, or, at least,
approximated with simplified models.

• Definitive or detailed design: Based on the site conditions and
the overall device characteristics defined by the preliminary de-
sign, this stage regards a detailed dimensioning process. The
device hull is tested against internal and external actions, and its
withstanding capabilities shall be proved within the defined site
environmental, extreme, and operative conditions.

The definitive design of a device needs to be computed by effec-
ively demonstrating WECs survivability, which is generally verified
efining a sufficiently low risk of failure. Certification societies play
n important role in the definition of design processes that should
e followed to achieve a certified risk assessment related to a given
robability of failure. Clearly, being wave energy a relatively young
nergy field, there is a notorious lack of standards and guidelines tai-
ored for WEC design. The lack of standards in the design of renewable
ystems poses challenges in ensuring consistent progress and efficient
mplementation, as observed in wind-based technologies [20,21]. In
2

etails, for wave energy systems: a
• Available standards do not fit the WEC purpose and behaviour,
and generally strong (and limiting) assumptions are required for
their application [22].

• Some standards use semi-empirical equations to define stresses
inside a steel hull, though these cannot be used for other materials
(e.g. concrete, among others) [22].

• A simplified method (e.g. based exclusively on linear models [23])
could lead to oversizing issues. Instead, a design via a direct
method (not based on an empirical formulation and standard-
given loads), can be used to avoid extra costs.

Moreover, the existing standards represent the stem of the tradi-
tional Oil&Gas and ships field and, the behaviour of such floating
objects is, for purpose and working principle, significantly different
from WECs. Accordingly, the main differences between a WEC and
traditional floating bodies are, among others:

• In extreme events, the pressures related to waves and currents
and, in general, device motion, need to be estimated with a
model as accurate as possible [24]. For example, unlike other
structures, WECs can be excited from wave forces not only on
their draught, but also on their deck. These actions, called wave-
in-deck forces [25], are highly non-linear, and traditional models
(generally based on mean wetted surface) fail to provide an ac-
curate representation. In fact, within the available literature, it is
generally accepted that simplified models are effectively reliable
under certain assumptions (e.g. small motions, negligible vis-
cous effects, among others [26]), and boundary element method
(BEM)-based models (especially those considering linear Froude–
Krylov forces), can approximate device dynamics accurately only
on small wave conditions [27,28].

• The overall system response can be significantly affected by the
mooring system [29,30]. Again, the model fidelity plays a fun-
damental role, since static and quasi-static models can be re-
liable only under the assumption of negligible (mooring) iner-
tial forces [31]. Nevertheless, a WEC, in contrast to a offshore
structures experiences, for its nature, large motion due to wave
excitation forces, defined by significantly high velocities, and a
dynamic mooring model can be required.

• Since in operative conditions, a WEC experiences smaller motions
and, in a fatigue assessment a significant number of environ-
mental conditions need to be tested which means that, as best
trade-off between fidelity and computational time, a BEM-based
model can be used. Moreover, also in operative conditions, a
resonance-working device has a motion which can be significantly
affected by nonlinear actions, such as mooring force [29] and
system nonlinear damping.

1.1. Contributions and manuscript position

Motivated by such absence of specific standards, and the inherent
differences and complexity of the WEC case with respect to sister
renewable energy applications, within this study, a definitive design
method is proposed and discussed, with a special focus on the wave-hull
interaction and the pressure field definition.

The aim of this study is to propose a high-fidelity direct 2 design
ethod suitable for WEC systems, with the primary objective of reduc-

ng devices cost, while minimising the departure of the proposed stan-
ard from the current global standards panorama. The methodology
escribed in this paper exploits the use of well-established high-fidelity
odelling techniques, such as computational fluid dynamics (CFD), to

2 The word direct is used herein to refer to a correlation between site envi-
onmental conditions, and stress (or load) on the hull, i.e. without employing
ny semi-empirical relation.



Renewable Energy 224 (2024) 120141B. Paduano et al.
Fig. 1. Design process overview.
provide an accurate evaluation of pressure fields, avoiding potential
device oversizing, and hence reducing the associated cost.

Furthermore, the dimensioning process proposed within this paper
refers to the definition of the actions, being independent on chosen
device material and, hence, the proposed procedure can be applied to
any potential WEC system and/or offshore structure.

The main contributions of this manuscript can be summarised as
follows:

• A review of the existing standards and available reports on the
design process is provided, in order to establish the main dif-
ferences between our study and the currently applied method-
ologies. Moreover, though fundamentally different due to the
nature of the WEC absorption process, the design procedure
proposed is deliberately kept as close as possible to the existing
standards procedures so as to facilitate the application for current
practitioners.

• Although the current design guidelines contemplate the use of
high-fidelity tools (such as CFD-based tools), these are used to
verify few conditions and the design is carried out by means of
models with a lower fidelity. Therefore, a direct method CFD-
based is proposed, in which the simulation time can be minimised
by leveraging the concept of focused waves.

• Since fatigue assessment can be significantly influenced by non-
linearities, the inclusion of these effects in a linear model by
means of tailored data-based strategies is proposed.

The remainder of this study is organised as follows. In Section 1.2,
an overview of this study is presented. Section 2 reviews the existing
standards and guidelines that aim to address the WEC design problem.
Section 3 provides an overview of the numerical models that can
be used to pursue the proposed design process. Section 4 offers a
detailed description of the proposed methodology. In Section 5, the
main findings are discussed, analysed, and compared to international
standards, while finally, Section 6 outlines the conclusions of this study.

1.2. Study overview

Although the complete dimensioning process is analysed and dis-
cussed in Section 4, in this section, an overview of the study is provided,
aiming to assist the reader through the structure of the proposed
procedure.

We begin by noting that this study describes a design process which
can be divided into 2 main parts: Extreme events design criteria, and
design process in operative conditions. These are briefly described in
the following. Note that load assessment, considering both extreme and
operative conditions, can be summarised as described in Fig. 1.

1.2.1. Extreme events design criteria
As discussed in Section 1, offshore devices and structures need

to be tested against extreme events. Load assessment in harsh condi-
tions is based on extreme environmental events, which are computed
3

defining an occurrence level (see Annex) and, hence, environmental
data constitutes the starting point of the analysis. Since the definition
of the system statistical response needs to be based on an analysis
performed in a sufficiently large set of irregular wave conditions (e.g.
by using a JONSWAP short-term representation), a computationally
sustainable model can be used to perform simulations. Clearly, the
model fidelity needs to be verified and tested against experimental
data, as suggested and requested by standards [25]. Once the statistical
responses of the system under investigation are available, it is possible
to build, by leveraging an equivalent regular wave approach, a small
set of monochromatic exciting conditions which can be easily tested
in a high fidelity CFD environment. The simplified model allows also
the generation of regular waves that mimic a given response, such as
hydrodynamic forces on the hull, as a long combination of irregular
conditions. The last step of the methodology proposed ensures, by
leveraging a CFD environment, the evaluation of the pressure field on
the hull, including the above waterline hydrodynamics forces, which
cannot be evaluated with a linear-BEM method.

1.2.2. Design process in operative conditions
Once the design in extreme events is achieved, each device needs to

be tested within operative conditions, to demonstrate its withstanding
capability with a fatigue assessment. Within this paper, unlike the
extreme event case briefly introduced in Section 1.2.1, the device
dimensioning process within its operative state is based on linear
assumptions, which are discussed and motivated in Section 4.3. Con-
sequently, after a suitable scatter definition, the stresses map can be
defined via a 3D finite element model (FEM).

A stress response amplitude operator (RAO) can be then obtained
by a linear combination of pressure and stress frequency-response
behaviour. The stresses on the device are calculated for each wave and,
taking into account the wave occurrence, the cumulative damage can
be correspondingly evaluated.

2. Standards and guidelines: A brief review

In this section, an overview of relevant (and related) available
standards is provided, with the primary aim of keeping this paper
reasonably self-contained. These are, ultimately, used to guide the
definition of the proposed design process, keeping the methodology
of this manuscript as close as possible to the standards accepted and
adopted in sister applications. Please note that the complete design
procedure of a wave energy system requires an analysis of a broader
range of aspects, encompassing system performance and associated risk
assessment. However, these aspects are beyond the scope of this study,
which focuses on analysing the gaps in the current standard landscape
concerning survivability conditions only. For a more comprehensive
discussion of guidelines on the overall WEC design, interested readers
are referred to [32–35].

Standards help to define a design process that certifies device surviv-
ability, defining a level of risk with respect to an acceptable probability
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of failure of the system. Among renewable energies, wave energy finds
less space in standards panorama compared to e.g. offshore wind [36],
since it is effectively a younger field.

Although no certification class for WECs has been defined yet by
international institutions, some standards and guidelines refer directly
to the marine energy field. We recall and report these in the following.

2.1. Wave energy converter standards

Some institutions and certification societies developed specific stan-
dards for a generalised class of marine energy converters (MECs) [37].
Among these,3 one can find:

• The european marine energy centre (EMEC) produced guide-
lines [32] for MECs assessment and design. Guidelines cover
a large range of application, from MECs performance, to their
manufacturing.

• The international electrotechnical commission (IEC) standards are
still in a development stage as technical specification guidelines
for MECs [33–35]. The IEC collaborates strictly with international
organisation for standardisation (ISO) hence, the MECs guidelines
effectively refer to ISO standards.

• Det Norske Veritas (DNV) and Germanischer Lloyd (GL) (since
2021, DNV), have standards for MECs certification [38].

According to these available standards, WEC (and, in general, MEC)
esign must be verified against the same ‘challenges’ arising within
he oil and gas field and, hence, all the proposed MEC standards refer
irectly to well-known international guidelines (i.e. [39,40]). Although

these guidelines can be useful to define a general workflow, there is
a lack of information on the design method that should be specifically
followed to design a WEC.

As discussed in Section 1, the behaviour of WEC devices in ex-
treme conditions is affected by highly non-linear phenomena like slam-
ming [41], and wave-in-deck effects [42] (also described by the stan-
dard [25]) and, therefore, a high-fidelity simulations (e.g. CFD-based)
can be used to evaluate these class of actions. Although the use of a CFD
model as WEC design tool is contemplated by standards [25,33], the
design workflow required when using such a tool is not clearly defined,
nor stated.

In the light of this, this study establishes a design method to test
WECs survivability in limit states. Though the definition of limit states
s well-known in literature (see for instance [39,40]), an brief overview
s provided in Section 2.2.

.2. Load assessment and design states

Identification, definition, and assessment of the various loads affect-
ng a floating structure in a marine environment, is essential for design
urposes. Note that the evaluation of loads follows the same procedure,
egardless of the hull material. International standards that consider
ll the actions on the hull are briefly described in the following para-
raphs, mainly according to DNV, ISO, and IEC international standards.
n particular, loads can be divided as follows:

• Permanent (G):

structure, solid ballast and equipment mass,
hydrostatic permanent pressure,

• Variable (Q):

liquid ballast,
power take-off (PTO) loads,

3 The reader is referred to [37] for a complete review of the available
tandards.
4
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Table 1
ULS and ALS environmental effects. Only wave, current and wind are included in each
different combination (according to [40]).

Type of LS Combination # Return period (in yr.)

Wave Current Wind

ULS 1 100 10 100
2 10 100 10

ALS 1 1 1 1

installation operation loads,
mooring loads.

• Environmental loads (E):

wave, wind, current loads,
ice, earthquake.

• Deformation loads (D):

temperature loads,
mooring pre-tensioning loads.

learly, load types are generalised, and partially considering/neglecting
subset of these is strongly linked to the particular case under study.

With respect to the assessment of actions, there are several princi-
les that need to be fulfilled, described in [34,39,40]. Among these,
he following requirements are recalled in the following, due to their
ntrinsic connection with the objectives posed in this study:

• All the loads acting on the device shall be included from internal
and external sources.

• All the components which cause a significant load on the device
need to be included in the analysis and considered in the internal
actions.

• Environmental loads shall include all the events with significant
influence on the device according to its location.

• If a correlation of environmental loads and internal actions is
difficult to consider, worst internal actions and environmental
loads shall be considered as uncorrelated events.

• Variable loads, such as PTO effects, must be included in the
considered actions if the device is not in safety mode.

The environmental events are described via a statistical approach,
ith the so-called return periods (in years). A return period describes

statistically) an estimated average time between events and, hence, the
robability that a specific event occurs in the defined time span.

.2.1. Extreme states assessment
In this section, extreme states are described and discussed. The

erm extreme state is generally referred to a condition formed of a
combination of several environmental events (i.e. wave, current, wind,
mong others). Each environmental event is obtained via a statistical
odel, able to define the worst-case event that can potentially happen
uring the device life cycle [25].

The return periods that must be considered, according to [40], are
eported in Table 1, both for ultimate limit state (ULS) and accidental
imit state (ALS) cases. Within ULS, the environmental events need to
e combined considering different returning period and safety factors.
ables 1 and 2 refer to different combinations as suggested by [40].

Data for extreme waves can be computed by means of hindcast data
r experimental data for the chosen design site [25]. These data are
ollected and analysed in order to define an event with a sufficiently
ow probability of occurrence, and hence to express their occurrence
s year of return period (YRP). An explanation of the methodology
pplied to define events return periods, is reported in Annex. If such
nvironmental data is not available, extreme data given from standards

an be potentially used (e.g. [25]).



Renewable Energy 224 (2024) 120141B. Paduano et al.

t
s
i
b
A
r
f

t
r
s
t
E
e
T
i
t
a
S

3

a
c
a

a
b
i

c

m
a
S
r
I
t

a
t

Table 2
ULS, ALS, and FLS safety factors (according to [40]).

Type of LS Combination # Load category

G Q E D

ULS 1 1.3 1.3 0.7 1
2 1 1 1.3 1

ALS 1 1 1 1 1

FLS 1 1 1 1 1

Note that the loads described in Section 2.2 need to be applied
o a structural model with a proper safety factor. In particular, the
afety factors for ULS and ALS environmental conditions are reported
n Table 2. The same considerations adopted for ULS conditions can
e applied to ALS conditions. The main difference, which relates to
LS, is that the conditions shall be considered with at least 1 year of
eturn period (as per Table 1), and following a combination of different
ailures (i.e. mooring line failure, equipment failure, among others),

according to [40].
Note that IEC standards define limit states and design categories to

obtain a series of design load cases which are not directly comparable
to the DNV method. The reader is referred to [34] for further detail.

2.2.2. Fatigue state assessment
Structural elements, if subject to time varying loads, can present un-

timely breakage even for loads which are not sufficient to induce plastic
deformation on the components. This is due to the fact that, under time
varying loads, cracks are able to generate and propagate within the
loaded elements, leading to a fracture of the stressed structural part.
This process is usually referred to as fatigue.

WECs fatigue assessment, known as fatigue limit state (FLS), needs
o be tested in device operative conditions and, hence, the most occur-
ent environmental events shall be considered. IEC suggests a higher
afety factor for variable loads if the device works in resonance condi-
ions. Otherwise, the safety factors of the FLS are reported in Table 2.
nvironmental data for the specific installation site are to be consid-
red, both for short-term and long-term statistics, according to [25].
he design of the device may be limited to FLS analysis depending on

ts shape and material and, also, on the specific working principle of
he WEC for effective wave energy harvesting. An detailed description
nd discussion on this last statement is provided in this paper, in
ection 4.3.

. Numerical models

In Section 2.2, the loads included within in the subsequent analysis
re defined and divided considering their source. In this section, the
orresponding mathematical models, used for device load assessment,
re presented and discussed.

Note that the following analysis should be intended as a guideline,
nd the use of a specific numerical model needs to be evaluated on the
asis of the WEC device under analysis. The numerical models proposed
n this section, are based on the following hypotheses:

• Extreme conditions shall be tested evaluating loads on the device
following a statistical approach and, hence, large pool of simula-
tions are required. As such, the analysis shall be ideally carried
out with a computationally efficient model.

• Non-linear effects, such as mooring forces, viscous damping,
among others, need to be included in the model, especially in
extreme conditions.

• In operative conditions, the device motion tends to be smaller
than its corresponding motion in harsh sea-state scenarios and,
hence, a fully linear model can be used.

Among the set of loads presented in Section 2.2, the following are
onsidered and discussed in detail:
5
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Fig. 2. WECs algebraic block diagram representation.

• Solid ballast, structure and equipment mass, and hydrostatic pres-
sure (G).

• PTO loads and mooring loads (Q).
• Wave, wind and current loads (E).

Though the other actions, listed in Section 2.2, can be of relevance
within WEC design procedures, they are not considered within this
study, since these are strongly case-dependent.

Generally, a WEC can be summarised under the hypothesis of linear
time-invariant system as proposed in Fig. 2. Note that the WEC response
(𝑋 in Fig. 2) is influenced by the mutual interaction of the associated
hydrodynamics (𝐺𝑤𝑒𝑐), the power take-off (PTO) (𝐺𝑝𝑡𝑜), and the moor-
ing system (𝐺𝑚). If is not possible to include an omni-comprehensive
model considering the totality of the actions, these shall be considered
as uncorrelated events, and worst-case loads need to be combined and
applied simultaneously in the structural model.

In the proposed design process, three different mathematical models
are proposed for the extreme events case4:

• Frequency-domain (FD) BEM-based model: These models are gen-
erally based on the calculation of the hydrodynamic parameters
of the WEC system via BEM, and the equation of motion is solved
under the assumption of mean wetted surface and non-viscous
incompressible flow, i.e. potential flow theory [26].

• Time domain (TD) BEM-based model: the statistical description
of the device response is obtained via a TD model, in order
to include (to some extent) non-linear effects (such as mooring
forces). These models are generally based on the resolution of
radiation forces via the so-called Cummins’ equation [43].

• TD CFD model: the pressure evaluation cannot be computed via
a BEM-based model, in particular if the non-linear component of
wave forces need to be included within the analysis. If the moor-
ing system has a significant influence on device dynamics (and it
is included within the TD BEM-based model), a coupled model
can be employed [44]. Hence, within the CFD environment, it
is possible to evaluate both pressure field, and exerted mooring
loads, with a high degree of fidelity.

While the current section introduces and details several mathe-
atical models, it is essential to emphasise that the reliability of
mathematical model requires validation against experimental data.

tandards often require the use of experimental data to quantify the
eliability of the adopted mathematical model, as exemplified in [45].
n the development of emerging technologies like wave energy sys-
ems, experimental data is crucial for evaluating their potential and

4 Note that the integration of a mooring solver within a CFD environment,
nd in a time-domain BEM-based model, is clearly related to the influence of
he mooring system on device dynamics, which changes accordingly to the
ase study.
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validating associated mathematical models [46]. In the wave energy
domain, the complex behaviour of wave energy systems can often
push commonly used numerical models, such as linear BEM-based
models, beyond their range of validity due to the inherently adopted
modelling assumptions [24]. However, while some models may be
based on limiting hypotheses (such as BEM models relying on small
motion assumptions), it becomes necessary to quantify model reliability
beyond these limitations. For example, in both [47,48], two distinct
experimental campaigns and model validation processes are presented.
The case study in both instances involves a pitching wave energy con-
verter, chosen as a relevant benchmark case study due to the substantial
variation in the waterline resulting from the device pitching motion. In
both cases, a BEM-based software model (based on the mean wetted
surface) is employed, demonstrating satisfactory results in predicting
the real system behaviour.

3.1. Frequency domain BEM-based model

The calculation of hydrodynamic coefficients is usually carried
out by means of BEM software. For instance, well-known BEM codes
are Nemoh [49], which is open source, or its commercial alternatives
QWA [50], OrcaWave [51], and WAMIT [52]. Note that software ca-
able of combining hydrodynamic calculations with structural analysis
s also available, such is the case of e.g. SESAM [53].

The hydrodynamic analysis shall be carried out for at least 20
requencies and 12 wave directions [54,55], in order to obtain a suf-
iciently discretised frequency-response behaviour. According to [56],
he model needs to include the frequencies characterising the main
esponse of the device, as well as those characteristic frequencies of
he installation site environment. The BEM software evaluates all the
ydrodynamic parameters that describe, for each wave direction, the
ollowing frequency-domain equation:

𝑋(𝑖𝜔)=
(

𝐺⋆(𝑖𝜔)
1 − 𝐺⋆(𝑖𝜔)𝐺pto(𝑖𝜔)

)

𝐹𝑒(𝑖𝜔),

𝐺⋆(𝑖𝜔) =
𝐺𝑤𝑒𝑐 (𝑖𝜔)

1 − 𝐺𝑤𝑒𝑐 (𝑖𝜔)𝐺𝑚(𝑖𝜔)
,

1
𝐺𝑤𝑒𝑐 (𝑖𝜔)

= −𝜔2(𝑀 + 𝐴(𝜔)) + 𝑖𝜔(𝐵(𝜔) + 𝐵𝑣𝑖𝑠𝑐 ) +𝐾,

(1)

where {𝐺𝑤𝑒𝑐 (𝑖𝜔), 𝐺𝑝𝑡𝑜(𝑖𝜔), 𝐺𝑚(𝑖𝜔)} ⊂ C6𝑥65 are the WEC, the PTO, and
he mooring frequency responses, respectively. {𝑀,𝐾} ⊂ R6𝑥6 are the
ass and hydrostatic stiffness matrices, respectively, 𝐹𝑒(𝑖𝜔) ∈ C6 rep-

resents the excitation force applied on the device, and {𝐵(𝜔), 𝐴(𝜔)} ⊂
R6𝑥6 are the damping and added mass matrices, respectively. The vec-
tors 𝑋(𝑖𝜔) ∈ C6 represent the Fourier transform of device displacement.

However, additional parameters may be required to include signifi-
cant phenomena, e.g. viscous actions due to the shape of the hull itself.
In particular, such viscous effects can be characterised by a quadratic
function and a viscous damping coefficient, which can included, fol-
lowing linearisation (see e.g. [57]), in Eq. (1) accordingly. Such a
oefficient can be obtained by means of e.g. CFD-based simulations, or
xperimental free-decay tests. In such cases, it is possible to identify a
global’ damping for the hull and, if it is sensibly larger than the ra-
iation damping 𝐵(𝜔) alone, introduce the additional viscous damping
𝑣𝑖𝑠𝑐 ∈ R6𝑥6 within Eq. (1) [58].

The influence of the mooring system can be obtained with simplified
ooring models (i.e. static mooring model [59]) or, in terms of a
epresentative linear model6 as follows. First, a TD model of the vessel
nd its mooring needs to be defined and excited, imposing the device
otion. Within this paper, a multisine signal [61] with a box-type

requency spectrum, i.e. a spectrum with compact support and uniform

5 Note that in the proposed notation 1
𝐺(𝑖𝜔)

is the inverse of the matrix 𝐺(𝑖𝜔).
6 The reader is referred to [60] for the definition of representative linear
odel.
6

s

mplitude distribution, is chosen. The box spectrum must cover at
east the same frequency span used for the BEM calculation. It is
lso important to conduct a sensitivity study on the ‘height’ (peak-
o-peak ratio) of the generated input signal. In order to generate a
uitable multisine signal, it is important to choose the phase of each
omponent so as to minimise the so-called crest factor (see [62]). This
an be achieved, for instance, by employing the so-called Schroeder
hases [61], although other methods are available. To be precise, such
multisine signals can be defined as:

(𝑡) = 𝑎 ⊗
[

1 … 1
]

⎡

⎢

⎢

⎣

cos(𝜔1𝑡 + 𝜙1)
⋮

cos(𝜔𝑘𝑡 + 𝜙𝑘)

⎤

⎥

⎥

⎦

,

(𝑡) =
⎡

⎢

⎢

⎣

𝑥1(𝑡)
⋮

𝑥6(𝑡)

⎤

⎥

⎥

⎦

, 𝑎 =
⎡

⎢

⎢

⎣

𝑎1
⋮
𝑎6

⎤

⎥

⎥

⎦

,

𝜙𝑘 =
−𝑘(𝑘 + 1)

𝑁𝑘
, ∀𝑘 ∈ {1,… , 𝑁𝑘},

(2)

in which 𝑎 ∈ R+6 is the constant amplitude of each 𝑘th component, 𝜙𝑘
is the phase of the 𝑘th component, according to [61], and 𝑥(𝑡) ∈ R6 is
the device imposed position.

As already stated, it is important to evaluate the influence of the
values of 𝑎 in the system response, by conducting a sensitivity analysis,
bearing in mind that the linearity hypothesis holds only if the amplitude
of the multisine is not excessively large. After having conducted the
corresponding time domain simulation (with (2) as the wave input),
it is possible to characterise the mooring system frequency response
calculating, for each wave direction:

𝐺𝑚𝑝,𝑗
(𝑖𝜔) =

 (𝑓𝑚𝑝
(𝑡))

 (𝑥𝑗 (𝑡))
, ∀𝑗, 𝑝 ∈ {1, 2,… , 6}, (3)

where 𝐺𝑚(𝑖𝜔) is the mooring frequency response already proposed
in Eq. (1) and Fig. 2, 𝑓𝑚(𝑡) ∈ R6 is the net mooring force applied to
the device CoG, and  being the Fourier transform operator.

Finally, the actions associated with the PTO need to be considered
within the model. For the purposes of FLS analysis, a linear model of
the PTO system can be developed, in which one takes into account
the interaction between the motion of the device, the control system,
and the mechanical parameters of the PTO. Otherwise, representative
linear model can be computed following the same process described for
mooring forces.

The outlined procedure consent to linearise and include in the
model described in Eq. (1) nonlinear terms and hence, evaluate the de-
vice motion considering the PTO and the mooring influence. Although
the generalised forces to the CoG have been discussed and proposed
above, the definition of the stress transfer functions (see Section 4.3.3)
needs to be defined by means of local (hot spot) transfer function which
are referred, for example, in case of the mooring force, to the fairleads:

𝐺𝑚,𝑛𝑝,𝑗 (𝑖𝜔) =
 (𝑓𝑚,𝑛𝑝 (𝑡))

 (𝑥𝑗 (𝑡))
, ∀𝑗, 𝑝 ∈ {1, 2,… , 6}, (4)

with 𝑓𝑚,𝑛(𝑡) being the 𝑛th fairlead, while 𝐺𝑚,𝑛(𝑖𝜔) ∈ C6 is the mooring
frequency response,7 Force components shall be calculated for a frame
of reference integral with the hull. The data-based frequency responses
are usually referred to as an experimental frequency responses, since they
are directly obtained by operating on acquired time-domain data.

7 Note that, normally, a mooring line is connected to the device with a
pherical joint, hence 𝑓 (𝑡) moments are zero.
𝑚,𝑛
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3.2. Time domain BEM-based model

Several commercial and open source software can be used as TD
models. Among them, OrcaFlex [51], Aqwa [50], SeaFEM [63], and
ESAM [53], are the most common commercial TD solvers with a
ooring module. Within the open-source side, WecSim [64] is a TD

oftware naturally coupled withMoorDyn [65], a dynamic lumped-mass
ooring solver. For an extensive analysis of software possibilities for

his task, the reader is referred to [27].
Although the formulation of the equations can slightly change

mong different software, in general, the device motion is computed
n TD solving the integro-differential equation proposed by Cum-
ins [43]:

𝑀 + 𝐴)�̈�(𝑡)+∫R+
ℎ(𝜏)�̇�(𝑡 − 𝜏)𝑑𝜏+𝐾𝑥(𝑡)=𝐹𝑒𝑥𝑡(𝑡), (5)

where ℎ(𝑡) ∈ R6𝑥6 is the radiation damping impulse response function,
nd the other parameters correspond with those already described
ithin Eq. (1). 𝐹𝑒𝑥𝑡 ∈ R6, instead, is the sum of all external forces
pplied to the WEC hull. Considering that the PTO is effectively blocked
n extreme conditions (i.e. in safety mode), 𝐹𝑒𝑥𝑡 = 𝐹𝑚+𝐹𝑒+𝐹2𝑛𝑑+𝐹𝑤+𝐹𝑐 ,

where 𝐹𝑚, 𝐹2𝑛𝑑 , 𝐹2, 𝐹𝑤, 𝐹𝑐 represent mooring forces, excitation forces
(also present in Eq. (1)), 2-nd order forces (also known as sum and
difference frequencies forces [26]), wind forces, and current forces. The
latter two forces, i.e. wind and current, are generally included by means
of the so-called drag formulation [66].

Though the international standard for mooring analysis [45] allows
the use of a quasi-static model, WEC systems are generally excited
within a relatively large range of frequencies, defined as wave frequen-
cies. Hence, the use of a dynamic mooring solver is recommended,
in order to accurately model the mooring forces in the high fre-
quency region. Dynamic mooring models can be divided into two main
categories:

• FEM: Generally time-consuming, but they can be used to model
some particular events like, for example, snap events [67].

• Lumped-mass models: they use a lumped-mass formulation to
compute mooring forces [68].

Lumped-mass models are relatively common within the wave en-
ergy field [31] and, hence, a simplified formulation of a lumped-mass
mathematical model is presented below

�̈�𝑖(𝑡) =
1

𝑚𝑖 + 𝑎𝑖

(

𝐾𝑚(𝑦𝑖(𝑡), 𝑦𝑖−1(𝑡), 𝑦𝑖+1(𝑡))+

𝐵𝑚(�̇�𝑖(𝑡), �̇�𝑖−1(𝑡), �̇�𝑖+1(𝑡)) +𝑊𝐵,𝑖 +𝐷𝑖(�̇�𝑖(𝑡))
)

,
(6)

here {�̈�𝑖(𝑡), �̇�𝑖(𝑡), 𝑦𝑖(𝑡)} ⊂ R3 represent the acceleration, velocity, and
position of the 𝑖th node, respectively, and {𝑚𝑖, 𝑎𝑖, 𝐾𝑚, 𝐵𝑚} are the
inertial and added mass terms, spring force, damping force due to the
motion of nodes, respectively. Finally, {𝑊𝐵,𝑖, 𝐷𝑖} represent node net
buoyancy and drag force.

3.3. CFD model

A CFD environment ensures high-fidelity simulation for modelling
strongly nonlinear phenomena. Among the available software, Star-
CCM+ [69] and OpenFOAM [70] are the most commonly-used codes,
being commercial and open source, respectively. Recommended prac-
tices for CFD modelling are provided in [71]. Note that the integration
of a moored model in CFD environment is not a novelty, and has been
already achieved in e.g. [72].

The mass continuity equation, and the momentum continuity equa-
tion, are:

∇ ⋅ 𝑢 = 0,
𝜕𝑢 + 𝑢 ⋅ ∇𝑢 = −

∇𝑝
+ 𝑔 + ∇ ⋅ (𝜇∇𝑢),

(7)
7

𝜕𝑡 𝜌
where, {𝑢, 𝑝, 𝜌, 𝜇} are the volume of fluid velocity, pressure, density,
and viscosity, respectively, while 𝑔 represents the constant gravitational
acceleration.

The response of the system described herein cannot be analytically
solved, but can be computed numerically through domain discretisa-
tion into finite volumes. Reynolds Averaged Navier–Stokes equations
(RANS) are applied to average flow properties over time. A realisable
𝑘 − 𝜀 turbulence model needs to be employed, with 𝑘 representing
turbulent kinetic energy and 𝜀 indicating the dissipation rate. This
choice of a turbulence model is coupled with wall functions to handle
high-gradient regions near walls.

To address the wave transport problem, the simulation environment
necessitates the definition of two fluids. The volume-of-fluid model,
developed by Muzaferija and Peric in 1998 [73], can be applied for
this purpose. This model precisely describes the interface between
different fluid phases, allowing for an accurate representation of wave
interaction with the WEC.

Adhering to standards [25], the volume-of-fluid method stands
out as an effective approach for simulating wave-in-deck loads. This
method facilitates the breakup of fluid particles and accommodates
changes in the topology of the fluid domain [74].

4. Design process

In this section, the proposed design procedure for a WEC is ex-
plained and discussed. This section is divided into 2 main parts, defin-
ing a design criteria for extreme and operative conditions, respectively.

4.1. Extreme event design criteria

The procedure to follow in ultimate and accidental limit states, i.e.
ULS and ALS respectively, is the same. In ALS, the simulations shall
be run considering equipment failure (e.g. the failure of a mooring
line). In the definition of the hull thickness, and the steel reinforcement
layer, ULS can be considered as the ‘‘design stage’’, in order to define
hull properties. In contrast, any other limit states can be essentially
considered as verification stages.

The design process starts with the analysis of the environmental
events. Although the simulation shall be carried out setting the short-
term climate condition (e.g. a JONSWAP spectrum for waves), for
the definition of short-term events, a long-term analysis is required,
which consists in the definition of the so-called environmental contour
(EC) [25].

The design analysis needs to refer to a proper choice of the climate
conditions. Clearly, in extreme limit states (such as ULS and ALS), the
definition of the environmental states (wave, wind and current spectra),
is defined via a probabilistic model, in order to consider the proper
wave (or external events) in the device life cycle.

The methodology which can be used to define the long-term distri-
bution of a phenomenon starting from available data, is described in
Annex. Though the long-term description (hereinafter Environmental
Contour, EC) of the event is computed, the definition of the sea states
from the computed environmental contour is not trivial. Technically,
the worst-case sea state (in terms of loads on the device) should be
considered as the design sea state, though its definition for non-linear
models cannot be assumed in advance. WECs are resonant devices, and
hence, both 𝐻𝑠 and 𝑇𝑒 can affect the device response significantly.
RAOs, facilitate the understanding (under linearity assumptions) of the
resonance frequency of the device (i.e. as example the PeWEC [75] de-
vice RAOs are exposed in Fig. 4) and, hence, the waves that would need
to be considered from ECs. RAOs are evaluated via a BEM software that
calculates the device response in regular waves although, in irregular
sea states, waves are defined by a stochastic panchromatic process.
Therefore, in an irregular sea state, the definition of the spectrum
period (which can be described by peak, mean, or energy period,
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Fig. 3. Extreme condition design process.
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mong others [76]) is not trivial, and several wave spectra need to be
onsidered in order to encompass the worst-case scenario.

Based on the discussion provided above, the proposed wave selec-
ion on the EC can be summarised as follows:

• From EC, an equally spaced array of waves shall be chosen,
starting from a period lower than the resonance one, covering
from resonant waves, towards the period of the highest wave on
the contour.

• The number of waves of each contour should take into account
the period variation, in order to effectively consider the WEC
response variation.

herefore, following the examples proposed in Figs. 8 and 4, an equis-
aced (in period) array of waves can be selected from the environmen-
al contour as highlighted in Fig. 5.

Note that this process can be effectively spread considering wave
irectionality. For the evaluation of directional contours, the procedure
s equivalent to the procedure explained in Annex, dividing the wave
ata into sectors, and considering exclusively the data from a desired
ector. Each individual sector shall contain a sufficiently large set of
ata, in order to achieve a proper definition of its relative directional
nvironmental contour [25]. Therefore, considering a 30 year set of
ave data, a value of angle between sectors of 30◦ can be potentially

ufficient, although this needs to be verified according to the specific
ite data under consideration.

If the WEC is station-kept by a mono-directional mooring system
8

i.e. a mooring system which does not allow the device to weathervane), b
nly a quarter (worst-case quarter) of the possible directions can be
onsidered within the analysis. Note that a mono-directional mooring
ystem is essentially a spread mooring system [77], which does not
llow the hull to weathervane.

Note that, in addition, current and wind are considered in the defi-
ition of the short-term events. As suggested by international standards,
he events correlation needs to be defined properly. In particular, the
vents correlation in collinear and non-collinear cases depends on the
ossibility of the device to weathervane. In case of a weathervan-
ng unit, for each environmental contour, the following events and
irections need to be considered [45]:

• Wave, wind and current shall have the same direction.
• Wave direction shall be set as the environmental contour di-

rection. In contrast, wind and current directions shall be set
respectively to 30◦ and 45◦, relative to the wave direction.

or a unit with a mono-directional mooring system, which does not
llow the hull to weathervane, current, wind, and wave shall be con-
idered as acting on the same direction.

.1.1. Device response via a statistical approach
The hydrodynamic non-linearities related to the extreme condition

f the sea states, and the large motion of the WEC, can be evaluated
ith the proposed CFD-moored model (as outlined in Section 3). The
ain problem related to CFD numerical models is the computational
urden required by the solver. As such, a complete wave spectrum
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Fig. 5. Environmental contour, and corresponding chosen waves.
r
T

cannot be evaluated within a CFD environment (in particular when con-
sidering a multi-seed approach) and, hence, particular methodologies,
known as focused wave approaches, have been developed and proposed
in literature [78].

Technically, considering a focused wave, the design is solely defined
based on wave related statistics. This means that a focused wave
approach is effectively able to describe a wave time series producing
the highest peak of wave elevation. Note that, although, the device
needs to be designed according to worst-case loads, which does not
necessarily correspond with the highest peak of the wave elevation time
series.

To avoid this problem, this study proposes a statistical analysis
based on the TD model simplified described in Section 3.2. Fig. 3
illustrates the proposed workflow.

Via the combination of wave, current, and wind data, it is possible
to define a proper events list, according to standards [45], while also
considering the weathervaning capabilities of the unit. Note that, by
following the definition of events reported in Annex, an event list is
hence available to evaluate the WEC response in time-domain.

For each sea state, at least a 3 h simulation, with 10 seeds, shall
be carried out (see [25,45]). Simulations are post-processed to define,
via a statistical analysis, the magnitude of relevant parameters (such
as device motion and loads acting on hull). These are called proxy
responses.

The extreme magnitude values of proxy responses are used to find
an equivalent (in terms of parameter magnitude) regular wave, which
can be simulated within a CFD environment. Considering that the aim
is the evaluation of pressures and mooring loads on the device, in order
to guarantee representative design conditions to the structural model,
the parameters that need to be considered in the analysis are:

• Environmental loads (hydrodynamic and hydrostatic forces, cur-
rent forces, and wind forces).

• Permanent and gravity Loads.
• Variable loads (mooring loads).

Hence the proxy responses can be chosen as follows:

• Wave hydrodynamic forces and moments on device (six parame-
ters).

• Device accelerations (six parameters).
• Mooring net forces applied on device (six parameters).
• Current forces applied on device (six parameters).
• Wind forces applied on device (six parameters).

Note that the proxy responses are chosen considering a general case,
and some parameters can be potentially neglected when considering a
9

specific case of study. p
For each proxy response, the maximum value of each simulation
shall be used to obtain a corresponding probability distribution func-
tion (PDF) [45]. Following [79,80], the extreme events can be hence
treated in terms of three different distributions:

• Type I extreme value distribution: Gumbel distribution.
• Type II extreme value distribution: Fréchet distribution.
• Type III extreme value distribution: Weibull distribution.

From the combination of these 3 functions, another distribution can
be defined, known as generalised extreme value distribution. For building
PDFs for proxy responses, standards [45] suggest the use of a Gumbel
distribution, though the fit between distribution and data needs to be
verified accordingly.

Having a PDF for each proxy response, the most probable maximum
(MPM) of the distribution can be now defined as the governing response
level of the proxy response. For example, for a Gumbel distribution the
MPM can be evaluated as:

𝑀𝑃𝑀𝐺𝑢𝑚𝑏𝑒𝑙 = 𝜇 − 0.45𝜎,

where 𝜇 and 𝜎 are the mean and standard deviation of the analysed
data, respectively.

4.1.2. Equivalent regular wave
Finally, several regular waves can be tested within the TD BEM-

based model. These waves can be built randomly, with a fine discreti-
sation in heights and periods. Unlike the irregular case, regular wave
simulations are not time consuming, and the steady-state condition is
reached after few hundreds of seconds. Note that the regular waves,
used within the CFD model, should satisfy the governing response level
for each proxy response. As such, the maximum number of regular
waves that should be simulated in CFD is given by the number of
proxy responses. Nonetheless, the number of waves required is gen-
erally lower than the number of proxy responses, since one wave
can effectively satisfy the governing response level of multiple proxy
responses.

4.1.3. Pressure field
With this process, the number of simulations requested to be evalu-

ated in CFD is reduced significantly, and the simulations need to be ran
until the stationary (steady-state) condition is reached, which generally
implies a few hundreds seconds of simulation.

Considering the proxy responses presented in Section 4.1.1, less
than 30 waves can be simulated via CFD in order to provide a rep-
esentative characterisation of the pressures forces acting on device.
hough the maximum number of waves is equal to the number of

roxy responses defined, a single equivalent regular wave can provide
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a sufficiently large level of more than one proxy response. Note that, if
a mooring solver is included in the CFD environment, this ensures the
determination of the mooring loads on fairleads, and the dynamic of
device is significant affected by the mooring system.8

The CFD model needs to be set carefully, with a proper definition of
he virtual wave tank. For example, the waves radiated from the device
ove towards the boundaries of the domain, dissipating energy. Hence,

he characteristic length of the domain shall be large enough, in order
o capture the most energetic part of the wave pattern. For instance,
he description of a CFD model for a pitching WEC is provided in [58],
hile the International Towing Tank Conference (ITTC) developed
uidelines regarding virtual tank setting [71].

With regular waves as input for the CFD virtual wave tank, also
he output signals (i.e. pressures, kinematics, mooring forces, among
thers) have a regular-like behaviour. As such, it is straightforward to
efine, with minimal uncertainty, the moment in time in which the
axima of the design parameters (i.e. pressures, mooring forces, among

others) occur. At these specific moments, it is then possible to evaluate:

• Mooring forces on fairleads, post-processing mooring solver out-
puts,

• environmental pressures on the device, defined on the CFD de-
vice mesh, which can be easily interpolated on the mesh of the
structural software and,

• device accelerations, which also describe gravity loads.

Finally, a structural FEM 3D model can be developed and set with
the proper loads, in order to evaluate/verify the hull withstanding
capability. Detailed information on structural FEM is beyond the scope
of this study, and the reader is referred to [23,40,81,82].

4.2. Limitations

In this section, we highlight the primary limitations of the pro-
posed methodology. While the criteria for designing operational events
outlined below align with industry standards and model constraints,
the extreme conditions may extend numerical models beyond their
validity range. As discussed in Section 3, experimental validation of
numerical models is imperative in the design phase. Nevertheless, a
simplified BEM-based model with only linear terms might fall short
in predicting device dynamics. Linear models, as outlined in [24],
suffice for operational, small wave conditions. However, incorporating
nonlinear terms, like significant mooring forces and second-order drift
forces, enables models to faithfully describe device dynamics even in
extreme conditions [47]. In summary, two mathematical models with
the following limitations are necessary to implement the proposed
design procedure:

• A time-domain BEM-based model is required. This model should
exhibit computational efficiency to calculate device responses
in all extreme irregular tests in which it must be capable of
statistically reproducing the device response in extreme irregular
conditions.

• A time-domain CFD-based model is required. This model should
encompass all relevant dynamics.

4.3. Operative event design criteria

In the field of naval design and, generally, offshore structure design,
fatigue is one of the major aspects to be considered, since such objects
are subject to a wide series of dynamic loads, e.g. wave loads, wind

8 Note that in a CFD moored simulation, mooring and pressure forces are
orrelated. This means that not necessarily the worst-case pressure load acts
t the same time of the worst-case mooring force, and hence oversizing issues
an be avoided.
10
loads, loads given by moving cargo (such as tankers), mooring loads,
among others. The aim of fatigue design is to ensure that the structure
has an adequate fatigue life. Estimated fatigue life also forms the basis
for efficient inspection program during fabrication, and the operational
life of the structure.

To date, the regulatory framework in terms of standards for fatigue
assessment of WECs is not particularly well-defined (with the notable
exception of [56]), and the general approach is to adapt the naval
standards to the specific design cases [78,83,84].

However, [56] only provides a normative frame of reference re-
garding WEC design, while the purpose of this study is to describe the
step-by-step design of a WEC. In general, the international normative
reference for offshore structural design is provided by DNV, which has
developed a comprehensive collection of rules, guidelines, standards,
classification notes, among others. In particular, the procedure hereby
described for FLS is mainly derived from [54,55,85].

The fatigue verification of vessel structures, according to [85], can
be performed following one of the alternative methods reported below:

• Prescriptive fatigue assessment: This method is specifically cre-
ated for steel ship structures, and it is based on the selection of
equivalent design waves, which maximise specific wave induced
loads on the hull. Such characteristic loads are described in [86].
Within this approach, no structural FEM model is used, and the
stress in the structure is calculated based on empirical relations,
which take into account inertial and geometrical parameters of
the hull. Of course, such relations have been developed specifi-
cally for ship-like hulls, and may not be suitable to describe the
structural behaviour a WEC geometry in general. Moreover, the
actual sea states to which the vessel is subject to are not explicitly
taken into account. Since a WEC is a device installed on a spe-
cific site, for which it is safe to suppose that the environmental
properties (wave, wind, and current) are known when designing
the hull, such simplification may be limiting. For these reasons,
it is far more preferable to adopt a design method which takes
into account the actual environmental conditions to which the
system is going to be subject, together with the actual geometry
and properties of the hull.

• Direct fatigue assessment: This method is based on direct compu-
tation of wave loads for selected loading conditions, and a specific
wave environment. This is important to take into account the
specific installation site for which the hull is designed, so the
direct approach proves to be more reliable than the prescriptive
approach. In turn, the direct approach can be subdivided into two
different methods:

– Component stochastic analysis: global environmental ac-
tions on the hull are calculated (forces and moments), and
converted into structural stress by using empirical coeffi-
cients. As for the prescriptive method, the use of empirical
coefficients may not be adequate to describe the structural
behaviour of WEC, and studies regarding the applicability of
such coefficients to the variety geometries that characterise
the various WEC concepts are lacking.

– Full stochastic analysis: this approach requires that the
hydrodynamic loads (including pressures), calculated by
means of a BEM solver, are directly transferred into a
FEM model of the hull, in order to calculate the struc-
tural stress in the vessel. This method represents the most
versatile and complete alternative for fatigue evaluation,
and is not affected by the drawbacks of the methods de-
scribed above. The main drawback, characteristic of this
method, is a higher computational cost compared to the
other approaches. Nonetheless, this method has been chosen
as the basis for the definition of a procedure for the FLS

calculation, proposed below.
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Fig. 6. Full stochastic analysis flow chart diagram from [87].

After having identified the most suitable methodology, we provide
more detailed description of the calculation procedure associated.

he algorithm describing the full stochastic analysis, proposed by [87],
s shown in Fig. 6. The process workflow, proposed in this study,
as been slightly modified from the one proposed within Fig. 6, in
rder to include some terms neglected in the initial procedure. Such
modified workflow is illustrated in Fig. 7. Note that the proposed
ethod requires the calculation of the hydrodynamic loads, and the
erivation of the load frequency response. Such functions are linear
aps that relate each regular sea state with the forces and torques

xerted on the hull by the sea state itself.
Following the computation of such loads, the global actions are

rovided to a FEM of the hull, and it is possible to calculate either the
tress on the structure, or its displacement. Calculating displacements
s useful for evaluating the stress on particular sections of the vessel, by
eans of a local FEM model. The use of a local FEM model is required

n cases of particular geometrical complexity, or when the global model
s not accurate enough to describe the stress behaviour in certain areas
f the structure.

The frequency response calculated directly relates the sea state
which generates the global actions) to the structural stress. Once the
tress frequency response is available, it is possible to combine it with
he environmental data of the selected installation site, in order to
alculate the load cycle associated to each wave in the scatter, and its
ssociated occurrence.

Having calculated such data, it is possible to combine them with
he fatigue characteristic of the materials constituting the hull (con-
rete, steel, etc.), and verify if the structure satisfies the fatigue life
equirements. The main complexity of the proposed method rests in the
se of a FEM model for the structural calculation, since automatisation
ay not be easily achievable in the case of non-linear materials. On the

ther hand, the use of FEM allows a great versatility and flexibility with
espect to the materials and constructive solutions that can be described
or the FLS calculation.

Such method has the great advantage of being suitable for describ-
ng any hull geometry and every hull material, for any chosen installa-
ion site. The hypotheses on which the hereby described procedure is
ased are the following (see [85]):
11

f

• Wave climate is represented by scatter diagrams. Each sea state
is represented by a wave spectrum.

• Rayleigh distribution applies for stresses within each short term
condition.

• Cycle count is according to zero crossing period of short term
stress response.

• Miner summation is according to linear cumulative damage.
• Linear load effects and responses.
• Stresses used for fatigue calculation are based on hot spot stress

methods using a stochastic approach. The hot spot stress is either
calculated using a stress concentration factor model, or derived
from nominal stresses combined with associated stress concentra-
tion factors.

• Although based upon linear theory, the analysis should include
any relevant non-linear effect. If the effect has a significant influ-
ence on the overall structural response, and a significant probabil-
ity9 it should be included within the analysis. An example of such
effect is the intermittent wetting of the side shell and the resulting
effect on the linearised pressure loads. Other load effects, such as
slowly varying impact loads, should be included if they influence
the fatigue life.

• Non-linear effects due to large amplitude motions and large waves
can be neglected in the fatigue analysis, since any stress within
lower load levels (intermediate wave amplitudes) contributes
relatively more to the cumulative fatigue damage.

The choice of the structural material follows a series of considera-
tions, and several factors need to be included in the evaluation process.
Most of the standards for fatigue evaluation of offshore structures
are based on steel (see [55,85,88–90]), or both steel and concrete
(e.g. offshore wind [91]), and some are specific to concrete [23]. For
WEC design using steel or concrete, it is possible to follow the rules
and standards mentioned above, while for composite materials, the
reference is given in [92,93].

4.3.1. Scatter data
Environmental data need to be calculated for the site of installation

of the device, covering two sets of information: Both long-term, data
and short-term data are required. The former is usually known as wave
scatter, and report the occurrence of each sea state, characterised by
significant wave height 𝐻𝑠, energetic period 𝑇𝑒 (or related data such
as peak period 𝑇𝑝 of the spectrum or mean zero-crossing period 𝑇𝑧),
wave direction, and possibly spreading [25]. The latter is given by the
sea state energy spectrum, which describes the single sea state, and it is
function of the frequency 𝜔, and the wave direction. Within the present
study, a JONSWAP spectrum has been considered, but further reference
is given in [25,87].

Each sea state is usually described by means of a frequency spec-
trum10 and a variety of spectral forms have been defined over the
course of the decades [95]. The sea states are hence represented using
the following (8) relation:

𝑆𝜂(𝜔) = 320
𝐻2

𝑠

𝑇 4
𝑝
𝜔−5e

− 1950
𝑇 4𝑝

𝜔−4

𝛾𝐴𝐽𝑆 , (8)

where 𝑆𝜂(𝜔) ∈ R is the wave spectrum, which described the power
density of the wave, 𝐻𝑠 is the significant wave height, and 𝑇𝑝 is the
eriod associated to the highest spectral peak. The parameter 𝛾𝐽𝑆 is

9 Please note that, the definition of probability of a phenomenon is linked
o the failure probability of the system [85]. of occurrence (e.g. exceedance
evel larger than 1 × 10−4).
10 Note that in this formulation the wave spreading can be included, for

urther information please refer to [94].
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he so-called peak-enhancement factor. Finally, the value of 𝐴 is given
y

(𝜔) = e
−

( 𝜔
𝜔𝑝

−1

𝜎𝐽
√

2

)2

, (9)

where 𝜔𝑝 = 2𝜋∕𝑇𝑝 and

𝜎𝐽 =

{

0.07 if 𝜔 ≤ 𝜔𝑝,

0.09 if 𝜔 > 𝜔𝑝.
(10)

4.3.2. Load frequency response
The computation of the hydrodynamic parameters as described

in Section 3.1 facilitates the introduction of new components within
hydrodynamic calculations. For instance, the displacement RAO can be
modified according to the value of the additional viscous damping. This
leads to a corrected value of the velocity RAO, which can be used to
calculate the viscous drag actions on the hull by means of the drag
coefficients, for each of the waves considered within the BEM software.
Finally, it is possible to use the RAO associated with the mooring
forces at the fairleads, in order to effectively introduce the effect of
the mooring in the overall response.

The acceleration RAO �̈�(𝑖𝜔) describes an acceleration for each de-
gree of freedom (DoF), and each wave calculated within the BEM
software. However, the external actions mentioned above need to be
considered properly in Eq. (1), in order to include them in the device
acceleration.

From [55], it is possible to introduce a correction term for the wave
pressure, to take into account the intermittent wet and dry external
surfaces of the WEC. The wave dynamic pressure can be corrected for
the splash zone as

𝑝𝑑𝑦𝑛,𝑠𝑧 = 𝑟𝑝𝑝𝑑𝑦𝑛, (11)

in which 𝑝𝑑𝑦𝑛 is the dynamic pressure on a given location on the hull
surface, 𝑟𝑝 is a corrective coefficient, and 𝑝𝑑𝑦𝑛,𝑠𝑧 is the dynamic pressure
corrected for the splash zone.

For conducting such correction, it is important to first determine
the vertical extent of the splash zone. This can be done by considering
a characteristic value of the dynamic pressure 𝑝𝑊𝐿 on the hull for the
mean sea water level (SWL), which is usually located at 𝑧 = 0 in the
12
global coordinates of the BEM software, and calculating the vertical
extent ℎ𝑊 of the splash zone as

ℎ𝑊 =
𝑝𝑊𝐿
𝜌𝑔

, (12)

with 𝜌 being the sea water density, and 𝑔 the gravitational acceleration.
The significant value of dynamic pressure at the SWL can be defined
as the maximum amplitude of the dynamic pressure for 𝑧 = 0 (for a
conservative estimate).

Having calculated the extent of the splash zone, it is possible to
define the corrective coefficient 𝑟𝑝 as

𝑟𝑝(𝑧) =

⎧

⎪

⎨

⎪

⎩

1, if 𝑧 ≤ −ℎ𝑊 ,
0, if 𝑧 ≥ ℎ𝑊 ,
ℎ𝑊 −𝑧
2ℎ𝑊

, if − ℎ𝑊 < 𝑧 < ℎ𝑊 .
(13)

Note that, defining 𝐻draft as the draft of the vessel, and 𝐻total as its
height, the conditions −𝐻draft < −ℎ𝑊 and 𝐻total −𝐻draft > ℎ𝑊 have to
e always verified.

.3.3. Stress frequency response
After the definition of loads on the hull, it is necessary to quantify

he structural stress on the device for each regular wave condition,
nd for a series of significant points on the structure. This allows the
alculation of a stress response function, analogous to the one specified
n [54,55,85] for the spectral fatigue analysis. The structural assessment
f the device (or portions of it) is usually conducted by means of a FEM
odel.

Although a complete description of the structural calculation method
s not included in this study, a reference to FEM analysis for fatigue in
ffshore structures is provided in [54,85]. In general, the FEM analysis
ust be conducted including every effect that impacts on the fatigue

ife of the device. For the case under analysis, such effects are:

• External pressure on the hull, obtained by interpolation of the
pressure values calculated for the hydrodynamic mesh (if struc-
tural mesh and hydrodynamic mesh are different).

• Inertial loads, computed within the FEM software by imposing the
acceleration �̈�, calculated as suggested in Section 3.1. The inertial
loads should be defined for each element in the model, and not
as a general force applied on the hull [85].

• Mooring forces, calculated for each BEM wave as specified above.

The forces are specified by components on each fairlead.
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• Viscous loads, proportional to the velocity of the vessel. Such
actions can be transferred to the model as line loads along the
bilge or as distributed surface loads parallel to the hull (tangential
loads).

• PTO loads, which can be calculated for each regular BEM wave
by means of a linearised PTO model.

fter having transferred the mentioned effects on the model, it is
mportant to verify that the model is in equilibrium, and no unbal-
nced loads are present, since this could disturb the global response
f the structure. This check should be carried out for different wave
eadings. Having defined both the input and general conditions for
he FEM calculation, it is necessary to determine the stress range in
set of significant locations in the structure, based on the two loading

onditions calculated for the single BEM wave. For the details of the
EM calculation procedure, such as the evaluation of welds, or the
ot-spot stress evaluation, the reader is referred to [55,96].

The information of the single load cycle for the selected BEM sea
tate can then be used in combination with the results from other
EM waves, in order to evaluate the corresponding stress frequency
esponse, which is of paramount importance for the application of the
pectral analysis performed below. The stress frequency response, as
reviously mentioned, relates a regular sea state characterised by a
requency 𝜔 and a wave direction, with the stress range occurring
t a specific location on the structure. The process of evaluating the
tress range, therefore, is to be repeated for each BEM wave, for the
ignificant set of points in the structure.

.3.4. Damage calculation
The procedure proposed within this study requires the calculated

ave loads for selected loading conditions in a specific installation site.
he stress on the structure can be estimated, for each wave condition,
y a spectral analysis. The aim of this section of the procedure is
herefore to combine the information of the sea state with the stress
requency response, as described in Section 4.3.3. As stated in [56], a
linear modelling of the response is in general sufficient for fatigue assessment
purposes, meaning that the assumption of linear behaviour between
the sea state and the stress condition on the structure is adequate to
represent the fatigue problem, thus being consistent with the definition
of the aforementioned stress frequency response.

The response of the structure in terms of stress can be therefore
described as a linear combination of the response for each regular com-
ponent constituting the irregular sea state, by means of the superposi-
tion principle. This method implies that the simultaneous occurrence
of different load effects is maintained through the calculations, and
that any uncertainties are effectively reduced with respect to alternative
simplified methods. The possibility of superimposing the effects given
by each wave component facilitates the use of a frequency-domain
analysis, by which the resulting stress on a given point of the structure
is obtained as a combination of all contributing dynamic effects.

Nonetheless, as already discussed in Section 4.3, linear theory re-
quires a series of assumptions that are not necessarily satisfied for large
waves, so it is clear that linear theory is not adequate to completely
describe the behaviour of the system under severe sea states. On the
other hand, most of the fatigue damage occurs for moderate wave
conditions, for which linear theory is sufficiently precise.

Having provided justification for the calculations below, the first
step of the procedure consists in calculating the stress response of the
structure for a given sea state. Therefore, the stress response of the
structure can be obtained as

𝑆𝑠(𝜔, 𝛽) = |𝑠(𝜔, 𝛽)|2𝑆𝜂(𝜔, 𝛽), (14)

where 𝑠(𝜔, 𝛽) ∈ C is the stresses frequency response ,obtained by
13

eans of the Fourier transform of the stresses on the hull [97]. The
spectral moment 𝑚 of order 𝑛 of the structural stress response process,
or a given wave heading 𝛽∗, can be described by [97]

𝑛 = ∫R
𝜔𝑛𝑆𝑠(𝜔, 𝛽∗)d𝜔. (15)

f the stress response is sufficiently narrow-banded, condition that is
sually satisfied with sea states described by JONSWAP spectra, the
tress range response for the structure has a short-term distribution
hat can be described by means of a Rayleigh distribution [79], with
cumulative probability function 𝐹𝛥𝑠𝑖𝑗 ∶ R ↦ [0, 1] given by

𝛥𝑠𝑖𝑗 (𝛥𝑠) = 1 − 𝑒
− 𝛥𝑠2

8𝑚0𝑖𝑗 , (16)

ith 𝑚0𝑖𝑗 being the zeroth-order spectral moment of the stress response
or the sea state 𝑖, with heading 𝑗, and 𝛥𝑠 being the stress range. From
he short-term stress distributions of each sea state, and each heading
nalysed, it is possible to define a long-term stress distribution [79] as

𝛥𝑠(𝛥𝑠) =
∑

𝑖,𝑗
𝑟𝑖𝑗𝐹𝛥𝑠𝑖𝑗 (𝛥𝑠)𝑝𝑖𝑗 , (17)

here 𝑝𝑖𝑗 is the probability of occurrence of each sea state 𝑖 combined
ith heading 𝑗, and 𝑟𝑖𝑗 = 𝜈𝑖𝑗

𝜈0
is the ratio between the crossing rates

in a given sea state and the average crossing rate. In turn, 𝜈𝑖𝑗 =
(𝑚2𝑖𝑗∕𝑚0𝑖𝑗 )1∕2∕(2𝜋) is the zero-crossing rate for sea state 𝑖 and direction
𝑗, while 𝜈0 =

∑

𝑖,𝑗 𝑝𝑖𝑗𝜈𝑖𝑗 .
The long-term stress response can be then fitted using a Weibull

distribution, having a shape parameter 𝜉, and a scale parameter 𝑞. The
fitting of the Weibull distribution to the sum of Rayleigh distributions
should preferably be based on a least square approach, using a number
of stress ranges 𝛥𝑠. Such a Weibull distribution is described as

(𝛥𝑠) = 1 − 𝑒−
(

𝛥𝑠
𝑞

)𝜉

. (18)

As guidance for the definition of the Weibull distribution parameters,
the stress levels corresponding to a cumulative probability of 95%
and 99% divide the fatigue damage in three approximately equal
part damages, indicating the most important range of the response
distribution.

Having obtained the stress responses (both short-term and long-
term), it is possible to calculate the fatigue damage of the structure
using the Miner rule [98], by which

𝐷 =
𝑛𝑡𝑜𝑡
∑

𝑏=1

𝑛𝑏
𝑁𝑏

≤ 𝛤 , (19)

in which 𝐷 is the accumulated fatigue damage, 𝑛𝑡𝑜𝑡 is the total number
of stress blocks, with each block being characterised by a value of
𝛥𝑠𝑏, repeated for 𝑛𝑏 stress cycles, while 𝑁𝑏 is the number of cycles
to failure at the constant stress range 𝛥𝑠𝑏. Finally, 𝛤 is the maximum
acceptable usage factor, being the inverse of the design fatigue factor.
For steel structures, the reader is referred to [40], while for concrete
structures, [99] can be used. For the characterisation of other materials,
the reader can refer to [100–105].

5. Discussion

The degree of novelty in the wave energy sector introduces limita-
tions in applying existing standards, primarily rooted in the O&G field,
to wave energy conversion systems. The nature of WECs necessitates
a focus on various aspects primarily due to the resonant behaviour
of such devices. Combined with harsh sea state conditions, this gives
rise to strong nonlinear actions. Furthermore, though challenging to
determine a priori which aspects are significant, it is true that the
diverse range of WEC types and the associated severe working condi-
tions highlight the need for a direct design process. This process, linked
to a direct evaluation of the system response, relies on high-fidelity

modelling tools.
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The proposed method for extreme sea state design relies on a
partially nonlinear model, specifically a BEM-based model developed
in a time-domain framework to incorporate relevant external nonlin-
earities. While such models can replicate device kinematics in extreme
conditions [47,48], the evaluation of the associated dynamics involving
fluid–structure interaction requires high-fidelity models. In this context,
the use of a CFD model is imperative [106,107], given the resonant
nature of wave energy systems combined with extreme conditions
that result in significant nonlinear terms, as discussed previously in
this section. Although standards acknowledge the use of CFD models
(e.g. [25]), their direct application is limited by substantial compu-
tational demands. Despite the existence of a few standards for wave
energy systems (see Section 2.1), these are generally adaptations from
other standards, such as those for ship design. In these cases, adhering
to such standards results in a forced fit for the wave energy field, where
guidelines specify the definition of a symmetrical pressure pattern with
predefined values [22,86]. This approach may yield misleading results,
especially when considering unconventional materials for the WEC hull
(such as concrete-based materials, among others), where asymmetrical
loading conditions could represent worst-case scenarios [81].

Although the use of linear-BEM can significantly reduce computa-
tional time, it is not possible to include any external nonlinear actions
in the evaluation of the pressure field. Furthermore, linear-BEMs are
based on the assumption of mean wetted surface, meaning that no
actions are considered above the considered waterline. Moreover, a
critical question arises: are external nonlinear forces generally signif-
icant? While the hydrodynamic interaction of the hull of a floating
body can be reproduced by a linear model, a wave energy system,
in general, cannot be characterised by such a model [27,106–108].
Additionally, the external forces related to the mooring system are
strongly nonlinear [109], and the associated reaction force can have
a significant influence on the overall device dynamics [29,30]. On the
other hand, the use of CFD relies on an almost prohibitive computa-
tional burden. For example, according to [106], a partially nonlinear
BEM can be 104 times faster than the numerical solution provided
by a CFD model. Nevertheless, the simulation framework proposed in
Section 4.1 relies on the use of a reduced number of regular waves that
are easily evaluable, even considering the CFD computational time.

In operative conditions, a reduction in significant wave height
brings the simulation closer to the range of validity of linear models.
Hence, the use of a standards-based simulation framework is suggested.
Moreover, for a station-kept unit like a WEC, the inclusion of certain
forces, such as the influence of viscous damping [58] or the impact of
the mooring system [110], can be crucial in determining the overall
dynamics.

6. Conclusions

The insertion of a novel technology in a developed energy market
is clearly not trivial. For a new technology, such as wave energy,
the comparison with a fully-fledged market risks to be limiting and
problematic. Although this problem is mainly related to technology
optimisation, which has not yet reached the desired outcome in terms
of harvested energy, device design plays an important role in cost
assessment and, within the state-of-the-art, it needs to be verified
following standards and guidelines developed in general for offshore
structures. Wave energy converters are moored and confined in a
specific site and, in contrast to ships and other offshore structures, are
generally characterised by large motions, especially in harsh sea states,
experiencing strong nonlinear effects which need to be considered
carefully within mathematical models.

Therefore, to avoid device oversizing and reduce devices cost, this
study proposes a design workflow for wave energy converters adapted
from standards and current literature. Moreover, the proposed de-
14

sign process encompasses the WEC dimensioning and load assessment, s
approaching the problem with high-fidelity models, in order to charac-
terise WEC responses with a proper fidelity. In particular, two different
methods are proposed for the design of a WEC in extreme and in
operative conditions.

The first method describes the design process which needs to be
followed in extreme conditions (ultimate and accidental limit states).
In contrast to other offshore structures, and due to the generally large
motion characterising WEC systems, conventional software (such as
BEM-based software) is not able to represent with a proper fidelity
the load assessment of the device. To circumnavigate this issue, a CFD
model is proposed for the analysis of the pressure field, adopting the
definition of an equivalent regular wave. The equivalent regular waves
are computed through a statistical analysis employing a partially-
nonlinear model. This approach allows for the evaluation of the system
response using a sufficiently complex model, ensuring the performance
of long simulations within a relatively short computational time. Given
the computational time constraints, the external forces applied to the
hull cannot be directly assessed in CFD when considering all envi-
ronmental conditions. However, with the proposed methodology, a
comprehensive assessment for defining the design case can be achieved
in a few days.

In operative conditions, WECs responses are more conservative
compared to extreme conditions. Therefore, the design process is devel-
oped following available standards, which are more ‘‘WEC-adaptable’’.
urthermore, as discussed within out study, nonlinear loads, such
s mooring and PTO forces, can have a significant influence on the
verall system dynamics and impact the associated fatigue evaluation;
herefore, these effects need to be included within load assessment.
s such, the proposed methodology is able to integrate these loads
ccordingly by proposing a tailored linearisation approach, achieving a
odel that is able to include the relevant dynamics while keeping the

omputational time significantly low.
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nnex. Extreme events definition

Note that, according to the process presented herein, wave and
urrent information can be also evaluated. As suggested by [25], the
onstruction of the EC shall be carried out with a conditional model
pproach (CMA), where the probability distribution of the energy
eriod 𝑇𝑒 is conditioned on the significant wave height 𝐻𝑠 of the sea
tate. A 3-parameter Weibull distribution is chosen for 𝐻𝑠, where the
eibull distribution location parameter 𝛾, considers the optimum fit of

he distribution on the available data, i.e.

𝐻𝑠
(ℎ) = 𝑃 (𝐻𝑠 ≤ ℎ) = 1 − 𝑒−

(

ℎ−𝛾
𝜆

)𝑘

, (20)

where 𝐹𝐻𝑠
∶ R ↦ [0, 1], ℎ ↦ 𝐹𝐻𝑠

(ℎ), is the cumulative distribution
unction (CDF), {ℎ, 𝑘, 𝜆} ⊂ R+ are the probability evaluation point,
hape parameter, and scale parameter, respectively.
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Fig. 8. Alghero environmental contour with 100 YRP.
The wave period, 𝑇𝑒, is described by a lognormal distribution con-
ditioned by 𝐻𝑠 [111]

𝐹𝑇𝑒|𝐻𝑠
(𝑡𝑒) = 𝑃 (𝐻𝑠 = ℎ|𝑇𝑒 = 𝑡𝑒) = 𝛷

(

ln 𝑡𝑒 − 𝜇
𝜎

)

, (21)

where 𝐹𝑇𝑒|𝐻𝑠
∶ R ↦ [0, 1], 𝑡𝑒 ↦ 𝐹𝑇𝑒|𝐻𝑠

(𝑡𝑒), is the conditioned lognormal
distribution, {𝜇, 𝜎} ⊂ R+ are the mean and standard deviation of the
variable natural logarithm, and 𝛷 is the (standard) normal CDF.

The return period 𝑇𝑟 ∈ R+, defines the radius of circumference in
normal Gaussian space and, hence,

𝛽 = −𝛷−1
(

1
𝑇𝑟n

)

, (22)

where {𝛽, n} ⊂ R+ represent the radius of the circumference and num-
ber of events during one year, respectively. For example, considering
a three-hour data samples, n = 2920. 𝑇𝑟, therefore, represents the
probability of an annual exceedance of the contour. In the present case
a return period of 100 years is considered, which is equivalent to an
annual exceedance probability of 1 × 10−2 [112].

Thanks to the Rosenblatt transformation [113], it is possible to map
the circumference into desired ECs by means of the following equation:

𝐻𝑠 = 𝐹−1
𝐻𝑠

(

𝛷(𝑜1)
)

, 𝑇𝑒 = 𝐹−1
𝑇𝑒|𝐻𝑠

(

𝛷(𝑜2)
)

, (23)

in which {𝑜1, 𝑜2} are the projections of the circumference on the 𝑥-
and 𝑦-axis, respectively. Although the EC is built considering waves,
the same procedure (or a even simplified version) can be followed
to build current and wind ECs. Note that the computation of the
EC (i.e. long-term condition) is essential for a proper definition of
the environmental events which need to be simulated and analysed
(i.e. short-term conditions). As example, an EC is computed (Fig. 8)
considering the Alghero site (Sardinia, Italy), and the data are obtained
from the ERA5 database [114].
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