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A B S T R A C T

Offshore aquaculture industries face significant challenges in securing reliable and environmentally friendly
energy sources. Among the possible solutions, wave energy converters (WECs) show a promising solution to
transfer the technology for creating sustainable operations for remotely accessible fish farms. However, ideally
integrating them into the aquaculture floating vessels necessitates a careful and thorough design approach.
This paper presents a comprehensive framework for evaluating the performance of the AquaPower platform
(APP) concept vessel in supporting offshore fish farm operations. Drawing inspiration from established WEC
principles, this concept merges a floating platform with a tensioned mooring lines integrated with power
take off systems connected to a moored vessel. The framework addresses crucial aspects, including power
generation, structural resilience, and mitigation of mooring fatigue-induced deterioration, which are essential
for optimizing the APP’s performance. To enhance evaluation the reliability of the structure, the framework
introduces a robust surrogate model based on Bayesian data analysis. This enables the assessment of mooring
asset reliability and projected lifespan for real-time monitoring. The practical demonstration of this framework
investigated through a case study for designing and evaluating the APP, effectively highlighting its potential
as a feasible wave energy solution for the progress of offshore aquaculture towards blue economy technology.
This paper’s primary aim is to contribute to affirming the feasibility and viability of the APP concept as an
effective and sustainable wave energy remedy for offshore aquaculture. The results of this study can be applied
to other contexts, demonstrating the framework’s ability to enhance the dependability of various offshore
energy structures, including floating wind turbines, and extend their operational lifespan.
1. Introduction

With the expected increase in the global population to 9 billion by
2050, management of the food and energy nexus is of significant impor-
tance (FAO, 2017). Moving aquaculture operation to offshore locations
presents numerous benefits, including access to abundant resources, re-
duced conflict with stakeholders, and enhanced environmental sustain-
ability. Seafood production involves several energy-intensive activities,
like feeding with barge vessels, which heavily rely on diesel generators.
This reliance results in significant costs, caused by volatility of the fossil
fuel prices, and detrimental effects to the (marine) environment. Energy
production form offshore renewable resources can offer an opportunity
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to make future aquaculture developments and the associated offshore
industries more sustainable. Major offshore renewable energy systems
(ORESs) include wind and wave technologies. Wave energy is a pre-
dictable resource with higher power per unit area of 2–3 k W∕m2 than
wind (0.4–0.6 k W∕m2) and less intermittency compared to all other
offshore renewables (Kumar et al., 2023).

In addition to the substantial available resources, the technologies
used to extract wave energy can offer several advantages over offshore
wind turbines. For instance, wave energy converters (WECs) are easier
to install compared to offshore wind turbines due to their smaller
size and simpler structures. They also have fewer critical components,
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specially those subject to large winds, increasing their capability to
ithstand extreme conditions in the marine environment. Over the

past decade, a substantial body of research and development has been
devoted to exploring a wide range of WEC concepts, including oscil-
ating bodies, oscillating water column (OWC) and overtopping de-

vices. Zhang et al. (2021) provides an extensive review of the technical
principles of developed WEC concepts, reflecting the evolution of the
field. In planning for future offshore developments, selecting an optimal
esign concept for introducing WEC technology into the aquaculture fa-
ilities will present significant engineering and operational challenges.
his is due to several conditions inherent to the ocean environment,

ncluding extreme loads, structural deterioration caused by seawater
nd cyclic loads, site accessibility for repair and maintenance, and
he lack of design convergence which has resulted in lower maturity
f wave energy converters (Clemente et al., 2021). An integrated

approach to infrastructure planning and design is needed, both in terms
f WEC concept development and deployment to identify niche markets
here competition and requirements are less demanding (Clemente

et al., 2023). Such an approach must carefully give consideration to the
mportant aspects of asset life cycle which could be optimized during
he design process.

WEC technologies may provide a suitable solution to meet the
energy demand and sustainability goals of the existing or future off-
hore industries such as the aquaculture sector. In reviewing major
EC concepts developed, it is conceptualized that some point absorber
ECs may be suitable for integration with the offshore aquaculture

acilities. In particular, installing WECs in the vicinity of aquaculture
nfrastructure can supply the substantial energy demand associated
ith the multi KW generators that support the vessels and crew op-
rations. WEC farms can also provide a shield to aquaculture systems
otentially enhancing their integrity and service life (Silva et al., 2018).

A report by Freeman et al. (2022) provides a detailed view into offshore
quaculture as a market for ORES by identifying the technologies that
an be adopted, opportunities and challenges, and recommendations
o advance for ORES-aquaculture system co-location. Amongst the
eviewed concepts, MoorPower, developed by Carnegie Clean Energy
ased on the design principles of Carnegie’s CETO WEC, aims to
eplace the diesel generators used in aquaculture vessels including
eed barges (Carnegie Clean Energy, 2022). The concept of utilizing
imilar power capture components like CETO on aquaculture vessels,
here vessel motion is converted to electricity using power take-off

PTO) systems, offers technological transferability at lower costs. This
ould offer an attractive niche market for ORES; however, careful
esign process and additional operational experience are required to
nsure reliability levels are consistent with those of operating aquacul-
ure facilities. These challenges are mainly attributed to the complex
nteraction between the station-keeping systems and PTOs.

The complex hydrodynamic performance of floating vessel which is
urned into a WEC (by adding PTOs) necessitates advanced modeling
nd simulation to develop an understanding of their motion character-
stics, evaluate the system efficiency in energy extraction and to predict
he reliability of the assets with regard to structural integrity. This is
equired to identify innovative technologies and design approaches that
ealize optimal performance and safety. It is important to note that the
ooring lines and PTO systems are both subject to extreme loads and

ong-term structural deterioration processes including fatigue which
an be exacerbated by unforeseen hydrodynamic loads. Assessment of
atigue damage accumulation in mooring lines of WEcs is previously
ddressed by several standards and researchers (Davidson and Ring-

wood, 2017). Thies et al. (2014) developed a methodology in which
numerical approaches are employed on experimental observations to
predict mooring line fatigue at a design stage. This study used the ob-
servations from a generic WEC buoy with three-leg catenary rope-chain
mooring, and does not account for the effect of PTO systems. To ensure

a robust mooring design and survivability in the marine environment,

2 
the occurrence of extreme loads on WEC must be carefully evaluated
as well.

To address these challenges, researchers have explored various
mooring solutions. Previous studies show that taut moorings outper-
form slack moorings in certain wave energy converter (WEC) designs.
For instance, Guo et al. (2017) found that a tautly moored floating
breakwater effectively reduces wave impact at a set sea level, while
a slackly moored one adapts better to tides. Customizing mooring
setup based on WEC type and considering factors like environmental
conditions and wave loads is vital. DNV (2010) offers guidance for
modeling, analyzing, and predicting these conditions, along with calcu-
lating structural environmental loads. Studies conducted by Pillai et al.
(2011) and Ringsberg et al. (2012) have presented approaches using
optimization algorithms and experimental analyses to define optimum
mooring layouts and to minimize the risks of failure due to structural
degradation and extreme loads.

To the best of the authors’ knowledge, a probabilistic framework
to assess mooring and PTO design performance – specifically for co-
located, multi-purpose offshore systems – has yet to be established. Ex-
isting studies have primarily focused on single-purpose offshore struc-
tures, leaving a critical gap in evaluating integrated systems that com-
bine multiple mechanical devices within a single platform. Such float-
ing systems, which merge WECs and civil structures such as aquaculture
or offshore wind, demand unique considerations due to the complex
and dynamic load interactions between system components. A robust
framework for their design evaluation must address the long-term oper-
ational reliability and efficiency of both mooring and PTO subsystems,
considering the major aspects of operation in harsh and energy-dense
environment. The primary knowledge gap lies in the stochastic model-
ing of mooring and PTO elements in terms of their ability to harness
maximum available energy while sustaining structural integrity. This
gap is combined by the limited availability of experimental data to
assess real-world power output and structural damage. Integration of
hydrodynamic models with advanced statistical methods, which reduce
dependence on large-scale data inputs, are critical for predicting system
power output, failure probability, and overall platform resilience.

This paper presents a new probabilistic framework for performance
evaluation of WECs with regard to power generation and structural
reliability. The focus of the framework is moored point-absorber WECs,
in particular the AquaPower Platform (APP) Concept which is intro-
duced in the next section. The primary motivation for adopting the APP
oncept is twofold: to assess its effectiveness in energy harvesting using
eactive mooring systems, and to enhance the vessel’s survivability in

extreme weather conditions through motion damping. To estimate the
energy extraction capacity, a dynamic numerical approach is taken to
modeling the hydrodynamic characteristics of the structure. A robust
surrogate model based on Bayesian statistics is introduced to evaluate
the fatigue deterioration in WECs. The surrogate model assesses how
the most critical WEC components, mooring lines and PTOs, respond
to the environment, and estimates failure probabilities based on struc-
tural reliability principles. This approach is significantly more efficient
compared to other conventional solution methods. The application
of the proposed framework is demonstrated through a case study of
APP concept, providing valuable information into the feasibility of
integrating wave energy systems with vessels supporting the offshore
industries. The insights gained from this research have broader impact
on enhancing the design performance of future ORESs.

The remainder of the work is structured as follows: Section 2
provides an introduction to the AquaPower Platform concept; Section 3
presents the integrated methodology developed for hydrodynamic anal-
ysis of ORES for power output estimation; Section 4 details the de-
veloped surrogate model for structural reliability analysis. Section 5
presents the application of the developed model through a case study
involving the APP, including the results and discussion. Section 6
presents the concluding remarks of this paper and future research
directions.
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Fig. 1. The AquaPower WEC concept: - top view (left) shows the studied mooring/PTO arrangement, and side view (right) shows partial submergence of WEC buoy, and
mooring/PTO geometries.
2. The AquaPower platform (APP) concept

Over the last decade, a large number of WEC concepts have emerged
globally, each with unique strengths and limitations. The CETO WEC
developed by Carnegie Clean Energy (Carnegie Clean Energy, 2022),
is an innovative technology that utilizes submerged buoys tethered
to seabed. The buoys move in all degrees of motion (due to hav-
ing 3 moorings), running on-board rotary electrical PTOs to generate
electricity. CETO has demonstrated promising results in small-scale
deployments (Al Shami et al., 2023).

The APP concept in this paper is based on the MoorPower tech-
nology, which is an extension of the CETO concept for large-scale
offshore aquaculture applications (Carnegie Clean Energy, 2022). Given
that the detailed system architecture of MoorPower cannot be publicly
published, a generic system architecture (shown in Fig. 1 is used for this
work. Thus the performance and characteristics computed in this paper
are not representatives of those of MoorPower. The APP concept is a
representative of advanced co-located ORES systems where WEC units
integrated into marine vessels for harnessing the kinetic energy from
ocean waves. Although the marine vessels can vary in hull form and
size, depending on their applications, a generic hull with block coeffi-
cient of 0.8 is selected for the numerical simulations within the present
study to a step towards decarbonization of aquaculture operations
with substantial demand for electricity. A schematic of the components
within an APP structure and their arrangement is illustrated in Fig. 1.
The floating structure is Supported by four mooring lines labeled Line
1–4, enabling the vessel to counteract the forces experienced from the
environment to remain stable while producing electricity. Particularly,
the aft mooring lines (3 & 4) are responsible to support the integrity
of the PTO units facilitating energy extraction from vessel motions.
The model includes two PTO units, labeled PT01-2. Understanding the
dynamic responses of the system is an critical step towards optimizing
its design for maximizing energy extraction, stability assurance, and
mitigation of failures caused by extreme loads and fatigue.

Detailed probabilistic dynamic response analyses compromise eval-
uating the likelihood of the system withstanding varying sea states,
extreme weather encounters and environmental factors. Such investiga-
tion ensures that the design functions effectively and reliably for wave
energy extraction.

In the following sections, this study will introduce the theoretical
framework which models the hydrodynamics of the APP concept and
evaluates its performance. By analyzing and simulating the concept, the
framework aims to offer valuable insights into its operational charac-
teristics, and identify design improvement opportunities for enhanced
reliability and energy efficiency.

3. Integrated dynamic analysis of floating power systems

To evaluate the APP’s performance and identify the safe design
configuration for extracting maximum wave energy, a crucial step is
3 
to model the system dynamics as an integrated body. This approach
involves the physics of the floating structure in a random sea condition
considering the flexible components, such as the mooring lines and
PTO systems. Numerical models are utilized to compute the power
matrices based on the time-domain responses of PTOs, obtained from
comprehensive analyses of the interactions between the waves and
APP. This model integrates the coupled non-linear equation of motion
as described below (Babarit et al., 2012):

(𝑀 +𝜇∞)�̈� = 𝐹𝑒𝑥 −∫

𝑡

0
𝐾(𝑡− 𝑠)�̇�(𝑠)𝑑 𝑠+𝐹𝐻 +𝐹𝑃 𝑇 𝑂 +𝐹𝑉 +𝐹𝑀 +𝐹2, (1)

where 𝑋, �̇�, and �̈� are the position, velocity, and acceleration of the
structure, respectively. To account for the degree of freedom (DoF),
these parameters are considered as matrices with the number of rows
equal to the DoF. The matrix corresponding to device mass, denoted as
𝑀 , is not necessarily constant and depends on the added mass incurred
by device (frequency dependent). Thus the parameter 𝑀 can be a
function of the position and velocity vectors 𝑋 and �̇�, especially when
the object has larger responses causing variations in its buoyancy. 𝐹𝑒𝑥
is the first-order wave excitation force, which significantly contributes
to the environmental loads on the floater. Additionally, 𝜇∞ and 𝐾(𝑡)
denote the added mass matrix at high frequency and the memory
function of the radiation forces, respectively. These quantities estimate
the frequency-dependent added mass and hydrodynamic damping. 𝐹𝐻
represents the hydrostatic force resulting from the combined action
of gravity and buoyancy. 𝐹𝑃 𝑇 𝑂 is the force applied by the PTO sys-
tem, which requires detailed modeling to capture the effects of the
complex control force strategy used for wave power extraction. 𝐹𝑉 is
the damping force, which varies quadratically with velocity to incor-
porate the effect of viscous losses. 𝐹𝑀 is the mooring force modeled
using an elastic Finite Element Method (FEM) in this study, similar
to the approach used for PTO modeling. The hydrodynamic loads on
the flexible mooring and PTO lines are estimated using the Morison
equation. 𝐹2 is the force corresponding to the non-linear terms of the
second-order hydrodynamic loads in the equation of motion. This force
is caused by wave drift and sum frequency. Although the contributions
of these non-linear loads are smaller compared to the first-order loads,
their inclusion is crucial to obtaining a more accurate estimation of the
structure modal shapes and natural period which directly affects the
response of mooring lines and PTOs. This is particularly important in
the presence of higher-order wave components.

In this study, the potential flow theory was employed to model
waves and wave-structure interactions. While this theory generally
aligns well with experiments in small to moderate sea states, it may lead
to discrepancies in severe sea states or under resonant wave conditions
due to non-linear and/or viscous effects, resulting in an overestima-
tion of dynamic response and energy absorption. Several studies have
previously adopted this approach for estimating the expected power ex-
traction during the design process of marine energy systems, although
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agreeing it provides upper estimates (Bånkestad, 2013; Faraggiana
et al., 2022; Babarit et al., 2012). The Boundary Element Method (BEM)
as been employed using the Orcawave commercial software package
s a powerful numerical technique for computing the excitation loads
𝐹𝑒𝑥). BEM offers notable advantages in capturing wave-body interac-
ions including accuracy and computational efficiency which allows for
recise determination of the wave exciting force.

The same governing equation is revisited to calculate the radiation
loads - a significant contributor to the frequency-dependent added
mass and damping components of the hydrodynamic loads. Boundary
conditions are imposed to account for the oscillation of fluid particles
near the floating body at the frequency of the incident wave. It should
be noted that the integral term in Eq. (1) represents the hydrodynamic
adiation force in the frequency domain. The relationship for this force
an be simplified as 𝜏rad = −𝐵(𝜔)�̇� −𝐴(𝜔)�̈�, where 𝐴(𝜔) and 𝐵(𝜔) are

frequency-dependent symmetric matrices for added mass and damping,
respectively, and �̇� and �̈� are the generalized velocity and acceleration
vectors of the floating body motions. It is known that as frequency
approaches infinity, 𝐴(𝜔) yields the added mass coefficient matrix in
various DoF, 𝜇∞. The time-domain representation of the radiation force
can be derived as 𝐹rad = −𝜇∞�̈� + 𝜏rad.

In irregular seas, the motion response of a rigid floating body in
ix DoFs (𝑗 , 𝑘 = {𝑥, 𝑦, 𝑧, 𝜙, 𝜃 , 𝜓}) is obtained by superimposing reg-
lar waves with different amplitudes, wavelengths, and propagation
irections. The body motions can be evaluated using Eq. (1), by only

considering the linear parts, which yields the closed-form relationship,
given by Eq. (2), as suggested by Nielsen et al. (2018):

−𝜔2(𝑀𝑗 𝑘 + 𝐴𝑗 𝑘(𝜔))𝜂𝑘𝑎 + 𝑖𝜔𝐵𝑗 𝑘(𝜔)𝜂𝑘𝑎 + 𝐶𝑗 𝑘𝜂𝑘𝑎 = 𝜁𝑎𝑋𝑗 (𝜔, 𝛽), (2)

where 𝑀𝑗 𝑘 is the vessel mass, and 𝐴𝑗 𝑘, 𝐵𝑗 𝑘, 𝐶𝑗 𝑘 are the added mass,
damping, and restoring components of the hydrodynamic forces, re-
spectively. The second order force, PTO and viscous drag are intention-
ally removed in the first instance, only to obtain the transfer function
of the motions. These terms are later added to the computations to
pdate the response of the object to external non-linear forces. It should
e noted that, if the floating object’s free surface has a considerable
ffset due to its station-keeping system, then the mooring and PTO
re-tensions must be included in the restoring matrix at this stage.
therwise, the transfer function of the final response will not be
ccurately obtained. The excitation loads are given by 𝐹𝑗𝑒−𝑖𝜔𝑡, where
𝑗 is the complex amplitude, 𝜁𝑎 is the wave amplitude and 𝑒−𝑖𝜔𝑡 is a
erm involving Euler’s formula. For a wave characterized by frequency

and direction 𝜃, the excitation load can be represented by the linear
quation 𝐹𝑗𝑒−𝑖𝜔𝑡 = 𝑎𝑗 (𝜔; 𝜃)𝑒−𝑖𝜔𝑡, where the load is calculated through
inearization of potential forces and integration over the average body
urface, based on Bernoulli’s equation (Gjeraker, 2021, J.M.J. and
assie, 2001, Faltinsen, 1993). The transfer function describing the

amplitude and phase of the body motions relative to the waves is given
by Eq. (3):

𝐻(𝜔, 𝛽) = 𝜂𝑘𝑎
𝜁𝑎

= −𝜔2(𝑀 + 𝐴(𝜔)) + 𝑖𝜔𝐵(𝜔) + 𝐶−1𝑋𝑗 (𝜔, 𝛽), (3)

where the real amplitude operator (RAO) can be obtained by the real
part, |𝐻(𝜔, 𝛽)|. The complex form of the body motion is introduced as
𝑘 = 𝜂𝑘𝑎𝑒−𝑖𝜔𝑡. Eq. (3) is a complex number due to the imaginary parts of

the motion transfer function associated with the response phase angle.
The imaginary part is zero when 𝑖 = 𝑗, resulting in a real number cross-
pectrum. In this study JONSWAP Spectrum is used for modeling of
ave loads. It should be noted that Eq. (3) calculates the response of

the floating object in frequency domain, and to estimate this in time
domain, sea states can be described by deriving the wave elevation
expression for the entire frequency range in wave spectrum. The wave
amplitude for component 𝑘 is estimated by 𝜁𝑎 =

1
2

√

𝑆𝜁 (𝜔𝑘)𝛥𝜔 , where
𝜁𝑎 represents the wave amplitude, 𝑆𝜁 (𝜔𝑘) denotes the spectral density
for frequency 𝜔𝑘, and 𝛥𝜔 is the frequency interval (Gjeraker, 2021).
To account for waves propagating in multiple directions, a spreading
 o

4 
function 𝑓 (𝛽) is introduced, representing the 2D wave spectrum as
𝑆𝜁 (𝜔, 𝛽) = 𝑆𝜁 (𝜔)𝑓 (𝛽) (Gjeraker, 2021). The spreading function 𝑓 (𝛽)
allows for the representation of short-crested irregular seas. 𝛽 is the
elative direction between object heading and wave direction.

In the context of short-crested irregular seas, the wave elevation
is determined by considering both frequency (𝛥𝜔) and direction (𝛥𝛽)
intervals. This is achieved by summing 𝑁 spectral components over 𝑀
directions, as given by Eq. (4) (Nielsen et al., 2018):

𝜁 =
𝑁
∑

𝑘=1

𝑀
∑

𝑖=1

1
2

√

2𝑆𝜁 (𝜔𝑘, 𝛽𝑖)𝛥𝜔𝛥𝛽 cos(𝜔𝑘𝑡 + 𝑘), (4)

where 𝜁 represents the wave elevation, 𝑆𝜁 (𝜔𝑘, 𝛽𝑖) is the spectral density
for the 𝑘th frequency component and the 𝑖th direction, and 𝑡 is time.

Now, the wave-induced vessel response can be modeled using the
AO derived from Eq. (3) and wave spectrum in the frequency domain

or a pair of degrees of freedom (Nielsen et al., 2018):

𝑆𝑅,𝑖𝑗 (𝜔, 𝛽) = ∫

∞

0
𝐻𝑖(𝜔, 𝛽)𝐻∗

𝑗 (𝜔, 𝛽)𝑆𝜁 (𝜔, 𝜇)𝑑 𝜇 , (5)

where 𝑖, 𝑗 = {𝑥, 𝑦, 𝑧, 𝜙, 𝜃 , 𝜓} represent a pair of the structure DoFs
Nielsen et al., 2018). 𝐻𝑖(𝜔, 𝛽) is the motion transfer function, and
𝐻∗
𝑗 (𝜔, 𝛽) is its complex conjugate for wave frequency 𝜔 and relative

irection 𝛽. 𝑆𝜁 (𝜔, 𝜇) represents the two-dimensional wave spectrum.

3.1. Wave drift and sum-frequency loads

Estimating wave-induced second-order loads play a significant role
n evaluating the design process of WECs, ensuring structural integrity
nd safety. These loads arise due to the nonlinear interactions between
airs of wave components present in the sea state. Wave drift loads
re crucial for understanding the resonance oscillations and mooring
atigue life as they represent low frequency responses. Sum-frequency
oads are significant for the dynamic response analysis of the structure
n heave, pitch, and roll motions.

The optimal approach for addressing non-linear wave-structure in-
eraction challenges in the hydrodynamic analysis of large floating
tructures involves leveraging perturbation analysis (Faltinsen, 1993).
his technique systematically divides the fluid domain into two distinct
egions, utilizing the order of wave amplitudes as a small parameter.
he first region encompasses the linear solution, as outlined in the
revious section. In the linear solution, the free surface and boundary
onditions are satisfied at the mean position of the free surface and the
ubmerged body surface, respectively. Additionally, the fluid pressure
nd velocity components are linearized up to the first order. The non-
inear boundary conditions governing the free surface are taken into
ccount relative to the instantaneous position of the floating body. This
djustment leads to a more precise estimation of pressure distribution,
ffectively capturing the non-linearities in the velocity of the fluid
articles at the free surface.

In this study, the direct pressure integration method is employed
or estimating second-order loads. It is important to note that the
ave drift loads are directly computed using the solution of first-order

potential theory, and the force and moment are correctly evaluated
to the second order in wave amplitude, arising from quadratic ve-
locity terms in the Bernoulli’s equation (Faltinsen, 1993). The sum-
requency terms obtained through this approach are relatively small,
s mentioned by Faltinsen (1993). To enhance accuracy, it is suggested
o compute the components of load due to sum-frequency from the
econd-order potential 𝛷2 by solving a boundary value problem with

non-homogeneous free surface conditions, thereby imposing a more
recise pressure distribution on the free surface (J.M.J. and Massie,

2001).
Unlike first-order wave loads, which are characterized by RAOs

applied to individual wave components, second-order wave loads are
omputed using Quadratic Transfer Functions (QTFs). QTFs operate
n paired wave components, defining scaling and phase factors to
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ascertain their contributions to the second-order wave load. Therefore,
he same approach as the linear solution discussed in the previous

section must be followed to predict the stochastic second-order loads
n the structures. It can be proven that the diffracted non-linear loads
nly contribute to Bernoulli’s pressure, which can be quantified by
ntegrating the first-order pressure over the structure’s surface 𝐹2 =
∬𝑆 𝑝

(1) ⋅ �̃� 𝑑 𝑆.
The first-order pressure 𝑝(1) is based on the potential velocity 𝜙1,

hich is proportional to 𝜌𝑔 ⋅𝜁 , where 𝜁 represents the relative displace-
ent between the wave profile and the body motion. This relationship

s represented by 𝑑 𝑆 = 𝑑 𝜁 ⋅ 𝑑 𝑙, where 𝑑 𝑙 denotes a differential element
long the waterline of the body’s surface. The term 𝜁 𝑑 𝜁 in the integral
reates a quadratic term in the force calculation. Consequently, the
ave drift load can be simplified as 𝐹2 = 1

2 ∫ 𝜌𝑔 𝜁2 ⋅ 𝑛 𝑑 𝑙, where 𝑛
epresents the normal vector along the body’s surface. This is how the

second-order wave amplitude emerges in frequency loads.
Considering a regular wave derived from spectrum analysis: 𝜁 (1)(𝑡) =

∞
𝑖=1 𝜁

(1)
𝑖 ⋅cos(𝜔𝑖𝑡+𝜖𝑖), and substituting it into 𝐹2 as described by Faltinsen

(1993) and J.M.J. and Massie (2001), the stochastic second-order
component of the wave load can be estimated by Eq. (6):

𝐹2(𝑡) =
𝑁
∑

𝑖=1

𝑁
∑

𝑗=1
𝜁 (1)𝑖 𝜁 (1)𝑗 𝑃𝑖𝑗 cos((𝜔𝑖 − 𝜔𝑗 )𝑡 + (𝜙𝑖 − 𝜙𝑗 ))

+
𝑁
∑

𝑖=1

𝑁
∑

𝑗=1
𝜁 (1)𝑖 𝜁 (1)𝑗 𝑄𝑖𝑗 sin((𝜔𝑖 − 𝜔𝑗 )𝑡 + (𝜙𝑖 − 𝜙𝑗 )) (6)

For the sake of simplifying computations, the high-frequency (sum-
frequency) terms are removed from the equation, while the same
process must be followed. Note that 𝑃𝑖𝑗 represents the real (in-phase)
part ℜ

[

𝐐𝐓𝐅(𝜔𝑖, 𝜔𝑗 )
]

, while 𝑄𝑖𝑗 represents the imaginary (out-of-phase)
part, ℑ

[

𝐐𝐓𝐅(𝜔𝑖, 𝜔𝑗 )
]

. These two components constitute the quadratic
transfer function, which needs to be computed through the integration
of Bernoulli’s pressure, as described earlier. The nonlinear loads con-
sists of two QTF variables: wave drift QTFs for difference-frequency
load, and sum-frequency QTFs for sum frequency load (Engebretsen
t al., 2020). The mean drift force in irregular waves is simply deter-

mined by setting 𝜔𝑖 = 𝜔𝑗 . As described by J.M.J. and Massie (2001),
in the frequency domain, the load spectral density of a second-order
difference-frequency, denoted by 𝛥𝜔, is given by Eq. (7):

𝑆𝐹2 (𝛥𝜔) = 8∫
∞

0
𝑆𝜁 (𝜔) ⋅ |𝑆𝜁 (𝜔 + 𝛥𝜔)| ⋅ |𝑄𝑇 𝐹 (𝜔 + 𝛥𝜔, 𝜔)|2𝑑 𝜔, (7)

where 𝑆𝜁 (𝜔) represents the spectral density of wave elevation, and the
roduct 𝑆𝜁 (𝜔) ⋅ 𝑆𝜁 (𝜔+ 𝛥𝜔) contributes to the wave group spectral den-
ity (Engebretsen et al., 2020). The QTF function in the integral is com-

parable to the RAO used in first-order load calculations. Its amplitude
is defined as |𝑄𝑇 𝐹 (𝜔 + 𝛥𝜔, 𝜔)| =

√

𝑃 (𝜔 + 𝛥𝜔, 𝜔)2 +𝑄(𝜔 + 𝛥𝜔, 𝜔)2.

3.2. PTO system modeling

The APP employs a resilient PTO system which is inspired by the
ETO concept, as reviewed by Nielsen et al. (2018), Rijnsdorp et al.

(2019) and Tran et al. (2021). The PTO system seamlessly integrates
nto the floating structure, harnessing energy from the motion of the

submerged body. The load in the PTO and their mooring line is fully
controlled by the control system, thus not governed by extreme envi-
ronmental conditions. The technology employs a strategically devised
rrangement of multiple moorings, serving as pivotal connection points

between the PTO system and the platform. Such configuration facil-
tates capturing energy not only from vertical heave but also from
orizontal surge and rotational pitch. This concept is built upon the

notion of finding the trade-off between maximum energy extraction and
urvivability.

In this paper, a multi-piecewise linear approach is adopted to simu-
late the nonlinear behavior of the PTO system. The basis of PTO power
output model is an externally-driven nonlinear mechanical oscillator
with the equation of motion of 𝑀�̈� + 𝑓 (𝑋 , �̇�) = 𝐹 , where 𝐹
env env i

5 
denotes the external force exerted on the PTO, which is a combination
of first and second-order wave loads and viscous loads. The internal
force 𝑓 (𝑋 , �̇�) incorporates PTO damping and stiffness effects, and com-
plements the main floating structure body stiffness matrix, presented in
Eq. (1). The restoring force is considered as a piecewise linear (PWL)
function of displacement 𝑋 or velocity �̇�, where both stiffness and
damping exhibit linear behavior in each function piece (Nayek et al.,
2023). For the sake of simplifying computation, damping effects in the
PTO system are neglected. For a PWL stiffness system, the equation of
motion becomes 𝐹env =𝑀�̈�+𝑏PTO�̇�+𝑘PTO𝑋, where 𝑏PTO represents the
damping coefficient of the PTO system and 𝑘PTO denotes the stiffness
coefficient. According to the study by Nayek et al. (2023), two- to
four-piece functions are commonly used in attempt to model nonlinear
mechanical oscillators. These systems are defined by partitioning the
displacement or velocity field into regions of linear operation. In this
study, a quadlinear stiffness function is adopted, given by Eq. (8):

𝑘PTO(𝑥) =

⎧

⎪

⎪

⎨

⎪

⎪

⎩

𝑘 + 𝑘1(𝑥 − 𝑟1), for 𝑥 ≤ 𝑟1
𝑘, for 𝑟1 < 𝑥 ≤ 𝑟2
𝑘 + 𝑘2(𝑥 − 𝑟2), for 𝑟2 < 𝑥 ≤ 𝑟3
𝑘 + 𝑘2(𝑟3 − 𝑟2) + 𝑘3(𝑥 − 𝑟3), for 𝑥 > 𝑟3

(8)

where, 𝑥 represents the elongation of the PTO system due to the buoy
motion, 𝑘 is the initial stiffness of the piston. The parameters 𝑟1, 𝑟2
and 𝑟3 denote the thresholds of PTO elongation considered to segment
the PTO stiffness into 4 linear sections. The constants 𝑘1, 𝑘2, and 𝑘3
correspond to the slope of stiffness function at each linear section.
These parameters play an imperative role in modeling PTO energy
output and system integrity; a tighter connection may lead to higher
energy absorption but could also induce more forces on the PTO line,
increasing the likelihood of failures due to fatigue or overload.

For irregular waves impacting the floating power system, the total
ower that can be absorbed from a given sea state 𝑠𝑖 (in time-domain)
ithin a simulation time of 𝑡𝑛 is given by Eq. (9):

𝑃s𝑖 (𝐻𝑠, 𝑇𝑝) = 1
𝑡𝑛

𝑡𝑛
∑

𝑡=0
𝐅PTO(𝑡) ⋅ �̇�(𝑡), (9)

where 𝑠𝑖 is a result of the joint between significant wave height 𝐻𝑠
and wave period 𝑇𝑝. The force exerted on PTO, 𝐹PTO, is determined by
directly solving Eq. (1), which involves simultaneously updating the
tiffness matrix within the hydrostatic force 𝐹𝐻 and the integral for

hydrodynamic damping.
Eq. (9) is derived from the conversion of the frequency-domain to

time-domain representations, utilizing Eq. (4), (5), and (7). This trans-
formation is performed to enable the evaluation of the hydrodynamic
characteristics and power extraction performance of the APP (consider-
ing non-linearities and temporal effects). This approach slightly differs
from directly multiplying the wave spectrum to power spectrum which
results in frequency-domain estimates. The outcome of Eq. (9) can be
transformed using fast Fourier transform (FFT), for identifying each
frequency’s contribution to APP power output. A wavelet transformer
is also employed, to better understand the non-linear trends and to
determine the time proportion that a frequency is present in a time-
series. To determine the average annual power, the power output is
multiplied by the matrix indicating the probabilities of various sea
states, in conjunction with the matrix containing power values (Tran
et al., 2021):

𝑃avg =
𝑁𝑠
∑

𝑖=1
𝑝𝑖(𝐻𝑠, 𝑇𝑝) × 𝑃𝑠𝑖 (𝐻𝑠, 𝑇𝑝), (10)

where𝑁𝑠 represents the number of considered sea states, and 𝑝𝑖(𝐻 𝑠, 𝑇 𝑝)
s the probability of occurrence of each individual sea state.
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3.3. Capture width

Capture Width (CW) is a fundamental measure in wave energy
assessment. As discussed by Babarit et al. (2012), it expresses the ratio
f absorbed wave power (𝑃avg) to the wave resource (𝐽Sea):

CW =
𝑃avg

𝐽sea
, (11)

where, 𝑃avg represents the absorbed wave power in kilowatts (kW),
ere estimated using Eq. (9) and (10). 𝐽sea denotes the available wave
esource in kilowatts per meter (kW/m) determined by 𝐽sea = 𝐸 ⋅𝐶𝑔 ⋅1,
here 𝐸 = 1

8𝜌𝑔 𝐻2, [𝐽∕𝑚2]and 𝐶𝑔 =
√

𝑔 𝑑, [m/s] is group velocity for
shallow water, and the multiplication by unity represents unit length of
the floating structure. As outlined by Abaei et al. (2017), Eq. (11) has
een slightly modified from the original definition provided by Babarit
t al. (2012), to allow for direct calculation of the capture length using
nergy flux. It should be noted that CW is expressed in meters and
ignifies the width of a wave crest that the WEC effectively captures
nd harnesses.

4. Surrogate model for structural reliability assessment

Given the significant role of fatigue damage in the integrity of
WECs, a surrogate model is developed based on structural reliability
oncepts to evaluate the likelihood of fatigue for the APP design and
n various operational conditions. Here, limit state function (LSF) is
sed to assess whether a component (e.g. mooring line) can still satisfy
 specified performance criterion (e.g. bearing hydrodynamic loads).
y comparing a load with the capacity of the component (strength
hreshold), LSF will determine when failure is deemed to occur. To

account for the uncertainties associated with operational parameters,
they can be described by a random vector 𝛩 ∈ 𝐷𝛩 ⊂ R. The fail and
afe regions are defined as 𝐷𝑓 and 𝐷𝑠, respectively, and the component
s deemed safe when 𝛩 ∈ 𝐷𝑠 and failed when 𝛩 ∈ 𝐷𝑓 . The LSF 𝑔(𝛩) will
enerate an 𝑀-dimensional hypersurface defined by 𝑔(𝛩) = 0, which
elineates the boundary between safe and failure domains (Torre et al.,

2021).
The primary objective is to establish a joint probability density

unction (PDF) for the vector 𝛩 denoted as 𝛩 ∼ 𝑓𝛩(𝜃), which measures
the failure probability 𝑃𝑓 = Pr [𝑔(𝛩) ≤ 0]. To quantify the probability
of a component failure considering uncertainty in the state parameters,
the PDF must be integrated over the failure domain 𝐷𝑓 , as shown in
Eq. (12) (Lemaire, 2013; Torre et al., 2021) :

𝑃𝑓 = ∫𝐷𝑓
𝑓𝛩(𝜃)𝑑 𝜃 = ∫{𝜃∶𝑔(𝜃)≤0}

𝑓𝛩(𝜃)𝑑 𝜃 . (12)

Estimating 𝑃𝑓 directly is rather complex, and a closed-form solution
is often only available based on certain assumptions. In practice, it is
common to introduce an indicator function 𝟏𝐷𝑓 (𝜃), where 𝟏𝐷𝑓 (𝜃) = 1
if 𝑔(𝜃) ≤ 0, and 𝟏𝐷𝑓 (𝜃) = 0 otherwise. Therefore, 𝑃𝑓 is defined as
E[𝟏𝐷𝑓 (𝜃)], where E[⋅] is the expectation operator associated with the
joint distribution of 𝑓𝛩(𝜃).

To overcome the challenge of finding closed-form solutions, this pa-
er takes a data-driven approach to solving Eq. (12) based on Bayesian
tatistics. The Bayesian inference technique is explained in the follow-
ng sections.

4.1. Mooring and PTO fatigue life modeling

In this paper, the fatigue damage growth in the APP mooring and
TO systems is modeled based on the Palmgren–Miner rule (assuming
 linear cumulative damage) and S-N curve concepts (DNV, 2015).

According to Miner’s rule, when the long-term time-series of stress for
 component is represented by a stress histogram with a set of constant

stress ranges, denoted as 𝛥𝜎𝑗 , each associated with an observed number
of stress cycles in the time-series, 𝑛𝑖, occurrence of fatigue failure is
determined by Eq. (13) (DNV, 2015):
6 
𝐷 =
𝑘
∑

𝑗=1

𝑛𝑗
𝑁𝑗

≤ 𝛥, (13)

Where, 𝐷 is the accumulated fatigue damage, 𝑘 is the number of stress
ranges, 𝑛𝑗 is the Number of observed cycles in stress range 𝑗, and 𝑁𝑗 is
the number of constant load cycles in stress range 𝑗 that lead to failure.

Rainflow counting is adopted to analyze the stress ranges and cycle
ounts for fatigue damage assessment. The technique is widely used

for efficiently analyzing complex stress time histories (Brodtkorb et al.,
2000). In selecting the number of stress ranges, (𝑘), it is important to
ensure sufficient numerical accuracy and avoid loss of information from
data. DNV (2015) recommends that a minimum of 20 stress ranges
should be included in the analysis, which might result in considerations
regarding acquisition of sufficient stress data from an experiment or
operation.

Material fatigue resistance tests are frequently carried out using
constant-amplitude cyclic loading, and the results are gather in S-N
urves which show the number of cycles a specimen can endure at a

certain stress level before failure occurs. The equation 𝑁 = 𝑎𝐷𝑆−𝑚 is
established to present the relationship between number of cycles 𝑁 and
stress range 𝑆. A logarithmic transformation of this equation can be
used to develop a linear relationship for estimating the cycle numbers
to fatigue failure of various materials in offshore applications (DNV,
2015):

log(𝑁) = log(𝑎𝐷) − 𝑚 log(𝑆), (14)

where 𝑎𝐷 is the intercept parameter for the S-N curve, and 𝑚 represents
the slope of the S-N curve. For mooring and Power Take-Off (PTO)
design, standard rope is widely used as the main material. The value of
𝑎𝐷, which is linked to material properties, may introduce uncertainty
to the component reliability estimates and must be carefully modeled.

The stress profile of an APP mooring or PTO under tension will be
stimated using the time-domain simulation results from Eq. (1), given
𝜎 = 𝐹

𝐴 , where 𝐹 is the axial force in mooring line and 𝐴 = 𝜋 𝐷2∕4
is its cross-sectional. Note that the stress profile must theoretically
encompass twist and torsion stress; However, for the PTO system and
mooring tensioner, where they consistently experience significant axial
tension, the influence of these additional contributions is negligible.
Rainflow counting is then performed on the obtained stress profile to
extract the present stress ranges in data 𝛥𝜎𝑗 , 𝑗 = 1,… , 𝑘.

The design fatigue criterion in Eq. (13) is usually set to 𝛥 = 1 in
structural reliability assessment; However, this does not always hold
and failure might occur at lower values. For more reliable estimation of
system design life, the uncertainty of accumulated damage growth must
be incorporated into the design process (Liu and Sørensen, 2020; DNV,
2015). The effect of load sequence in variable loading is ignored by
he Miner’s rule, which can causes error in estimating fatigue damage.

Several previous studies showed that using Miner’s rule often results
n overestimation of fatigue in composite materials (Liu and Sørensen,

2020; Rognin et al., 2009). In the present study, the uncertainty in
Miner’s rule estimates is dealt with by considering the damage criterion
as a random variable with a mean value of less than 1 (𝛥 ∼ 𝑁(𝛿 , 𝛥𝛿),
 < 1).

The LSF for fatigue life assessment is then expressed as:

𝑔(𝛩 , 𝑡) = 𝐑(𝛩 , 𝑡) − 𝐋(𝛩 , 𝑡), (15)

where, 𝑅 denotes component resistance and 𝐿 represents load. In this
study, a number of time-domain simulations with the time intervals of
𝑛 for different sea states 𝑠𝑖 have been used to model long-term exposure
f APP to random sea conditions. Considering Eq. (13) and the previous

discussions in Section 3, the final form of the fatigue LSF is given by
Eq. (16).

𝑔(𝛩) = 𝛥 −𝐷 = 𝛥 − 1
𝑁𝑠
∑

𝑁𝑘
∑ 1

𝑚 .𝑝𝑖(𝐻𝑠, 𝑇𝑝), (16)

𝑎𝐷 𝑖=1 𝑗=1 (𝛥𝜎𝑗 )
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Note that Eq. (13) has been revised to account for the influence of
each modeled sea state in the computation of fatigue damage growth.
Additionally, the order of stress range summation is defined as 𝑁𝑘,
which represents the total number of observed cycles, as 𝑘 ⋅ 𝑛𝑗 . This
simplifies the construction of the LSF given in Eq. (16). For the sake of
simplification, Eq. (16) only considers the occurrence probability of sea
tates, and not the probability of nominal magnitudes (peak-to-trough)
f the stress cycles in state 𝑠𝑖. The same assumption was previously

made by Mozafari et al. (2023) in estimating fatigue life of offshore
ind turbine blades. The vector of the stochastic variables in the model

is described by 𝛩 ∼ 𝑓 (𝛥, 𝑎𝐷, 𝛥𝜎𝑗 ), where the total number of stress
cycles 𝑁𝑘 is indirectly affected by the results, and will be inherently
considered the failure probability estimate.

Predicting the remaining fatigue life (𝑁𝑓 ,𝐑𝐞𝐦𝐚𝐢𝐧) involves estimating
he time before the component (mooring or PTO) reaches the failure
hreshold (i.e. 𝛥). This important characteristic is calculated using the
inear Eq. (17) (based on Miner’s rule):

𝑁𝑓 ,𝐑𝐞𝐦𝐚𝐢𝐧 = 𝑡𝑛 ⋅
(

𝐷2
𝐷1

− 1
)

, (17)

where, 𝑡𝑛 denotes the projected operational exposure time (here, equiv-
alent to the simulation time), 𝐷1 is the current status of fatigue dam-
ge and 𝐷2 at the end of designated exposure time 𝑡𝑛. Correspond-
ngly, 𝐷2 = 𝛥 indicates the threshold associated with failure, a factor
ecognized as uncertain.

4.1.1. Bayesian inference for fatigue damage prediction
The application of the first order reliability method (FORM) and sec-

nd order reliability method (SORM) in solving LSFs, although common
n structural reliability analyses, is constrained by their limitations.
hey rely on the Laplace method to approximate the probability of
ailure with a quadratic function around its mode. As the dimensional-
ty of the problem (specifically the LSF) expands, the accuracy of both
pproach diminishes necessitating improvements in approximations.
he subset simulation (SS) approach gained attention as a alternative
olution, yet some studies compared its effectiveness to an asymptotic
ORM variant, highlighting its limitations (Breitung, 2021).

In this study, Bayesian inference using the Markov Chain Monte
Carlo (MCMC) method is employed as a robust sampling approach
estimate the probability of fatigue failure in APP mooring and PTOs.
The MCMC simulations dynamically map the failure domain utilizing
the LSF 𝑔(𝛩). Regardless of the dimensionality of uncertain parameters
or the nonlinearity of the failure domain, MCMC offers an effective
approach to estimating the failure probability 𝑃𝑓 where direct solution
s not possible.

Bayesian inference revolves around drawing conclusions based on
vidence and has become a cornerstone of modern statistics and ma-
hine learning. Its fundamental principle is the Bayes’ theorem, given
y Eq. (18), which enables the updating of beliefs about some param-

eters of interest in light of observed data (Gelman et al., 2020):

𝑃 (𝛩|𝑌 ) = 𝑃 (𝑌 |𝛩) ⋅ 𝑃 (𝛩)
𝑃 (𝑌 )

, (18)

where, 𝑃 (𝛩|𝑌 ) is posterior distribution, which is the updated belief
bout a collection of random variables 𝛩 based on the observed data

of 𝑌 . 𝑃 (𝑌 |𝛩) is the likelihood function, 𝑃 (𝛩) is the prior distribution
and 𝑃 (𝑌 ) is the unconditional likelihood.

The likelihood function 𝑃 (𝑌 |𝛩) correlates the observed data to
nknown parameters 𝛩, while the prior distribution 𝑃 (𝛩) represents the

prior information about parameters. Here, the parameters 𝛩 constitute
 collection of random variables that shape the uncertainty of the

fatigue failure model, as explained in Section 4.1.
For instance, 𝛩 can include the mean, 𝜇, and standard deviations,

, of the distribution representing the stress ranges in mooring lines.
n this study, the observed data 𝑌 are the time-domain response of
oorings and PTOs, which is also a random vector since its values

re obtained from various simulations and sea states. Consider 𝑃 (𝑌 ) =
7 
∑

𝛩 𝑃 (𝛩)𝑃 (𝑌 |𝛩), where the summation is taken over all possible values
f 𝛩. To predict fatigue failure using Eq. (12), the model 𝑃 (𝛩 , 𝑌 ) must
irst be constructed. This involves MCMC sampling across the failure
urface domain 𝐷𝛩, as elaborated in Section 4, followed by computing
he posterior distribution of the model variables 𝑃 (𝛩|𝑌 ).

In the context of modeling the probability of failure using 𝑔(𝛩),
he challenge is to identify an appropriate distribution, which the data

and consequently the posterior follow. Instead of making assumptions
(e.g., based on conventional approaches) which can be crude, this study
directly transforms the LSF in Eq. (16) to a logarithmic scale to facilitate
Bayesian inference. This approach, often referred to as Incremented Log

ensity (ILD), proves particularly useful when dealing with unknown
hapes of PDFs (Stan, 2020). As outlined by Stan (2020), the ILD

process entails employing log probability increment statements within
the Bayesian model. This procedure incrementally increases the log
density using an expression that characterizes the domain uncertainty
(e.g., the function 𝑔(𝛩) in this study). For instance, by employing ILD,
the log density can be elevated using an expression like −0.5 ⋅ 𝑦 ⋅ 𝑦,
where 𝑦 is a unit normal variable. This methodology can be extended
to encompass diverse expressions. The resulting likelihood model can
be constructed in this manner, even for situations like drawing a
variable from a unit normal distribution: 𝑝(𝑦) = exp(−𝑦2∕2)∕𝑍, where
𝑍 represents a normalizing constant that guarantees integration to 1,
which is not depended on 𝑦 (Stan, 2020). Consequently, the normal
distribution can be efficiently modeled as a quadratic uncertain term
𝑦, while this approach remains applicable to intricate and unfamiliar
expressions such as (16). Utilizing MCMC, the log probability function
for real-valued parameters 𝛩 is evaluated. This function, representing
the normalized posterior, forms the basis of Bayesian analysis. The
Bayesian inference model components for fatigue life-time are given
by Eq. (19):

𝑎𝐷, 𝛥𝜎𝑗 ∼ Uniform(𝑎, 𝑏),
𝛥 ∼ 𝑁(𝛿 , 𝛥𝛿),

𝐷|𝑎𝐷, 𝛥𝜎𝑗 ∼ 𝑁(𝐷 , 𝛥𝐷),

(𝑔(𝛩)|𝛥, 𝑎𝐷, 𝛥𝜎𝑗 ) ∼
∑

𝛩

(

log(𝛥) − log(𝐷|𝛥𝜎𝑠𝑖 , 𝑎𝐷)
)

,

(19)

where, 𝑎𝐷 and 𝛥𝜎𝑗 are priors with uniform distributions, 𝛥 is an-
other prior with a normal distribution with a mean of 𝛿 and standard
deviation of 𝛥𝛿. Assigning the hyper-parameters 𝑎 and 𝑏 requires care-
ful consideration, where excessively wide ranges must be avoided to
ensure fatigue life predictions are realistic to what similar studies
and standards suggest (DNV, 2015). 𝐷 is modeled with a normal
distribution using a mean of 𝐷 obtained from Eq. (13) and (16) and
sampling from aforementioned priors, and a standard deviation of 𝛥𝐷.
The posterior distribution of the failure probability 𝑃 (𝑔(𝛩)|𝛥, 𝑎𝐷, 𝛥𝜎𝑗 )
s obtained by accumulating the differences of logarithmic values of

and 𝛥 (i.e. cumulative damage growth), as shown in Eq. (19). It is
important to note that the term ∑

𝛩 emphasizes sampling the failure
surface across all random variables (𝛩). To avoid complexity in the
formulation, notations showing variation in exposure time 𝑡𝑛 and sea
state 𝑠𝑖 are neglected; however, their inclusion must be noted by the
reader.

It should be noted that the inference model in Eq. (19) generates
a set of PDFs for fatigue growth on the entire surface 𝐷𝛩. To evaluate
failure probability, as described in Eq. (12), the posterior predictive
istribution is integrated over the failed domain 𝐷𝑓 . To this end the
osterior predictive distribution enables prediction of the failure prob-
bility on the domain by generating the replicating fatigue growth data
s 𝑌rep. This distribution is given by Eq. (20), as presented by Gelman

et al. (2020):

𝑃 (𝑌rep|𝑌 ) = ∫𝐷𝑓
𝑝(𝑌rep|𝛩) ⋅ 𝑝(𝛩|𝑌 ) 𝑑 𝛩 . (20)

Therefore the probability of fatigue failure 𝑃𝑓 is represented by
𝑝(𝑌 |𝑌 ), where 𝑌 is initial observation which in this study comes
rep
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Table 1
The APP design and geometric characteristics.

Parameter Value Unit

Vessel length (𝐿) 48.0 (m)
Vessel width (𝐵) 10.0 (m)
Vessel draft (𝐷) 3.0 (m)
Mass (𝑀) 500.0 (t)
Displacement (𝛥) 911.4 (m3)
Center of Mass (𝐶 𝑜𝑀) (2.53, 0.0, −1.97) (m)
Mass Moment of Inertia, X (𝐼𝑥𝑥) 1.17 × 106 (t m2)
Mass Moment of Inertia, Y (𝐼𝑦𝑦) 50.0 × 103 (t m2)
Mass Moment of Inertia, Z (𝐼𝑧𝑧) 50.0 × 103 (t m2)

Table 2
The APP mooring and PTO line characteristics.

Parameter Value Unit-Reference

Weight (𝑊𝑚) 0.176 (k N∕m)
Buoyancy (𝐵𝑚) 0.131 (k N∕m)
Submerged weight (𝑊𝑚𝑠) 0.045 (k N∕m)
Min breaking load (𝑀 𝐵 𝐿) 3835.5 (k N)
Intercept parameter of S-N curve (𝑎𝐷) 3.4 × 1014 –
Slope of S-N curve (𝑚) 4.0 –
Ultimate safety factor (𝑆 𝐹𝑈 𝐿𝑆 ) 1.5 DNV (2015)
Line diameter (𝑑𝑚) 0.15 (m)
Mooring natural length (𝐿𝑚) 90.0 (m)
PTO natural length (𝐿𝑃 𝑇 𝑂) 56.4 (m)
Axial stiffness (mooring) (𝑘𝑚) 326.9 (k N∕m)

from simulations and the 𝑌rep are the MCMC sampling from estimated
parameters. This means the probability of observing failure damage in
future 𝑌rep (prediction) if the fatigue model produced 𝑌 at the current
state. The incremental log density function in Eq. (19) and (20) proves
aluable outcome not only for real-time fatigue failure modeling, en-
bling straightforward updating of the likelihood parameter 𝐷 with
ensory data from the environment, but also for extending its utility to
mplement the variability of mooring assets and operational conditions.

5. Case study

5.1. APP model and environment setup

In this section, the application of the proposed design evaluation
ramework is presented in a case study of the APP. The APP model

represented a moored floating vessel (4 moorings) and 2 additional
ines with PTOs for energy generation. The geometric details of the

vessel including its length, width and draft are provided in Table 1.
Additionally, the center of mass location is referenced to the origin
point (0,0,0) in Orcaflex. The APP is considered to be floating at a water
depth of 50 m in a hypothetical site with known sea state conditions.
The analyses performed in this paper uses a distribution of wave data,
including various significant wave heights 𝐻 𝑠 and peak wave periods
𝑇 𝑝. Further details of the sea states used for the analyses are provided
later in relevant sections.

At the initial step, an equilibrium analysis is conducted to estab-
ish the platform’s upright position. This involves defining the initial
onditions of the platform, including the pre-tensioning of the mooring
ines and PTO systems. The maximum axial stiffness in the mooring
ines is considered to be 24 × 103 kN. Table 2 lists more details on
he APP mooring properties. It should be noted that for the purpose of

assessing various mooring line tension levels, the studied pre-tension
alues are provided later in the relevant results section. Table 3 lists

the mooring and PTO line connection coordinates including fairlead
nd anchor points, referenced to the location of vessel center of mass
CoM). To create the PWL stiffness function 𝑘PTO(𝑥), as described in

Section 3.2, the PTO is modeled based on 0 to 2 m of elongation (with
1 = 0.5 m, 𝑟22 = 1 and 𝑟3 = 1.5 m) where the axial stiffness slopes are
𝑘 = 10 kN/m, 𝑘 = 80 kN/m, 𝑘 = 70 kN/m, 𝑘 = 60 kN/m.
1 2 3
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Table 3
The APP mooring arrangements.
Parameter Value Unit

Mooring Fairlead
Line 1 (−14.0, 5.0 , 0.93) (m)
Line 2 (−14.0, −5.0 , 0.93) (m)
Line 3 (16.8, 5.0 , 0.93) (m)
Line 4 (16.8, −5.0 , 0.93) (m)

Mooring Anchor
Line 1 (−70.0, 40.0, −51.83) (m)
Line 2 (−70.0, −40.0, −51.83) (m)
Line 3 (70.0, 40.0, −51.83) (m)
Line 4 (70.0, −40.0, −51.83) (m)

PTO Fairlead
PTO 1 (25.0 , 4.0 , 0.9) (m)
PTO 2 (25.0 , −4.0 , 0.9) (m)

PTO Anchor
PTO 1 (40.0, 10.0 , −51.83) (m)
PTO 2 (40.0, −10.0 , −51.83) (m)

5.2. Hydrodynamic loads analysis

As depicted in Fig. 1, the APP concept includes four mooring
lines (two at the fore and two at the aft) and two PTO lines at the
tern of the vessel. Consequently, the distribution of mooring ten-

sions deviates from conventional moored floating structures. It was
observed that this variation introduces distinct pre-tension loads on
he system, amplifying stiffness in the yaw direction of the vessel. This
nhanced stiffness is necessary to ensure stability, particularly when
ubject to directional incoming waves. Table 4 presents the optimal
PP stiffness matrix (used for estimation of power output) at its upright
quilibrium position. The stiffness matrix will vary depending on the
re-tensions applied to the mooring lines and PTOs. This matrix consists
f hydrostatic stiffness and static line forces contributing to the line
re-tension, with respect to 𝐹𝐻 and 𝐹PTO as defined in Eq. (1). It

is important to emphasize that the PTO pre-tensions are dynamically
pdated according to Eq. (8). Additionally, the buoyancy forces acting

on the APP are adjusted to maintain appropriate hydraulic pressure in
steady configuration of PTOs.

The analyses of the APP hydrodynamic loads operating at this draft
are performed, and the results are presented for each of the three load
components (in surge motion) with respect to frequency (see Fig. 2). As
it can be seen, the effect of first-order loads consistently surpasses those
f the wave drift and sum-frequency. Nonetheless, the second-order
oads induce alterations in the structure natural frequency, particularly
ronounced in wave drift loads. These changes cause gradually oscillat-
ng forces, which can create a pattern of vibration beating phenomenon,
einforcing stress on the mooring system.

To provide a deeper view into the impact of these loads on the APP
tation-keeping and energy generation systems, the dynamic responses

are estimated in time-domain for a range of sea states and pre-tension
conditions. The tension time-series from four distinct cases are illus-
rated in Fig. 3. It is observed from the results that the addition of the
wo PTOs to the APP structures have caused an uneven distribution

of forces in the mooring lines. Consequently, if such arrangement is
dopted in a design, PTOs will require adjustments to achieve a balance
etween the remaining mooring forces and the structural buoyancy.

The most critical tensions are observed in the forward mooring lines
(Line 1 and 2). These lines will experience higher loads to ensure the
stability of the APP during its operational phases. The average pre-
tensions in Line 1 and 2, 𝑇0, is used as a reference for each of the
cases presented in Fig. 3, only the average pre-tensions, 𝑇0 of Line 1
and 2 are mentioned as reference points. These cases represent loads
from significant wave height of 1 or 2 m, as the most prevalent sea
condition at the Albany site.
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Table 4
Stiffness matrix of the APP at initial upright equilibrium position (in kN/m).
wrt global X Y Z RX RY RZ

X 𝟓𝟗𝟓.𝟏𝟕 −8.98 4.68 17.24 8343.69 −217.22
Y −8.99 𝟑𝟔𝟏.𝟒𝟎 5.60 −2110.75 −85.58 −987.85
Z 4.69 5.67 𝟔𝟔𝟖.𝟓𝟒 27.25 1285.21 69.04
RX 17.21 −2110.74 27.31 𝟑𝟑.𝟏𝟗 × 𝟏𝟎𝟑 −517.26 −3178.57
RY 8343.30 −86.25 1285.20 −528.08 𝟐𝟕𝟐.𝟒𝟓 × 𝟏𝟎𝟑 −1834.12
RZ −217.26 −987.85 68.34 8715.12 −2302.63 𝟏𝟓𝟓.𝟔𝟓 × 𝟏𝟎𝟑
Fig. 2. Spectral simulation results of hydrodynamic loads experienced by the APP structure.
The amount of power absorbed by a PTO is highly dependent on
the pre-tension imposed on lines 3 and 4. The pre-tension is controlled
by the length of the line. The looser these aft mooring lines, the less
tolerance against environmental loads. In such condition, more load is
transferred to the PTOs resulting in more power generation. However, a
softer mooring arrangement will also exert more tension on the forward
mooring lines 1 and 2, which increases the risk of failure (overload
or fatigue). Therefore, it is an imperative task to design the mooring
system for an optimal trade-off between absorbing the highest amount
of wave energy and not compromising the integrity of its components.
This may present the most significant challenge that the framework
developed in this paper is aiming to address.

Fig. 3(a-c) presents three design alternatives (in terms of mooring
line pre-tension) including soft, medium and hard options in mooring
Lines 3 and 4. Case (d) shows a combination of soft and hard design
which means one of the lines in slack and the other in stiff condition.
This option seems suitable when the structure is subjected to oblique
waves. The results demonstrates that such arrangement provides a
substantial opportunity for extracting more wave energy; However,
when the main objective is to produce energy at minimum risk of
failure, the arrangement is not the most suitable. The remaining of the
study will focus on the case with soft mooring lines 3 and 4.

5.3. Wave energy output

In this section, the results of assessing the APP performance in
harnessing wave energy are presented. As explained previously, time-
domain hydrodynamic simulations are conducted for all possible in-
cident waves according to the distribution of wave data observed at
the Albany site. The motion response of the PTO and available power
at each PTO are estimated using Eq. (19). To evaluate the expected
power output, the probability of occurrence for each individual sea
state were also (Eq. (10)). The obtained results for the power spectral
density (PSD) of each PT (upon performing FFT) is depicted in Fig. 4.
The power spectrum shown in Fig. 4 highlights the capability of the
APP PTOs in power absorption from a wide range of wave frequencies,
though the largest power is expected for wave heights ranging between
1 and 2 m, which is mainly in the wave periods less than 9 s.
9 
To better understand the persistence of power absorption by the
APP across various wave periods, continuous wavelet transform (CWT)
is performed on the PTO responses. This facilitated the extraction of
the frequency–time spectrum during the exposure time denoted as 𝑡𝑛
in numerical simulations, ensuring the abrupt changes observed in
the output data is accounted for in conversion to frequency-domain.
The findings are shown in Fig. 5, where the upper plot illustrates
the power spectral density in decibels (𝑑 𝐵). The color intensity rep-
resents the density of the power at each frequency, with warmer colors
(e.g., yellow) indicating higher density. It can be seen that there is a
significant concentration of power in the lower frequency ranges. This
concentration tapers off as frequency exceeds 0.2 Hz. The bottom plot is
a spectrogram — the spectrum of frequencies of APP energy output as it
varies with time. The color intensity represents the magnitude of CWT
(which is proportional and a representative of power) at each frequency
and time point. The value of this plot is in the comparison of power
output amongst various frequencies and times.

To facilitate a decision-making process that accounts for the uncer-
tainties of decision variables, end-users of this framework will benefit
from a probabilistic estimation of available energy. For this reason,
empirical PDFs of the APP power output are developed using Eq. (9)
and (10), as shown in Fig. 6. Statistical analysis of the results indicate
that the expected power that can be captured by the APP is 185 kW,
with each PTO contributing to an average of 92.5 kW.

Given the scarcity of WEC structures similar to APP, the CWR
calculated using Eq. (11) offers a strong metric for evaluating the
viability of the APP concept. According to Babarit et al. (2012), existing
WEC technology exhibits CWR values ranging from 6 to 54. Thus,
demonstrating that the APP can operate within this range would affirm
its potential for power generation. The CWR values for the APP were
estimated based on the time domain responses and the histogram
presented in Fig. 7. As shown in this figure, the APP model is able to
extract wave power with CWR > 6 more than 65% of the time, with an
expected value of CWR = 9.5. This confirms that the APP, despite being
an emerging multi-purpose offshore platform (MPOP), is comparable to
other technologies in harnessing wave energy. This advantage confirms
the feasibility of transforming the conventional role of support vessels,
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Fig. 3. Time-series of tension loads on the APP mooring lines and PTOs.

which relied on diesel generators, into a floating aqua power system.
Furthermore, Fig. 8 depicts the ability of the APP structure to decrease
the amplitude of radiated waves within the shield zone, resulting from
the extraction of energy, and provide damping effects to other assets
in proximity (e.g., fish pens). The wave profiles shown in Fig. 8 are
randomly selected from the time domain response and magnified to
highlight the effectiveness of the APP in harnessing wave power within
the range of CWR > 6.
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Table 5
Utilized sea states for results presented in Fig. 9.
Sea State 𝐻𝑠 (m) 𝑇𝑝 (s)

1 1.0 7.8
2 2.0 8.9
3 3.0 10.3
4 4.0 11.4

5.4. PTO and mooring fatigue reliability

As discussed earlier, one of the main challenges for ORES is struc-
tural deterioration processes (including fatigue) causing failure in com-
ponents operating under highly random and cyclic loads. Therefore, it
is crucial to develop a confident projection of the lifetime of such assets
ensuring availability and safety. As recommended by Inspection (2009),
risk-based approaches to asset integrity management of floating struc-
tures will facilitate continued serviceability and operational integrity.
Such practice can also be adopted in evaluation of a design through
modeling the deterioration processes based on design parameters and
operational conditions.

The framework provided in Section 4 is utilized to evaluate the per-
formance of the APP structure over its lifetime and predict the fatigue
damage growth probability in mooring lines and PTO systems. This
helps the developers of ORES to optimize their designs for maximum
energy generation capability while upholding asset integrity.

The time domain hydrodynamic simulation results for all possible
sea states were used to estimate the tensions on the mooring assets, and
upon applying the rainflow counting, the stress ranges were defined to
input the Miner rule for predicting the fatigue damage growth. The fa-
tigue analysis was performed over an exposure time of 𝑡𝑛 = 1000, which
is deemed sufficient to exhibit trends that can be used for long-term
assessment of APP performance. A broader range of load cases with
variable sea states were considered to capture all potential responses
in the PTO and moorings. In addition to estimating worst-case in each
line (maximum damage), a component may experience significantly
different damage growths over its geometry (length for mooring lines),
especially if the mooring design is a catenary arrangement, as discussed
in Section 5.2. For the cases with taut moorings, the damage growth
does not vary considerably over the length and they mostly fail near
fairleads. In the present case study, Line 3 and 4 are intentionally
kept catenary to transfer loads to the PTOs for extracting more energy,
which may cause slack loads. It is therefore important to determine the
spatial distribution of fatigue growth along the mooring/PTO line. The
was performed for the entire mooring system and the results of four
cases are presented in Fig. 9. Note that 𝐻𝑠1.𝑠𝑖𝑚 notation represents the
case with a significant wave height of 𝐻𝑆 = 1 m. As discussed earlier
(and shown in Fig. 3), parallel lines manifest very similar responses
and for this reason the results from Line 2 and Line 3 are represented
by their parallel lines (see Table 5).

The findings indicate that lines 1 and 2 experience much higher
fatigue damage growth even in mild environmental conditions, with an
expected value of 35.9 × 10−06 for 𝐻𝑠1.𝑠𝑖𝑚. At a dominant wave height
of 4 m, the expected damage is expected to reach 8.0 × 10−3. Spatially
varying fatigue damage in Line 4 is found consistent with the expecta-
tions from a catenary arrangement. However, this does not suggest a
substantial impact on the APP integrity, as the expected damage is as
low as (< 10 × 10−9) even for extreme wave condition (𝐻𝑠1.𝑠𝑖𝑚). The
results, to some extent, rule out the snap load concerns about mooring
fatigues provided sufficient similarity with arrangements in this model.
The results presented in Fig. 9 indicated that the PTO lines are expected
to have longer life due to a lower fatigue damage (more than 35 years).
This validates the feasibility of adopting a catenary arrangement for the
design of the mooring lines at the APP stern.

The deterministic representation of structural damage, as provided
in Fig. 9, does not account for the occurrence likelihood of each sea
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Fig. 4. Predicted spectrum of the APP power output for each of its 2 PTOs.
Fig. 5. Frequency–time spectrum prediction results of the APP power output.
Fig. 6. Probability distribution of the expected power output from the APP PTOs.
state. Nevertheless, the significantly high damage growth of 0.01 (for
lines 1 & 2 in 𝐻𝑠1.𝑠𝑖𝑚) underscores a pressing need for continued
assessment and monitoring of damage over the asset lifespan. As rec-
ommended by DNV (2015), offshore renewable energy structures are
typically designed for at least 20-year operational lives, during which
the target annual probability of failure of mooring systems should
remain below 10−5 for multiple lines.

The remainder of this section will focus on assessing the fatigue
life of mooring Line 1 and 2, as they showed to carry the greatest
11 
risk of failure and require careful consideration to enable reliability
and robustness in the APP structure design. To address this objective,
the mooring tension results were systematically used to derive the LSF,
𝑔(𝑋 , 𝑡). A probabilistic modeling approach was taken in time-domain to
predict the probability of mooring failure attributed to fatigue degrada-
tion. This analysis considered three distinct operational lives, including
10, 20 and to 30 years to allow for a more classified failure assessment.
In this study, four chains were adopted in the MCMC simulations to
examine the convergence of the predictions in different scenarios. The
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Fig. 7. Capture Width (CW) histogram for the APP design.
Fig. 8. Monitoring the wave profile in the shield zone and far field of the APP structure.
MCMC simulations predict the failure for mooring lines 1 and 2, using
the concepts presented in Eq. (19) and (20). The posterior distribution
of fatigue damage LSF across the entire domain 𝐷𝑋 = {𝐷𝑆 , 𝐷𝑓 } is
shown in Fig. 10. A particularly advantageous aspect of the developed
framework is its ability to estimate the posterior distribution of the LSF,
which end-users can adopt for computing failure probability depending
on their operational limits (failure criterion). It is also important to note
that the term 𝑡 (time) is removed from failure surface (in LSF) as time
is now marginalized on the projected design lives in the model (10, 20
and 30 years). The length of time can be readily changed by a developer
according to their design.

Next, failure probability 𝑃𝑓 is quantified based on the 𝑔(𝑋) < 0
condition. As it can be seen in Fig. 10, the predicted fatigue damage
in the critical moorings of the APP design in this study surpass the
recommendations of DNV for fatigue-related failure probability (𝑃𝑓 <
10−5). Particularly, for a 10-year design life, the occurrence likelihood
of fatigue failure is estimated as 2.8 × 10−18. This probability value
substantially increases for a 20-year design life, due to non-linear
structural deterioration processes, to a cumulative probability fo 𝑃𝑓 =
1.3 × 10−6. Although this failure probability is acceptable as per the DNV
design guidelines, the projected life expectancy significantly reduces
beyond a 10-year operational life, if no interventions are considered.
Such interventions may include design improvements or dynamic asset
integrity management practices.
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Fig. 11(a) presents the MCMC trace plot for the four sampling chains
that resulted in failure probability predictions. Fig. 11(b) compares
the uncertainty associated with cumulative damage progression over
a 10-year life span between Miner’s rule results and the MCMC method
presented in this paper. The highlighted sections on these probability
plots represents potential failure domains, which are distinctively dif-
ferent highlighting the potential overestimation of damage in Miner’s
rule, as previously suggested by Liu and Sørensen (2020), Rognin et al.
(2009).

It is important to highlight that this study also considers the un-
certainty linked to the Miner’s rule, which can potentially induce
additional damage growth in cases where cumulative damage remains
below unity. Given the objective of this paper in establishing a robust
design evaluation framework for ORES, adopting a conservative stance
in the initial stages of concept development may be beneficial to ensure
that a design can achieve optimal energy yield and availability. The
presented framework has the ability to dynamically monitor the evolv-
ing damage patterns and implement real-time adjustments to failure
estimations using Eq. (19) and (20). This is achieved by integrating
physics-based modeling of the forces and motions with data-driven
predictions of structural damage. The approach can be extended to
dynamic asset integrity management by utilizing sensory data from
field tests or real operations.
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Fig. 9. Cumulative fatigue damage growth in mooring lines and PTOs.
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Fig. 10. Posterior probability distribution of fatigue damage growth for various design lives (10, 20, 30).
-

6. Conclusion

Offshore aquaculture operations need clean and reliable energy,
but face challenges in accessing it. This paper has presented a com-
prehensive design framework for the APP, a novel WEC concept that
integrates a floating platform with a mooring system. The framework
has addressed the critical aspects of power generation and structural
integrity, including mooring fatigue damage, for the APP. The frame-
work has also introduced a robust surrogate model based on Bayesian
data analysis and MCMC to assess the reliability and life cycle of
the mooring assets. The framework has been applied to a case study
of the APP design and performance, demonstrating its potential as a
wave energy solution for offshore aquaculture operations. The paper
has also highlighted the importance of management systems, such
as Fitness-For-Service Assessment, Integrity Operating Windows, and
Management of Change, to ensure the quality and efficiency of the
design process and the operation of the APP. The paper has discussed
the broader implications of the framework for enhancing the reliability
of other offshore energy systems, such as floating wind turbines. The
paper has contributed to advancing the feasibility and viability of the
APP as a sustainable and efficient wave energy solution for offshore
aquaculture operations. The paper has also identified the challenges
and opportunities of co-locating WECs and aquaculture structures, and
suggested future research directions to optimize mooring layouts and
minimize fatigue damages and costs. By addressing these challenges
and conducting thorough research, we can advance the effectiveness
and viability of wave energy conversion technology and pave the way
for sustainable and efficient wave energy solutions.
14 
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Fig. 11. Real time damage progress on mooring lines based on proposed framework.
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