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a b s t r a c t

Sustainable use of the ocean for food and energy production is an emerging area of research in different
countries around the world. This goal is pursued by the Australian aquaculture, offshore engineering and
renewable energy industries, research organisations and the government through the “Blue Economy
Cooperative Research Centre”. To address the challenges of offshore food and energy production, lever-
aging the benefits of co-location, vertical integration, infrastructure and shared services, will be enabled
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through the development of novel Multi-Purpose Offshore-Platforms (MPOP). The structural integrity
of the designed systems when being deployed in the harsh offshore environment is one of the main
challenges in developing the MPOPs. Employing structural reliability analysis methods for assessing the
structural safety of the novel aquaculture-MPOPs comes with different limitations. This review aims at
shedding light on these limitations and discusses the current status and future directions for structural
reliability analysis of a novel aquaculture-MPOP considering Australia’s unique environment. To achieve
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this  aim,  challenges  which  exist  at different  stages  of  reliability  assessment,  from  data  collection  and
uncertainty  quantification  to load  and  structural  modelling  and  reliability  analysis  implementation,  are
discussed.  Furthermore,  several  solutions  to  these  challenges  are proposed  based  on the  existing  knowl-
edge in other  sectors,  and particularly  from  the offshore  oil  and  gas  industry.  Based  on the  identified
gaps  in  the  review  process,  potential  areas for  future  research  are  introduced  to  enable  a safer  and  more
reliable  operation  of  the MPOPs.
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1. Introduction

The aquaculture sector delivers more than half of the world’s
seafood supply and is the major source of employment in many
countries (FAO, 2018). Among different types of commercial fish-
ing and aquaculture activities in Australia, marine aquaculture
contributes 23.7 % of the employment (ABARES, 2018). Currently,
the important seafood and marine products of aquaculture in the
country are: mussels, oyster, pearl, tuna, abalone, lobsters, rain-
bow trout, Atlantic salmon and seaweed. In particular, the salmon
aquaculture industry in south-east Tasmania is the most valuable
fishery, which has seen an increase in value of 194 % in the past
decade (ABARES, 2018). Sea cages, also known as fish pens, and
mussel longlines are common methods of marine aquaculture in
Australia (ABARES, 2018). Owing to its vast economic capacity
and environmental adaptability, marine aquaculture is expected
to significantly expand in the near future. In comparison with
other developed countries, Australia is known to have a huge gap
between its current aquaculture production and potential produc-
tion capacity. As of 2018, the total fish production was  265,975
tonnes per year, while the potential production (if 1 % of the suitable
marine area in the country was developed for low-density marine
fish aquaculture) was estimated to be between 6,000 % and 9,000
% of that (Gentry et al., 2017; Australian Fisheries and Aquaculture
Statistics 2018, 2019Australian Fisheries and Aquaculture Statistics
2018, 2019). Considering this huge potential, in 2018, the total
value of exports from Australia was approximated at 1,575.1 M$,
which was no more than 1 % of the global trade market (Australian
Fisheries and Aquaculture Statistics 2018, 2019Australian Fisheries
and Aquaculture Statistics 2018, 2019). Thus, the described gap, if
properly filled, would enable the Australian fish market to com-
pete with the top countries in the world in the global trade market.
Pursuing this aim however, requires reliable infrastructures with
minimal risks and high productivity. For instance, a recent study
on the co-location of offshore wind and mussel cultivation facili-
ties showed the possibility of 5 % reduction in the operations and
management (O&M) costs of a wind farm (Buck et al., 2010). Fur-
thermore, an analysis of shared moorings for a floating offshore
wind farm has been performed by Connolly and Hall (2019), indi-
cating a significant cost-saving opportunity (between 0.4 M$  and
12 M$  based on the water depth and mooring configuration) in
the construction phase by sharing the mooring system. Further
cost reduction is expected to occur because of shared resources
and logistics in case of integration (Dalton et al., 2019). Also, better
access to the spatially efficient production systems can significantly
increase the production rate. A study on the integration of wind
energy and mussel aquaculture showed an 8 % increase in spatial
efficiency and a 207–230 % increase in the density of value gener-
ated by the cooperation between two firms in comparison with a
wind farm alone (Griffin et al., 2015). As mentioned in the work of
Jensen et al. (Jansen et al., 2016), the viability of the MPOP highly

depends on the type of multi-use combinations and the price of
the products (energy vs seafood and marine products). The study
revealed that the price of mussels could determine whether an
MPOP of mussel and wind farming is profitable or non-profitable.
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herefore, different combinations of aquaculture and renewable
nergy devices must be assessed in terms of profitability and then
ombined through a reliable MPOP design to guarantee the safety,
pecies compatibility and profitability of the whole system.

.1. Multi-purpose offshore platforms (MPOPs)

Multi-use of the ocean by MPOPs can be achieved via two dif-
erent approaches, namely co-location, and integration. Co-location

ainly involves moving two or more platforms close together with-
ut physically connecting them to share benefits such as logistics,
ea space, and the possibility of benefiting each other by sup-
lying the energy demand required by the systems (e.g. electric
ower needed for aquaculture facilities can be provided by the off-
hore wind, wave or solar energy system located in the vicinity).
lso, better structural and operational reliability can be achieved

hrough proper co-location of offshore energy facilities. A study
y Silva et al. (2018) showed that the wave energy converters can
e used as the shelter for aquaculture installations to minimize
he nearshore wave impact on the aquaculture cages. On the other
and, integration, is defined as a hybrid use of a single structure for
ultiple purposes, including infrastructure for aquaculture, wind

urbine(s), and/or wave energy converter(s). Integration by itself
an be realised by designing new hybrid structures or modifying
he functionality of existing structures. Transformation of existing
ffshore oil and gas platforms for other activities such as aquacul-
ure is also suggested as an appealing solution for MPOPs. Because
f the enormous decommissioning costs of out-of-service offshore
il and gas platforms, transforming the functionality of these plat-
orms to other activities such as aquaculture has always been an
nteresting topic of research (Sommer et al., 2019).

Shifting from fossil fuels to clean energy by the Australian and
ew Zealand governments is another reason behind the impor-

ance of repurposing offshore oil and gas platforms. Australia’s
nd New Zealand’s targets under the Paris Agreement is to reduce
reenhouse gas emissions by 28 and 30 per cent, respectively,
elow current gross emissions by 2030 (About New Zealand’s,
020). In order to achieve this aim, several offshore oil and gas
latforms need to be decommissioned. Consequently, after the
eadline, the decommissioning of offshore oil and gas platforms
round the country means that they could be effectively used for
ther activities in future. In Australia, many of the old oil and gas
latforms (e.g. oil platforms on the North West Shelf of Australia)
ave been already turned into artificial reefs (Fujii et al., 2020),
s the removal of such structures could cause massive damage to
he surrounding environment (Chandler et al., 2017). Additionally,
ransforming the functionality of oil and gas platforms to hydro-
en production platforms is a green option that is being supported
y the Australian Government through a National Hydrogen Strat-
gy (Group, 2019). The recent significant decline in oil price could
ighten the deadlines for countries around the world including

ustralia; thereby reinforcing the importance of this research topic.

During the past decade, the ideas of co-location and integra-
ion were highly supported by the European Union (EU) during
wo major projects: The Ocean of Tomorrow and Horizon 2020
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(Koundouri, 2017; Aguilar-Manjarrez, 2016). The available expe-
rience and knowledge gained through the EU projects can be of
significant help for developing the MPOP concept in Australia.
Australia is expected to launch its first offshore wind farm, through
the Star of the South project, and has already started the devel-
opment of a wave farm with the pilot project launched by
Carnegie Wave Energy Limited in Western Australia (Australia’s
first proposed offshore wind farm, 2020; Energy, 2020a). More-
over, the Wave Swell Energy (WSE) is about to launch a wave
energy converter in King Island, Tasmania by mid  2020 (Energy,
2020b). Consequently, there is huge potential for integrating the
MPOPs into pilot projects which allows for collecting data on
different operational and structural aspects of the MPOPs. This
would eventually lead to the production of reliable and more effi-
cient MPOPs. The possible integration comes with advantages and
disadvantages that highly depend on the type of combination (co-
location/integration), planned activities (aquaculture, wave, wind,
solar, hydrogen, etc.) and the site location (offshore or nearshore).
However, the regulatory framework to support aquaculture and
renewable energy production in offshore waters does not yet exist.
The two most common metrics are the minimum distance from
shore (in nautical miles, nm)  and minimum water depth (in meter,
m).  In Australia, based on the location of the energy and aquaculture
activity the State/Territory governments (for <3 nm offshore) and
the Federal government (for 3−200 nm offshore) are the assess-
ment authorities, respectively for the multi-purpose activities.
Additionally, the National Offshore Petroleum Safety and Environ-
mental Management Authority (NOPSEMA) is the regulator for oil
and gas activities in Commonwealth waters and in coastal waters
(Australia’s Offshore Energy Regulator, 2020). Also, the potential
activities within the marine parks have been classified by the Aus-
tralian Government’s Department of the Environment and Energy
(ERIN, 2020). The designated areas for energy and aquaculture
activities include both deep and shallow waters which are consid-
ered as far-from shore and nearshore zones, respectively.

The potential advantages of moving aquaculture units further
offshore, where renewable energy stations are located, include
almost unlimited operational scale, better water quality, social
license to operate, better waste management, and reduced risk of
diseases associated with farming. Many of these merits are linked
to the deeper offshore waters which provide stronger currents and
higher rates of water exchange. Moreover, moving aquaculture
units offshore may  be inevitable in the long-term due to the fore-
seen negative impacts of climate change (Merino et al., 2012; Rice
and Garcia, 2011). However, this comes with the design and tech-
nical challenges including more intensive structural stresses due
to the presence of high-speed surface currents, wave actions and
high wind, longer transit duration (or ship endurance) and many
unknown operational (e.g. added costs from maintenance, spare
parts lead times, etc.) and safety (e.g. crew transfer by helicopter
rather than OSV, etc.) challenges. Owing to the lack of adequate
structural strength, currently used nearshore aquaculture pens
and mooring systems in Australia are not likely to operate safely
in a harsh offshore environment. An alternative approach is to
install renewable energy (fixed) platforms, such as wind farms in
an appropriate nearshore/sheltered area, where aquaculture farms
are currently operating. In doing so, the operational challenges
related to the harsh offshore environment are minimised and better
transportations and logistics are achieved. However, the opera-
tional scale limitations, environmental, and sustainability issues
are amplified. In either of the abovementioned cases, the combi-
nation of aquaculture farms and renewable energy platforms affect

the structural integrity of individual structures and the whole inte-
grated system, and such an impact must be considered in the design
phase of the integrated systems.
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.2. Importance of structural reliability

Innovative integration methods on a commercial basis are still
n their infancy, as there are many unknown aspects and limita-
ions regarding the operational and technical issues which may
hreaten human safety, the environment and assets. For instance,
etween 2012 and 2016 in Australia, 66 % of injury-related com-
ensation claims of aquaculture workers have been recorded in the
arine aquaculture sector (Mitchell and Lystad, 2019). A majority

f those claims was associated with a lack of structural reliability
nd the extensive use of cranes in normal and maintenance activi-
ies (Holen et al., 2018). The failure of individual components of an

POP (i.e. aquaculture or offshore renewable energy system) may
ave indirect impacts on the other components. A study by Horn
nd Leira (2019) revealed that fatigue damage accumulated faster
n the foundations of a non-operating wind turbine. In case of failure
f the aquaculture system, for instance, the wind turbine should be
hut down for safety reasons. As a result, the non-operating wind
urbine would be subjected to faster fatigue damage accumulation
nd eventually, a higher probability of failure. Consequently, it is
ital to analyse the reliability of the integrated systems, ensuring
he integrity of aquaculture and renewable energy structures and
he safety of its personnel. This aim can be achieved through col-
ecting structural and environmental data, realistic modelling of the
orces and structural responses of the system and its components to
hose forces, identification and simulation of the degradation pro-
esses threatening the structural integrity, quantifying uncertainty
hat exists within the involved factors and ultimately, applying
etailed reliability analysis. By using the results obtained from such

 reliability analysis, engineers can adjust the design parameters to
aximise the reliability and service-life of the integrated systems,

nd asset managers can use the results for better decision making.

.3. The review scope and outline

This review intends to discuss the unique features of both off-
hore aquaculture and renewable energy systems by examining the
ain problems in having an integrated system from the viewpoint

f structural reliability. The paper highlights the gaps in knowl-
dge and proposes further research areas for structural reliability
nalysis of the integrated system. To achieve this aim, the related
revious projects are reviewed in Section 2. Sections 3 and 4 dis-
uss the challenges regarding essential components of a structural
eliability assessment, from data collection to implementing relia-
ility analysis methods. Based on the identified challenges, Section

 recommends several topics for future research. Finally, Section 6
oncludes the findings.

As for the literature review herein, whenever possible, MPOP’s
pecific references are provided; otherwise, it is complemented
ith single-purpose aquaculture and renewable energy references

nd examples. To be specific and detailed in the discussions about
enewable energy devices, examples of offshore wind turbine ref-
rences are provided. The output of this study, as one of the major
equirements, contributes to the design of a reliable integrated sys-
em by highlighting the challenges regarding structural reliability
spects of the integration.

. Review of potential MPOP designs

This section provides reviews on recent attempts for multi-use
f the ocean through the integration scheme of MPOPs. Co-location

s ignored here since it does not alter the structural aspects of
he co-located systems. Furthermore, several conceptual designs
or an integrated system proposed within the reviewed research
rograms are highlighted.
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Fig. 1. A prototype of solar and wind energy generator integrated into offshore oil
and  gas platform (Rosebro, 2006).

2.1. Transformation approach

All available offshore oil and gas structures can be broadly classi-
fied in terms of structural configuration as (i) fixed structures such
as steel jackets, and gravity-based foundations, and (ii) floating
structures such as tension leg platforms, semi-submersible plat-
forms, spar-type platforms, drill ships, and floating structures for
production, storage and offloading (FPSO). These facilities can be
found in different locations with different water depths and envi-
ronmental weather conditions. Modifying such platforms to be
used as a multi-functional platform, such as a mooring point for
aquaculture pens/cages or renewable energy devices, is among the
transformation plans for oil and gas platforms being decommis-
sioned (Fig. 1). The transformation procedure varies for different oil
and gas platforms based on their next planned/intended function-
ality. Several conversion options such as transformation to a wave
power station (Azimov and Birkett, 2017), a support structure for
wind turbines (Maini, 2019), infrastructure for aquaculture (Buck
et al., 2017a), and artificial reefs (Dafforn et al., 2015) have been
explored in recent years, with the latter receiving special attention
by governments and researchers through funded programs such as
the Rigs-to-Reef program in the US (Rigs to Reefs, 2020).

Moreover, blue hydrogen production is considered a potential
transformation candidate for exhausted offshore oil and gas plat-
forms. In a survey of 1000 senior oil and gas professionals, in the
fourth quarter of 2019 about their investment priorities and expec-
tations for the year ahead, 21 % of participants mentioned that their
organisation was already active in the hydrogen market (DVN-GL,
2020). 42 % of the participants indicated that their organisation
intends to enter the market in 2020. The fact that the survey took

place before the COVID-19 pandemic, and the significant drop in
the oil price, adds more to the importance of hydrogen produc-
tion for the oil and gas industry leaders. In general, the decline in
the oil price reflects a reduced call for energy. This fact combined
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ith increasing pressures on the oil and gas industry research and
evelopment budgets, driven by reduced profitability, may  stifle
hort term development for offshore hydrogen. Since the industry is
he current owner of the platforms available for decommissioning,
he possible transformation to the offshore hydrogen production
latform would be even more accessible in comparison with other
ctivities such as wind and wave energy production. The Australian
enewable Energy Agency (ARENA) has highlighted hydrogen pro-
uction as one of its three main priorities by dedicating $55 million
o the hydrogen projects (Farmer, 2020). Because of the support
rovided by the government and the oil and gas industry such as BP
nd DVN-GL, the concept of transforming offshore rigs to hydrogen
roduction platforms can soon be realised.

As already mentioned, the structural safety of the decommis-
ioned platforms is an important challenge faced by structural
ngineers and asset managers. In general, the service-life of a pro-
uction platform is constrained by the life of the production wells
ssociated with an oil or gas reservoir/field. The engineers are
otentially seeking to extend the life of these structures beyond
hat may  have been expected at time of design or planned for
ithin maintenance regimes and practices. Therefore, comprehen-

ive knowledge of the current and ongoing integrity of the structure
ill be essential. Additionally, the industry is seeking to use plat-

orms in a manner different to what the platform or structure was
esigned to deliver, and careful consideration of changed loads and
atigue regimes and monitoring the impacts of these will be impor-
ant. For predicting the remaining/residual structural reliability
f the platform, the Structural Health Monitoring (SHM) systems,
nd reliability analysis methods must be utilised. In this case, the
ata gathered from the structural health monitoring equipment
ttached to the hull, topside attachment, and the mooring/tethering
ystems are fed to the structural reliability assessment methods to
redict the remaining service life of the platform. A brief review
f the different SHM methods available for structural monitoring
f offshore systems is presented in Section 3.1.3 which exam-
nes the transformation approach of the MPOP concept. Several
otential candidates for the transformation of the decommission-

ng oil and gas platforms were introduced, and the relevant support
chemes by the government and the industries were discussed.
t can be concluded that hydrogen production and artificial reefs,
hould be considered as the transformation targets. Besides, the
nvironmental-friendly nature of these activities makes them great
andidates to operate in the vicinity of aquaculture facilities. The
ollowing section reviews the hybrid approach to develop the MPOP
oncept.

.2. Hybrid design approach

Designing integrated (hybrid) systems is another idea for aqua-
ulture MPOPs. Several design ideas for an integrated offshore
latform have been proposed within the EU research programs,
he Ocean of Tomorrow and Horizon 2020. The first program
ncludes three main projects: H2OCEAN,  MERMAID and TROPOS.
he H2OCEAN project goal was  to develop an open-sea wind-wave
latform for hydrogen generation (Pirlet et al., 2014). A conceptual
esign proposed for MPOPs in this program is a floating shipping
erminal that includes aquaculture facilities (Dalton et al., 2019).
he concept is expected to be implemented by 2030 in Guyana
Port, 2020). On the other hand, MERMAID project proposed spe-
ific guidelines for optimal use of the ocean by different offshore
ndustries through the concept of MPOPs. The guidelines covered
ome important environmental, economic and structural aspects of

POPs for use by aquaculture, renewable energy and offshore oil

nd gas industries. Among several conceptual integration designs
or MPOPs proposed within this program, a connected system of
quaculture units and offshore wind turbines with shared moor-



V. Aryai et al. Process Safety and Environmental Protection 148 (2021) 437–461

Fig. 2. a) Poseidon wind-wave platform that can produce 33 kW from wind, 50 kW from wave (Tethys, 2020) b) W2Power by Pelagic Power to achieve a rated power of 10
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MW  (Power, 2020) c) A wind-wave platform (MERMAID, 2020) d) The Green Ocean E
for  TROPOS project (TROPOS, 2020) f) Each module of Ocean Hybrid Platform by SIN
turbine of 6kWp (Ocean Hybrid Platform, 2020). (For interpretation of the reference

ing systems received more attention. Some other design concepts
proposed within this program include Poseidon wind-wave plat-
form (Fig. 2a), a semi-submersible triangular platform with two
or three wind turbines and point absorber wave energy convert-
ers (Fig. 2b), a wind-wave platform that utilises Oscillating Water
Column technology for wave energy conversion (Fig. 2c), the Green
Ocean Energy Wave Treader (Fig. 2d) and the modular Ocean Hybrid
Platform by SINN Power (Fig. 2f) (Solutions, 2020; Power, 2020;
Iturrioz et al., 2016; Energy, 2020c; Ocean Hybrid Platform, 2020).

In the TROPOS project (TROPOS, 2020), the idea of floating mod-
ular MPOPs has been proposed as the main conceptual design.
A TROPOS platform consists of a central floating unit and sev-
eral associated modules, called “satellites”. The satellites can be
either moored to, or structurally separated from, the central unit
(Papandroulakis et al., 2017). The conceptual design given by TRO-
POS is a fish aquaculture satellite unit comprising a triangular base
with two 3.5 MW wind turbines and aquaculture cage while an

algae aquaculture satellite unit was connected to the fish satel-
lite (Fig. 2e). A farm of 30 units is expected to produce (assuming
maximum production capacity) up to 750 tonnes of fish per week
(Papandroulakis et al., 2017). Moreover, the algae production unit
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 Wave Treader to produce 500−700 kW (Energy, 2020c) e) A satellite unit proposed
er has the capacity of four WEC  of 0.75 MW,  20 kW of solar energy and four wind

olour in the Figure, the reader is referred to the web version of this article).

an produce up to 2000 tonnes of algae in a continuous biannual
roduction cycle (Papandroulakis et al., 2017).

The idea of floating islands for integrating different ocean activ-
ties has been covered in different projects such as TROPOS and
pecifically, in Space@Sea program of the Horizon 2020 project. Very
arge floating structure (VLFS) is not a new concept and has been
pplied previously in shallow and deep waters for different pur-
oses from oil and gas explorations to leisure centres. Examples
f large-scale floating islands which are currently in operation are
oating oil storage modules at Kamigoto Island and Shirashima

sland in Japan and Floating performance stage at Marina Bay in
ingapore (Wang and Tay, 2011; Shell, 2020). Semi-submersibles
nd pontoon-type are two  types of VLFS which are mainly used
n deep and shallow waters, respectively. Mobile offshore base
MOB), Versabuoy and Pneumatically Stabilized Platform (PSP) are
mong the offshore VLFS design concepts, a review of which can
e found in (Lamas-Pardo et al., 2015; Wang and Wang, 2015).

ased on the location of the system, different mooring systems can
e used. Examples include tension leg, chain and wire ropes, and
ubber fender-dolphin (Wang and Wang, 2015). The design of the
arge floating structures is based on the nature of activities to be
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performed. Each design scenario comes with advantages and disad-
vantages; the review of which can be found in (Jak et al., 2019). The
Prelude Floating Liquefied Natural Gas (FLNG) facility in Australia
was in operation between December 2018 and February 2020 but
has been shut down due to safety reasons after being identified by
NOPSEMA as dangerous (World’s largest floating, 2020). Incidents
like this, fittingly indicate the importance of reliability assessment
of MPOPs.

Outside of the EU supported programs, various conceptual
designs have been proposed by offshore aquaculture and renew-
able energy companies. Hex Box (Fig. 3c) by Ocean Aquafarms is
among the ambitious conceptual designs that have been adopted
from the SALMAR’s offshore fish pens (SALMAR, 2020; Aquafarms,
2020). The system employs a fixed-point mooring system for hold-
ing up to 10.140 m T Atlantic salmon, three 60 kW windmills, and
two diesel generators. The company claims that the system can sur-
vive up to 10 m wave height which easily represents an offshore
condition (Aquafarms, 2020). However, the Norwegian develop-
ment license was refused in 2018 (Fisheries officials turn down Hex
Box idea, 2018) and to the best knowledge of the authors, this con-
cept has not yet been implemented elsewhere. Some other design
concepts such as Hexicon’s multi-wind turbine units (Fig. 3d) have
not been originally designed for multi-use applications but can
be considered as potential candidates for multi-use after modi-
fications (Hexicon, 2020). This conceptual design is expected to
produce up to 10 MW electricity by each unit. Wave Dragon and
Seaweed Energy Solutions (SES) developed an MPOP that com-
bines wave energy and offshore aquaculture systems. The design
concept has been proposed initially through the MARIBE project
and involves a wave energy converter device and longlines for sea-
weed cultivation (Fig. 3e). The pilot project of the system is in
operation 3 miles offshore from the South West Wales coast, UK.
The Wave Dragon is capable of being used as the foundation for
multi-wind turbines. A Wave Dragon wave converter is expected
to produce 4 MW energy, and an SES seaweed farm produces
80 tons per year from an approximately 4 ha’ surface area farm
(Dragon et al., 2020). Some other conceptual designs include a cubic
wind-solar-aquaculture platform with four vertical axis turbines
(Fig. 3a) (Zheng et al., 2020), Guangzhou Institute of Energy Con-
version’s semisubmersible aquaculture-wave platform with solar
panel roof (Successfully, 2019), a Floating Offshore Wind Turbine,
FOWT-aquaculture cage (Fig. 3b) and an aquaculture-solar-wind
system for salmon farming by Grieg Seafood (Zheng and Lei, 2018;
Lei et al., 2020; World-first as Grieg installs renewables at salmon
farm, 2020).

This section reviewed the currently available design concepts for
co-location/integration of aquaculture and renewable energy sys-
tems. To select a proper conceptual design for Australian offshore
location, different environmental, structural, and financial factors
must be considered within the decision-making framework. Unlike
the Northern Europe environment, for which a majority of the avail-
able conceptual designs have been developed, Australia has some of
the best conditions in the world for producing solar energy. There-
fore, a design with the capability of solar panel installation can be
beneficial for the Australian environment (i.e. Figs. 2e, 3a and 3f).

A similar design concept to the VLFS conceptual design, with a
significantly smaller number of modules, is called modular floating
structures (MFS). MFS  has been proposed and implemented in the
solar farm (Liu et al., 2020). The modular design can be added to an
MPOP to provide the system with all the benefits of solar energy.
The modular design of MFS  solar panels causes less shading because
of the open spaces available between the modules. As a result, algae

growth beneath the modules would be less affected by the lack of
direct sunlight in comparison with the conventional large-scale off-
shore solar farms. A major disadvantage of this conceptual design
for the Australian environment is the expected accumulation of
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ird dropping on the solar panels. Because of the presence of the
quaculture facilities, more birds would be attracted to the system
hich results in faster dropping accumulation and eventually, an

dditional reduction in the efficiency of the system. Considering
he developments in the Star of the South wind farm project, which
s going to use FOWTs, the MERMAID design concept of directly
onnecting aquaculture systems and MFS-based solar panels to the
OWT can be a convenient option at this point. The implementa-
ion of this design in practice however, requires accurate reliability
ssessment of the conceptual system.

. Reliability analysis of the integrated system

The former section revealed the lack of unified design criteria for
POPs. Different projects proposed different conceptual designs

ased on their approach to the MPOP idea. The structural relia-
ility of these designs (i.e. stability, safe structure and mooring,
peration, etc.) would be affected over time, due to external load-
ngs, deterioration phenomena, accidents, poor workmanship or
atural hazards such as severe storms. The reliability of the system
an be assessed quantitively and qualitatively by using structural
eliability methods. Structural reliability may be expressed as the
robability that a structure works with a predefined extent of safety
hroughout its service-life. The concept of the component relia-
ility is relevant to the concept of system reliability which is the
ase when the reliability assessment of a group of interdependent
omponents, e.g., an integrated system of aquaculture-MPOP, is
ntended. The reliability of the system is computed by using the
ailure probability of individual components and the correlation
mong the associated failures. The data collection is a prerequisite
f structural reliability analysis. Therefore, the collected data is vital
or identifying failure modes, uncertainty quantification and apply-
ng reliability analysis methods. The reliability varies for different
ypes of systems. The following section reviews the challenges with
egard to data collection for structural reliability assessment of
quaculture-MPOPs.

.1. Data for structural planning, design and reliability
ssessment

Optimal design and reliability assessment of a novel MPOP
tructure requires using three types of databases, namely, oper-
tional (i.e. environmental and spatial) data, failure history data (of
imilar structures or experimental models) and structural health
ata obtained via SHM techniques (Fig. 4). Sections 3.1.1 to 3.1.3
iscuss in detail the data sources and the process of obtaining such
ata. In addition, it is necessary to use a wide range of data (i.e.
nergy production, financial and economic data, etc.) for spatial
lanning stages of the project as well as fish-welfare data which is
btained by continuously monitoring the water quality and fish-
elfare indicators inside and outside the cages. In general, the

perator and the asset owner have access to SHM and failure history
ata of their assets. Environmental data is obtained from available
ata sources as mentioned in Table 1.

Among the operational data, the environmental data is essen-
ial for establishing the environmental force and excitation models,
ime-dependent reliability analysis and predicting the future con-
ition of the structure. Furthermore, certain types of operational
ondition data are used for spatial planning of MPOPs such as
ata directly related to the structural design of the system. SHM
atabases are concerned with data recorded by different structural

ealth monitoring sensors after the installation of SHM devices. On
he other hand, failure history data include the detailed records
f the failures that occur to a component through its service-life,
ncluding the time of failure, the extent of the failure, the assumed
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Fig. 3. a) Aquaculture (300,000 m3 capacity), wind (12 MW capacity), and solar power (1.52 MW capacity) in a floating platform (Zheng et al., 2020) b) An integrated FOWT
(NREL  5-MW)  - aquaculture cage (200,000 m3) moored with eight catenary chains (Zheng and Lei, 2018; Lei et al., 2020) c) Hex Box by Ocean & ((Aquafarms (2020))) d) A
conceptual design with the capability of being used as an MPOP (Hexicon, 2020) e) Wave Dragon MPOP for wave, wind and aquaculture multi-use. f) Guangzhou Institute
of  Energy Conversion’s semi-submersible wave powered (200 kW)  aquaculture pen with seawater desalination plant on board and solar panel (50 kW)  roof (Successfully,
2019).
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Fig. 4. Data sources and applications fo

type of failure(s) and the root causes. Failure history data is essen-
tial for identifying the failure modes threatening the structural
integrity of the integrated system and for understanding the cor-
relation among the failure modes identified. Also, failure history
data is used to estimate the Mean Time to Repair (MTTR) which is
an influential parameter in reliability modelling of the structure.
The need for failure history data, does not mean that the struc-
ture must be failed to provide the analyst with such data. Instead
the data related to failure in old structures, mainly because of lack
of advanced SHM techniques in the early years of constructions,
gathered so far, can serve the purpose.

3.1.1. Operational and environmental conditions data
In the pre-construction phase of the development, environmen-

tal and operational data is essential for identifying a appropriate
location for the integration based on the limitations of potential
system design. The structural integrity of a conceptual design can-
didate can be evaluated by using environmental models calibrated
from the wind, wave, current, water temperature, and data col-
lected from the potential site locations, and structural reliability
analysis methods (Bore and Amdahl, 2017). Alternatively, essential
adjustments can be applied to available design concepts, through
reliability-based design optimisation methods, to make them suit-
able for a specific site location and/or the suitable fish types to be
cultured within the system. The collected data is also employed
in the different phases of the lifecycle including construction,
operation, and decommissioning phases of the aquaculture-MPOP
development for assuring a safe operation. Tables 1 and 2 sum-
marise the required data for site selection of an MPOP from the
viewpoint of structural and operational safety. The presented data
can serve as the baseline for building complex extreme value statis-
tics and probabilistic return period models essential for accurate
structural design and reliability assessment of an aquaculture-
MPOP.

Even though site selections of aquaculture-MPOPs have been
extensively studied in the literature (Gimpel et al., 2015; Flocard
et al., 2016; Cradden et al., 2016), only a few studies have focused
on different frameworks for integrating the structural limitations
of specific design concepts into the geographic information system
(GIS)-based site selection tools. Falconer et al. (2013) considered
technical limitations of four different aquaculture cages in a GIS-
based site selection platform. On the other hand, Weiss et al. (2018)
investigated a GIS-based site-selection module for an integrated
system of wind-aquaculture while addressing the structural limi-

tations of the system based on the Norwegian design codes. These
studies conclude that different operational requirements of aqua-
culture, wind and wave farms are the main issues to be resolved at
the site selection phase.
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ctural reliability assessment of MPOPs.

It is fortunate in this instance that parameters pertinent to
he design and operation of MPOP systems are equally appropri-
te to the assessment, design and operation of an aquaculture
acility although variables including noise/vibration, turbulence,
hlorophyll concentrations, and depositional fields (relating to the
ispersal of fish waste), will also need to be considered in addition
o those parameters in Table 1. It is therefore entirely possible that

 site with proper environmental conditions for the MPOP system
ill not be appropriate for culturing the desired culture organism or

ice-versa (Flocard et al., 2016; Vasileiou et al., 2017). Salmon farm-
ng, for example, is not recommended in sites where the current
peed is more than 1 m/s  as the salmon has to use much of its energy
o maintain its position (Chu et al., 2020) however the current speed
n many sites with proper wind and wave condition for renew-
ble energy production may exceed 1 m/s. Selecting proper fish
pecies based on the environmental condition of a site (with ade-
uate wind/wave condition) is an old solution for solving the issue.
lternatively, the problem can be effectively addressed by a novel
POP design that (i) withstands harsh offshore environments, (ii)

an control the current speed within the containment area, (iii)
eets the specific needs of the intended culturing species to pro-

ide optimal conditions for growth (Davison and Herbert, 2013),
nd (iv) is easy to access and maintain. Each of these solutions-
ased approaches present potential opportunities for aquaculture
nd MPOP developments.

It should also be considered that the transition of aquaculture
ystems from sheltered to more exposed culture environments
s in a relatively nascent stage of development – much is still to
e learned about how animal welfare and system suitability is
ffected by these increasingly challenging environments, and novel
pproaches are continuously being developed. One such exam-
le is the present movement to submerge aquaculture systems in
rder to avoid highly energetic surface waters (Chu et al., 2020; He
t al., 2018). Salmonids – a phsyostomus species – require access
o surface conditions to ensure swim bladder inflation and nor-

al  swimming behaviour (Davison and Herbert, 2013; Oppedal
t al., 2011). Designs and mechanisms to allow fish in submerged
ystems to access surface conditions vary (ranging from snorkel
esigns, air pockets to active buoyancy control of the whole cage
ystem) and may  also need to be considered during their inte-
ration (Korsøen et al., 2012; Stien et al., 2016; Scott and Muir,
000).

.1.2. Data for failure mode identification

Identification of potential failure modes is an important part of

he design process. The identification is systematically performed
y using data analysis and simulation. For new systems with limited
vailable input data, the primary source of failure mode identifi-
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Table  1
Environmental factors required for site selection from the structural reliability point of view.

Items Parameters Potential impacts Data source

Seabed condition Water depth, m Affect the foundation and mooring type
selection (Perez et al., 2005). Also, affect
structural integrity through different
soil-structure interactions (Gallant, 2020;
Barari et al., 2017). Impact the slope
stability and hydraulic stability (Ding et al.,
2015; Sedlacek et al., 2012).

• Australian Bathymetry and Topography
Grid (Whiteway, 2009) and Lidar (for
better resolutions)

• USA National Oceanic and Atmospheric
Administration (NOAA) Wave Watch III
(NWW3) operational wave model
(Tolman et al., 2002)

• Simulating WAves Nearshore (SWAN)
(Booij et al., 1999)

• CSIRO Wave Energy Atlas (Hemer and
Griffin, 2010)

• AuSEABED (Surficial Sediments of the
Australian Seabed) (Surficial sediments
of  the Australian seabed, 2006)

• Integrated Marine Observing System
(IMOS, 2020)

• Australian Renewable Energy Mapping
Infrastructure (Agency, 2020)

• Global Wind Atlas (GWA, 2020)

Slope, %
Substrate
Sand grain angularity
Grain size distribution
Soil unit weight

Water condition pH These parameters not only affect
corrosion/Fatigue behaviour (Adedipe
et al., 2016; Micone and De Waele, 2017;
Soares and Parunov, 2019) but have direct
impact on the fish welfare and the type of
fishes to be cultured.

Dissolved Oxygen
Water temperature, ◦C
Salinity, psu

Wave condition Significant wave height, m Direct impact on the structural integrity
and stability of the structure by applying
wave loads (Wei  et al., 2014).
Also, causes fatigue in the structure (Bai
et al., 2018, 2016).
May cause buckling failure in floating
collars (Li et al., 2013; Fu and Moan, 2012;
Huang et al., 2016a; Jensen et al., 2007).

Annual 50th percentile of the significant wave
height, m
Mean annual significant wave height
Peak wave period
Monthly average wave height
Extreme wave height, m
50-year return period for the significant wave
height, m

Tides and currents Mean tidal range, m Impact the corrosion (Zve et al., 2015).
Causing uneven load distribution and
scour in the foundation (Chen et al., 2014a;
Goseberg et al., 2012; Chen et al., 2014b).
Changing the cage volume by deforming
the nets and collar in flexible fish pens
(Moe  et al., 2010; Zhao et al., 2019a).

Max  tidal current, cm/s
Mean and max  spring and neap velocities, m/s
50-year return period for current velocity, m/s

Wind condition Wind speed at 10 m height, m/s Direct impact on the structural integrity
and stability of the structure by applying
wind loads, i.e. causing gaps in the
foundation sections, loosen bolts, and studs
(Wei  et al., 2014; Márquez et al., 2016).
Also, causes fatigue and corrosion in the
structure. (Dong et al., 2012; Chou and Tu,
2011)

Mean annual wind speed, m/s
Monthly average wind speed, m/s
50-year return period for wind speed, m/s

Table 2
Operational condition data for spatial planning.

Items Parameters Potential impacts Data source

Operational limitations Distance to deployment port, km Direct impact on the safety of
personnel, i.e. physical, chemical,
biological, ergonomic and
psychological impacts
and the efficiency of operation
(Mitchell and Lystad, 2019; Lovatelli
et al., 2013).

• Integrated Marine
Observing System
(IMOS, 2020)

Distance to O&M port, km
Distance to grid, km
Distance to shoreline, km
Distance to other offshore activity centres, i.e. oil and gas extraction,
military activities, submarine archaeology, navigation routs, km
Distance to birds and animals’ migration routes, m
Air temperature, ◦C
Required duration of O&M actions, hour
Required time for towage, hour
Required time for installation of different parts of the system, hour
Expected noise and vibration in the location, dB
Biofouling condition in the location
Animal species living in the site
Hours inaccessible at maximum wave and wind condition, hour
The capacity of the location for dissolving the pollutions
Access to emergency

(
(
s

Access to helicopter landing site
Marine navigation compliance
Aviation and radar compliance in the site

cation includes simulation, experts’ opinions and experience from
other industries. The findings can be validated and updated by using
the collected data from relevant pilot projects. The procedures for

failure mode identification include bottom-up and top-down anal-
ysis which break down the system into smaller components and
studying the causes and effects of a failure related to each compo-
nent. Among different methods, Failure Mode and Effects Analysis
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FMEA) (Stamatis, 2003) and its modification, correlation-FMEA
Kang et al., 2017) are applied for aquaculture systems and off-
hore wind turbines. For further information, the reader is referred

o the work of Leimeister and Kolios (2018), where the commonly
sed practices were reviewed for the failure mode identification.
fter identifying the failure modes related to each critical com-
onent of the system, the required data for inspecting the failure
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modes and studying their correlations can be obtained by using
SHM techniques.

3.1.3. SHM data for material and structural failure assessment
One of the key requirements for the development of MPOPs is

the structural integrity of the integrated systems. SHM techniques
are widely used for acquiring data on the structural integrity of
ships and offshore structures (Mieloszyk and Ostachowicz, 2017;
Martinez-Luengo et al., 2016; Srinivasan, 2019). SHM minimises the
uncertainty through gaining better insight into the performance of
the structure being monitored and eventually, results in reduced
risks. A reliable SHM framework includes damage detection, dam-
age localisation, and damage quantification (Caspeele et al., 2019).
The first two involve data collection from the structure, while the
latter includes the analysis of the collected data by using relevant
software tools for prediction purposes. Table 3 summarises the
commonly used non-destructive SHM methods for offshore struc-
tures. The methods listed in Table 3 are used for monitoring the
deterioration in both material (changes in material properties) and
structure (changes to geometric properties). Bridging the relation-
ship between the degradation in the material and the structure is
an emerging field of research which requires advanced data fusion,
signal processing, AI-based trend detection algorithms and the reli-
ability analysis methods. Data fusion herein refers to combining
the data gathered from different SHM sensors by using data fusion
algorithms for better damage diagnosis (Eleftheroglou et al., 2018).
The following paragraphs discuss the typical materials used in the
structural design of aquaculture, renewable energy and the MPOPs.

In finfish aquaculture, widely used cage structures (including
floating flexible, and floating rigid cages) can be divided into three
main components, namely, the floating collar and/or frame, nets
and the mooring system (Scott and Muir, 2000). The materials for
the floating collar are typically selected based on the operational
location of the cage from cages with relatively flexible High-Density
Polyethylene (HDPE) frames for deployment in the nearshore area
to rigid steel frames for the harsh offshore environment. Other
materials used in the production of cage frames are Galvanised
iron (GI), PVC, etc. Numerous novel designs are also currently being
investigated, each of which may  ultimately present opportunities
for integration with MPOP’s, and with differing structural health
monitoring frameworks (Chu et al., 2020). In Australia, the cages
are mostly made up of two uni-central HDPE pipes as the float-
ing collar. Nets are mainly made up of synthetic material including
nylon, glass fibre reinforced nylon, polyethylene terephthalate PET,
Polyurethane polyester PES, polypropylene PP, Polyethylene PE,
high-modulus PE such as SpectraTM or DyneemaTM, aramid, vectran
and zylon. These materials differ with respect to tensile modulus,
the mass of net panel, density, etc. and must be used in net produc-
tion so that the breaking strength of the net pens does not fall below
65 % of the initial strength of the net (Myrli and Khawaja, 2019). As
the tensile strength of the submerged nets reduces over time, the
aging nets must be replaced after a certain time. For example, the
life span of new PET nets is estimated to be up to 20 years (AKVA,
2020). Nylon nets are economically convenient, but lightweight
and eventually need more added weight to the ballast pipes. The
net is known to have the highest load contribution in the form of
drag forces generated by currents and wave action (Balash et al.,
2009). Consequently, the selection of net material must be made in
accordance to the structural capacity of the floating collar and the
mooring system, elongation (in accordance to ISO 3790), the envi-
ronmental conditions (currents, waves, etc.) and the intended net
cleaning process. If not, then the failure of the containment system

leads to fish escape or higher stresses imposing on the fish inside
the pen (Yang et al., 2020).

Generally, the mooring system for sea cages consists of ropes,
chains, mooring connectors and anchors. Mooring ropes are made
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rom synthetic fibre, nylon, PES, PP, PE and high-modulus PE in a
raided or twisted arrangement. Chains that connect different parts
f an aquaculture system, such as chains to ropes, are made in dif-
erent steel grades (from Carbon steel to heat-treated alloy chains).
echnical requirements in the selection of steel grade for aquacul-
ure applications can be found in (Steel chains, 2012). Deadweight
nd drag embedment anchors are the common anchoring equip-
ent in the aquaculture industry (Fredriksson and Beck-Stimpert,

019) and the design requirement which must be met  in accor-
ance with DNVGL RP E302 (Thompson et al., 2012). Unanchored
age systems have also been trialled but are not in commercial use
Sims and Key, 2011).

Different materials are used for manufacturing different compo-
ents of the offshore renewable energy platforms for integration

nto an MPOP. Different parts of the OWTs include rotor blades,
ower, hub, transition piece, foundation and substructure. Rein-
orced concrete and steel are the most commonly used materials
or manufacturing the foundation and substructure of the OWTs.
teel is commonly used material in the construction of the tower
Association, 2012). The steel grades and concrete characteristics
o be used in the manufacturing of OWT  must comply with the
equirements of the EN10025, DNV-OS-C401 and DNV-OS-J101
tandards (Igwemezie et al., 2018; Veritas, 2004). The hub is mainly
ade up of cast iron or forged steel, and the blades are made from

omposite materials, fibre (i.e. glass and carbon fibres, aramid and
asalt fibres and natural fibres) reinforced polyester and epoxy
dhesive as specified in DNVGL-ST-0376 and IEC61400-23 stan-
ards (Mishnaevsky et al., 2017). Review of the SHM techniques

n the monitoring of composite structures and specifically for wind
urbine blades can be found in the works of Güemes et al. (2020) and
chubel et al. (2013) respectively. The materials used in offshore
ave energy converters mostly include steel, the selection of which

ollows the same standards for other floating offshore structures
uch as OWT. Since there exists no specific standard for the mate-
ial selection of MPOPs, the abovementioned standards should be
onsidered for the design of the desired novel integrated systems.
he currently available MPOP pilot projects such as Wave Dragon,
tilise the same guidelines. Wave Dragon foundation, is manufac-
ured using reinforced concrete under the DNV-GL standards for
tructural design (Dragon et al., 2020).

This section outlines different SHM methods for structural
ssessment of offshore platforms. Additionally, the common mate-
ial types used in the construction of offshore aquaculture and
enewable energy systems and their conforming selection stan-
ards are examined briefly. The SHM methods are used for ensuring
he safety and reliability of the structure and materials used for con-
tructing the MPOP. The selection of a proper SHM method must
e made in accordance with the material type, experience, known
ailure modes of the structure and the limitations of the SHM sen-
ors and devices. The data gathered by the SHM techniques are
he inputs to the reliability analysis of novel MPOPs, and therefore,
hey have a significant impact on the accuracy of the failure prob-
bility estimation. The proper implementation of such techniques
owever, requires dealing with several challenges. The following
ection examines the challenges in SHM of novel MPOPs.

.1.4. Challenges and future direction
The former section briefly provides the main approaches for

tructural health monitoring of offshore structures and reported on
he advantages and disadvantages of each method. An important
ssue relates to the harsh environment and harmonic excitations,
hereby making it difficult to extract desirable data from the col-

ected data (Magagna et al., 2018). Offshore renewable energy
evices are equipped with a condition-based monitoring (CBM)
ystem such as Supervisory Control and Data Acquisition (SCADA)
ystem. The data gathered from SHM techniques are applied to



V. Aryai et al. Process Safety and Environmental Protection 148 (2021) 437–461

Table  3
Structural health monitoring methods used for offshore systems.

Purpose Method/Principle Advantages Limitations Ref

Monitoring excessive
deformations,
corrosion, fatigue crack
propagation

Acoustic emission High-resolution (up to
microscale), easy to use and
cost-effective monitoring

Sensitivity of these methods to
the background noise limits
their applicability in offshore
environments; limited distance
between measurement point
and damage location.

(Jüngert, 2008; Tziavos
et al., 2020; Liu et al.,
2018; DeCew et al.,
2013)

Strain monitoring Strain gauge,
Fibre Bragg
Grating (FBG),
Quantum Resistive
Sensors (QRS),
Fibre optic cables

Easy to install sensors must be
placed within the critical parts
of a component to obtain data
on the micro-level damages

Short service-life of the
sensors, sensitivity to
misalignment and lack of
robustness

(Ziegler et al., 2019;
Maes et al., 2016)
(Mieloszyk and
Ostachowicz, 2017)

Detection of cracks and
corrosion

Ultrasonic
techniques

Non-contact, with the
capability of being used with
drones.
Minimal preparation time and
fast to obtain results, high
penetration depth waves and
accurate imaging

Sensitivity to misalignment of
sensors, expertise, and labour
intensity and calibration
difficulties in the absence of
relevant standards

(Gunn et al., 2019;
Brett et al., 2018)

Detecting the
anomalies, damages
and cracks

Thermal imaging or
thermography methods utilise
thermochromic coatings and
liquid crystal sheets, infrared
cameras and thermocouples

Non-contact and can be used
with drones in an automated
inspection

Sensitivity of the thermal
sensors to temperature
variations, the minimum
detectible defect size and the
need for post-processing
algorithms. These methods
have limited application in the
offshore environment.

(Gao et al., 2016;
Chatzakos et al., 2010;
Newman, 2016)

Modal  monitoring and
fatigue

Operational Modal Analysis
(OMA), Experimental Modal
Analysis (EMA), Frequency
Domain Decomposition,
Natural Frequency shift using:
piezoelectromechanical and
microelectromechanical
systems (MEMS),

Reliable and easy to implement
for non-operating (offshore)
and onshore platforms

Large amount of uncertainty
induced by the involved
external parameters such as
wind and wave loading and
scouring effect. Also, in
offshore environment it is
difficult to measure the wave
and wind loads.

(Pacheco et al., 2017;
Devriendt et al., 2014)
(Devriendt et al., 2014;
Antoniadou et al.,
2015)
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Velocimeters
Accelerometers
Linear displacement sensor

the aquaculture facility and the offshore renewable energy device
structure by using data fusion techniques. Combining this data
with the data gathered from SCADA would assist in extracting
useful dataset from raw data. The solution is obtained through
analysing a huge flow of data recorded by SCADA and a combi-
nation of SHM methods for identifying the correlation existing
among the gathered data. This aim cannot be achieved without
utilising efficient big-data management techniques, AI-based fea-
ture extraction algorithms and a high-quality database (Pliego et al.,
2018).

Transferring the collected data by SHM methods to the server is
another challenge to cope with. Because of the high costs of satellite
connectivity for data transferring and absence of cellular connec-
tivity in offshore locations, many offshore platforms need the data
to be physically transported from the server to land in batches. In
the oil and gas industry, communication cables using MQ Teleme-
try Transport or Message Queuing Telemetry Transport (MQTT)
protocols for packet streaming are used to stream data. Internet
of things (IoT) connectivity technologies, are expected to provide
MPOPs with reliable, robust, and scalable data collection and trans-
ferring soon. An IoT-based solution to the issue is Low Power Wide
Area Networks (LPWAN) (Mekki et al., 2019). This low-rate long-
range radio communication technology has already been proposed
commercially for structural monitoring of offshore platforms (IoT
Applications for Offshore Monitoring in Oil and Gas, 2020). How-
ever, to the author’s best knowledge, practical implementation of

the technology for offshore platforms has not yet been reported.

The use of unmanned vehicles for inspection purposes has
always been a topic of research, specifically for the aquaculture
industry. Several researchers investigated different options for
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inimising human intervention in aquaculture farms by use of
emotely Operated Vehicles, (ROV) and Autonomous Underwater
ehicles (AUV) (Livanos et al., 2018; Tao et al., 2018; Osen et al.,
017; Hval, 2012; Capocci et al., 2017) and in offshore wind tur-
ines by Autonomous Aerial Vehicles (UAV) (Aquilina et al., 2019;
hung et al., 2020). Some companies such as BioSort and Cer-
aq  already offer robotic solutions for morphological features and

arms’ operation parameters, and monitoring fish activities, such as
umber of fishes and their size, and number of fishes with sea lice
Canada, 2019). Applications of unmanned vehicles for monitor-
ng missions in the offshore environment can be found in (Verfuss
t al., 2019). Combination of SHM techniques based on the unique
eatures of the integrated system (number of components, envi-
onmental conditions, etc.) with unmanned vehicle technologies
an likely solve issues relevant to the structural health monitoring
f the integrated system. It will assist with SHM techniques that
equire changing reference points around the structure, specifically
maging and acoustic techniques. The technology, also minimises
he human interference and error, and maximises reachability of
he sensors to different components of the system (e.g. components
eep in the water, or at heights).

The inclusion of SHM in the condition monitoring standards and
uidelines is another area of further research. Although the off-
hore wind industry standards have focused on SHM of rotating
achinery, there is no comprehensive guideline for utilisation of

HM for the OWT  and aquaculture components as a whole system

Martinez-Luengo and Shafiee, 2019). The SHM of such systems
s different when compared to machinery condition monitoring.
t requires localisation of the damage before deciding on further
redictive and assessment tools, and consequently, available stan-
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dards for machinery condition monitoring are not applicable in
this case (Worden et al., 2015). Moreover, the integration of SHM
equipment into the structure must be considered at the design
stage of the system to address the discrepancy between the ini-
tial values of the structural parameters and those provided by the
designer company. This discrepancy arises from the fact that the
design information provided by the designers is usually obtained
from laboratory evaluations, which are different from those of the
real operational conditions (Tewolde et al., 2018). As a short-term
solution to this issue, obtaining the relationship between these
laboratory-extracted information and real case initial values can
be an interesting area of future research. Such information pro-
vides the baseline for comparing the structural health of the system
at each point of time and estimating the extent of reduction in
reliability of the system.

An idea to model the reliability of MPOPs comprehensively
considering all the internal (e.g. deteriorations process, geometric
deformations, etc.) and external factors (e.g. presence of personnel,
the living products, etc.) affecting the reliability of the system is
realised through using the Digital Twins concept. The digital twins
of an MPOP can be defined as its digital equivalent, which enables
assessing its reliability under different service conditions. The data
collected by SHM equipment in real-time are used to make a digital
twin of the MPOP and evaluate its real-time reliability. The digital
twins concept provides the possibility of real-time surveillance of
the system through the combined use of SHM techniques, the inter-
net of things, mathematical modelling, failure history databases
and reliability analysis methods. This concept has first been utilised
in the aerospace industry for service-life management of airplanes.
Several use cases which used the digital twins for life-cycle man-
agement of different systems have been examined in the work
of Macchi et al. (2018). Examples of such cases used in different
industries include (i) Optimised maintenance planning and deci-
sion making on the structure subjected to different failure modes
(Kampczyk, 2020; Wang et al., 2019; Xiao et al., 2019), (ii) Sys-
tem life-cycle modelling (Kaewunruen and Lian, 2019; Lim et al.,
2019), and (iii) System performance optimisation (Zhang et al.,
2017; Guerra et al., 2019).

Digital twins is not a new concept however, the recent advances
in sensor design and the internet of things enhanced the applica-
bility of the concept for solving real-world problems. The offshore
industry has already started using the digital twins for operation
optimisation, predictive maintenance, anomaly detection and fault
isolation purposes (Demystifying digital twins, 2020; Wanasinghe
et al., 2020). Several usages of the digital twins concept for reli-
ability assessment of MPOPs can be realised in the future. For
system performance optimisation, one can first build a digital twin
of the MPOP and then study the variations of parameters, to see
which ones have the most influence on the reliability of the system.
For example, parameters such as collar wall thickness, diameter,
member length tolerance of aquaculture sub-system, and anchor
placement, line length and soil characteristics of the mooring sub-
system of the digital twin can be changed to examine the impact
on the reliability of the MPOP system. Also, the digital twin serves
to check the actual performance against design calculations to
help remove conservatism for future designs, thereby improving
reliability predictions. In addition, the concept helps with moni-
toring the stress throughout the structure. This approach would
be beneficial both for long-term fatigue and transfer functions
if environmental conditions can be monitored also using proper
monitoring sensors. Furthermore, by correlating the monitored
stress at a few selected locations with the most critical dynamic

response modes, the digital twin can provide a picture of the entire
loading distribution throughout the structure, including hot spots.
This way, the digital twin concept bridges monitoring and mod-
elling and eventually allows the use of data analytics and artificial
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ntelligence-based prediction techniques to make real-time predic-
ions of future behaviour and reliability. Examples of the combined
se of artificial intelligence-based models and digital twins in off-
hore industry can be found in the works of Ellefsen et al. (2019);
hirangi et al. (2020); Tygesen et al. (2019); Augustyn et al. (2019),
nd Kirschbaum et al. (2020). Additional examples implemented
n other fields, such as manufacturing industries are provided by
ronrath et al. (2019); Min  et al. (2019), and Jaensch et al. (2018).

.1.5. Transferable knowledge from the offshore energy industry
There are many similarities between the offshore industry

latforms and the innovative MPOPs in terms of construction tech-
ology and building materials. The experience and technology
ained by the oil and gas industry were broadly adopted by the off-
hore wind and aquaculture industry. Hywind was  the first large
cale FOWT in the world and it was  installed by Statoil (now called
quinor), which is primarily a petroleum company (Castro-Santos
nd Diaz-Casas, 2016). Bucket foundations, jackets, tension leg plat-
orms, semi-submersibles, and spars used in OWT  and FOWT were
riginally designed by the oil and gas industry (Wu et al., 2019;
ang et al., 2018; Perez-Collazo et al., 2018). In the aquaculture

ndustry, the research on size and shape of vessels, mooring sys-
ems, cranes, the stability of the platforms, manoeuvring of service
essels around the sea cages, ship collisions etc., together with val-
dation and verification of the models/results highly depends on
he findings by the oil and gas industry (Yu et al., 2019; Veritas,
010; Moan et al., 2019). Differences also exist between the struc-
ures utilised by the two  sectors in terms of fatigue load magnitude,
ifferent loading conditions, design return periods, complex wake

nteractions, higher dynamics of the system, welfare of marine
roducts, waste management-based limitations, and case-specific
ailure modes (Castro-Santos and Diaz-Casas, 2016; Wu et al.,
019).

This section reviews solutions to the mentioned issues relat-
ng to data scarcity and SHM technology immaturity for structural
eliability assessment of novel aquaculture-MPOPs. The proposed
olutions, potential capabilities and the justifications are sum-
arised in Table 4.

.2. Load and structural response modellings

The realistic modelling of environmental forces on the structure
s essential for reliability assessment of an aquaculture-MPOP. In
rder to study the response of the structure of an integrated system
nder environmental forces and/or collision forces, different mod-
ls representing the external forces such as wind, wave and current,
nd the structure must be coupled (Moan et al., 2020; Feng et al.,
019). Furthermore, an MPOP perfectly exemplifies a multi-physics
ystem exposed to different fluid-structure-soil interactions. These
ulti-physics components must be coupled in time and space for

imulating the motions of the system. This is an emerging field
f research with considerable evolutions in recent years because
f the advances in computer sciences and hardware develop-
ent. Several commercial and open source software codes, such as

AST, Orcaflex, HAWC2, ABAQUS, ANSYS, SESAM.DeepC, etc., have
een used in the literature for modelling dynamic environmental

oadings and structural responses. Liu et al. (2016) reviewed the
eatures of several widely used software packages for modelling
ydrodynamic, aerodynamic and structural responses of offshore
tructures. To the best of the authors’ knowledge, a single software
ackage which can adequately model fully coupled, fluid-structure-

oil interactions does not exist. The following sub-sections explain
he challenges arising from the integration of aquaculture and off-
hore renewable energy systems from the viewpoint of structural
nd environmental dynamic analysis.
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Table  4
Possible areas of knowledge transfer from the oil and gas industry to address the issues regarding data collection and data availability.

Limitations of
aquaculture-MPOP systems

Available opportunities in offshore oil
and gas industry

Justifications Ref

Implementation of SHM
methods in offshore industry

• Eliminating the need for costly,
time-consuming, and
labour-intensive laboratory testing
stage of SHM.

• Providing expert opinion to
minimise the installation and
maintenance of SHM equipment
challenges.

30 years of experience in the offshore oil and
gas industry. The industry started applying
SHM techniques such as vibration monitoring
in 1980s and corrosion monitoring using
ultrasonic guided waves in 1990s and recently
acoustic emission and thermography. More
than 81.9 % of the global corrosion monitoring
market is dedicated to the oil and gas industry.

(Coppolino and Rubin, 1980;
Shahrivar and Bouwkamp,
1986) (Mudge et al., 1997;
Alleyne et al., 1997)
(Shamsudin, 2019)
(Doshvarpassand et al., 2019)

Use  of robotics in SHM • Reduce the costs, mortality, and
human related errors by eliminating
the need for saturation diving,
addressing issues related to the
short weather windows and to
guarantee the flow of online
inspection data for reliability
assessment and reliability-based
maintenance planning of the system.

Application of unmanned vehicles in the oil
and gas industry goes back to the early 1990s.
Industrial applications of robotics and
unmanned vehicles for inspection of offshore
oil and gas platforms involve subsea
equipment inspection and leak detection.
Some examples include inspecting welded
joints of jacket structures subjected to fatigue
damage and corrosion in underwater pipelines
by  ROVs and AUVs.

(Johnston et al., 1986;
Budiyono, 2009; Zhang et al.,
2012; Zeng et al., 2012;
Onoufriou, 1999; Khan et al.,
2017)

Software requirements in SHM • Available specialised
post-processing and predictive
algorithms can be used for
aquaculture-MPOPs.

• Available IoT-based platforms
developed by oil and gas industry
can be used for data storing and
analysis of MPOPs.

Oil and gas industry has been involved in
software development for analysing SHM data
for  decades. For example, Non-linear
Auto-Regressive Moving Average with
exogenous inputs model, NARMAX, one of the
first and most powerful techniques for
detection of nonlinearities in time-series data
was  introduced in 1985 and since then, has
been extensively used and modified by the
industry for predicting unknown forces
induced to the offshore structure by
surrounding environmental forces.
Another powerful predictive module available
with the oil and gas industry has been
developed within the Monitas Joint Industry
Project. This project introduced a prediction
software called OCTOPUS-Monitas that can
predict confidence bounds for future fatigue
accumulation in offshore structures with high
accuracy.
Many of the IoT-based data storing and
analysis platforms have already been available
with the oil and gas industry. BMT  Deep, for
example, captures vast amounts of Big Data
from IoT devices and securely stores and
processes the data in a Cloud platform allowing
one to monitor an asset’s response to the
environment real-time, remotely and safely.

(Leontaritis and Billings, 1985;
Mai  et al., 2016; Spiridonakos
and Chatzi, 2015; Worden
et al., 2018; Welcome to BMT
Deep, 2020; MONITAS, 2020)

Lack  of failure database • Transferring information and
knowledge between industries is
expected to occur through building a
Reliability, Availability,
Maintainability, and Safety (RAMS)
database. Such a database is built
through collaboration among
military, offshore oil and gas,
offshore wind, offshore wave and

Oil and gas industry has access to an Off ;shore
and Onshore Reliability Data database, OREDA.
Other databases available with the industry
include:
• Metocean sensors data
•  Environmental sensors data
•  Structural sensors data
•  Subsea interfaces data
• Telecoms equipment data
• Na
•  Rem

(OREDA, 2020)
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tidal energy, aquaculture and
nuclear energy sector.

3.2.1. Multi-scale modelling
The dynamic behaviour of interconnected floating bodies is

studied through the multi-body dynamic analysis concept. This
approach examines the dynamic behaviour of the interconnected
bodies by using the equilibrium of applied forces and the change
in the momentum (Jin et al., 2016). The dynamic analysis of the
intended integrated system is a multi-body, multi-scale problem
composed of several different components from a very small net

twine (in the order of millimetre in diameter) to very large com-
ponents such as the foundation of a wind turbine (in the order of
meters in size). This multi-scale nature of the problem increases
the modelling complexity and consequently the analysis compu-
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vigation aids data
ote power systems data

ational cost. As an example, complex modelling and analysis of
ake interactions associated with different components with var-

ous scales are of great importance, since such phenomena may
ncrease the non-linear failure rate of offshore systems.

.2.2. Hydroelasticity modelling
The Australian aquaculture industry commonly uses the HDPE

ade floating collars and longlines which are flexible and deform

nder wave action (Gagnon and Bergeron, 2017; Bi et al., 2020;
ore et al., 2017). Unlike the common practice in floating struc-
ures of the oil and gas industry, the dynamic analysis of such
ntegrated system, must consider the hydroelastic nature of the
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structure because of the considerable impact of structural defor-
mations (Fu et al., 2007; Leble and Barakos, 2016; Faltinsen and
Shen, 2018). One of the main areas of research that accounts for
the hydroelastic behaviour of flexible floating systems involves
discretising the structure into several rigid modules (plates or
beams) which are connected by Euler-Bernoulli beam elements (Lu
et al., 2019). Although there exist some rare examples of the inte-
grated systems of wave energy converters and also the systems of
multi aquaculture cages, to the best of the authors’ knowledge, the
integration of aquaculture systems with other offshore renewable
energy platforms, such as OWT, has never been addressed in pre-
vious studies (Fu and Moan, 2012; Zhang et al., 2018, 2019a; Lamei
and Hayatdavoodi, 2020). Two main approaches for the hydrody-
namic analysis of multi-modular floating systems include modal
expansion and two-step approach (Feng and Bai, 2017). The first
method applies frequency-domain analysis while considering the
multi-body system as a single deformable body, while the latter
applies the frequency domain analysis to obtain the required coef-
ficients which are utilised in a time-domain analysis (Ó’Catháin
et al., 2008; Wei  et al., 2017). Both methods were developed based
on frequency-domain analysis, and therefore, neither can simulate
the non-linear dynamic behaviour of the system and the transient
effects. It is expected that the desirable system experiences a high
degree of non-linearity due to the flexible parts of the system and
the shallowness of water (in case of the nearshore location of the
system) (Zhao et al., 2019b; Zhang et al., 2019b). However, a fully
coupled time-domain numerical tool specially developed for an
integrated system of aquaculture-MPOPs has not been reported
in the literature. Consideration of non-linear coupling between
the modules in a time-domain simulation is also a future area of
research.

3.2.3. Limitations of simplified models
In the majority of the abovementioned studies, only the con-

nectors are assumed deformable and the modules of the system
are considered as rigid bodies with relatively small deformations
(Ren et al., 2019). However, this is not the case for systems with
elastic/flexible floating components. Further assumptions, such as
uniform mass distribution and the consideration of the pitching
axis on the water surface made the applicability of these meth-
ods questionable for dynamic analysis of the intended integrated
system.

Another issue to tackle is unidirectionality of forces as consid-
ered within the design standards. Current standards adopted the
conservative assumption of the unidirectionality of environmental
forces which represents a worst-case scenario. Such an assump-
tion can adversely affect the accuracy of fatigue analysis, reliability
analysis and also the dynamic analysis of MPOPs with complex
geometries, e.g., the direct attachment of an aquaculture cage to
the foundation of an OWT) (Sørum et al., 2019).

3.2.4. Motion effect on energy production
Motions of the floating platform not only impact the struc-

tural reliability of the system but also affect the energy production
capability of the renewable energy platform and the welfare of
fish being farmed offshore. For instance, FOWTs can experience
reduced power generation due to the rigid-body motions of the
support structure (Wen  et al., 2018). This may  imply that aquacul-
ture cages integrated into the FOWT could be useful in this case
due to the higher damping effect provided by the nets. Similarly,
a study on the use of WECs as damping devices for improving the
performance of FOWTs confirms the applicability of this idea (Borg

et al., 2013). Furthermore, the results of a study indicate the higher
energy extraction capability of an array configuration of WECs in
comparison with the same number of isolated WECs (Lee et al.,
2018). Damping effect of the cages and longlines (that is increased
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ver time because of biofouling) on the structural reliability and
nergy production rate of the FOWTs and WECs is among the impor-
ant issues which must be studied through realistic simulation of
xternal forces and the structure. As a novel practical method for
valuating different motion effects, robotic towing tanks recently
ave received much attention (Intelligent Towing Tank propels
uman-robot-computer research, 2019). This new model testing
echnique allows machine learning algorithms to map  a complex
unction over a given parameter space (Fan et al., 2019). Using this
pproach, it is possible to let the machine decide which simula-
ion to run next. Such a functionality can be beneficial for reliability
nalysis of the MPOP using simulation-based reliability approaches
e.g. Monte-Carlo Simulation) where different motion types are
andomly and repeatedly selected in each trial.

Simulation of external forces is an essential stage of reliability-
ased controller design (Salic et al., 2019). In a reliability-based
ontroller design, a controller is designed by minimising the
robability of violating the failure threshold through solving a
eliability-based multi-objective optimisation problem (Crespo
nd Kenny, 2005). As an emerging field of research, reliability-based
ontroller design of MPOPs would make it possible for better relia-
ility of the system in terms of energy production, fish welfare and
educed fatigue damage (Horn et al., 2017a).

.2.5. Scaling effect
Results predicted by numerical methods must be validated

sing experimental data obtained through testing in laboratory
nd/or in the intended deployment field using scaled models and/or
rototypes, respectively. Utilising Wind Tunnel Testing as a reliable
ay for understanding loading (topsides and current loading) on

ffshore structures and validating the numerical models has always
een a common practice in offshore oil and gas and wind indus-
ries (Sivandran, 2015). A problem to tackle while using the model
est data for validation is scaling issues. The currently acceptable
ractice is that models are scaled-down in size, and hence diffi-
ulties in extrapolating/translating the results obtained from the
caled-down models to full-scale due to those scaling effects are
nknown and difficult to quantify (Day et al., 2015). For instance,
he Froude scaling law and Reynolds similarity law cannot be
uaranteed simultaneously when scaling is applied for hydrody-
amic experiments. Individually following Froude’s scaling law or
eynolds Similarity law would ignore some essential influencing
ffects such as viscosity, compressibility, and surface tension of
ater. This inconsistency between Reynolds and Froude scaling in

xisting wind-wave simulation facilities is an important obstacle
et to be tackled for physical modelling of FOWT as well as the
ntegrated aquaculture-OWT systems. The Cauchy similitude law,

hich is mainly used for elastic structures (e.g. mooring lines), on
he other hand, must be analysed with precaution when the mate-
ials used for the prototype and the real structure are relatively
ifferent.

.3. Uncertainty quantification

Integrated system operates in an extremely uncertain offshore
r nearshore environment. The uncertainty of the influencing
arameters such as wave and wind models must be considered in
eriving the stress distribution caused by the environmental forces
ver the structural components. Other than such external parame-
ers, material properties such as the structural capacity thresholds

ay  have a degree of uncertainty that must be captured prop-
rly. Hou et al. (2019a) studied the impact of uncertainty of the

llowable strength in reliability assessment of aquaculture cage’s
rid mooring system. These uncertain parameters were proved
o be the determining factors in the reliability and service-life of
enewable energy and aquaculture systems (Yeter et al., 2019; Hou
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Fig. 5. Examples of random parameters affecting the reliability of an integrated flo
Figure,  the reader is referred to the web version of this article).

et al., 2018). As an example, Fig. 5 lists some of the influencing
stochastic parameters in reliability assessment of the offshore wind
turbines and aquaculture structures. Other influencing stochastic
parameters and processes include the random change in the con-
tact collision force due to the uncertainty in the connection gaps,
the initial angle between a mooring line and horizontal plane, the
length of the mooring line, the drag coefficient of the cage, the geo-
metric uncertainty of the structures (e.g., the wetted surface area)
and the corrosion allowance (He et al., 2019; Melchers, 2013). It
should also be noted that the integrated system is subjected to
more uncertainty parameters in comparison with individual sys-
tems of the renewable energy and aquaculture units. Among these
uncertainty parameters, some (e.g. material properties) can be
effectively modelled using its probability distribution, while others
(e.g. soil condition, corrosion topology) must be represented using
sophisticated probabilistic models such as random fields. Mod-
elling the influential uncertainty parameters requires statistical
analysis of collected data from laboratory experiments (i.e. accel-
erated corrosion experiments) and real case samples (i.e. samples
collected from an in-service, or possibly failed offshore structure),
while the involved stochastic processes cannot be modelled with-
out utilising advanced mathematical modelling techniques, such as
spatial-temporal correlated models.

3.3.1. Uncertainty in environmental and material parameters
Environmental factors are among the critical stochastic param-

eters in reliability analysis of an offshore system. Mostly because
of their simplified physics, wave-forecast models are associated
with a high degree of uncertainty. The uncertainty in these mod-
els depends on their forcing fields. It has been shown that an

error in wind speed estimation may  lead to at least two  times
larger error in the estimation of wave height (Stopa, 2018). The
same issue occurs for wind speed and surface current models.
Because of the poor-quality control and assurance, lack of compe-
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 system (aqua-wind system). (For interpretation of the references to colour in the

ency, and inconsistency in the manufacturing process, structural
esign parameters, such as the dimensions of a floating collar,
all thickness, and elasticity modulus are also random variables
ith respective uncertainties. Uncertainty in the measurements of
ave, wind and other environmental parameters and structural
ealth data transfers uncertainty into the reliability assessment
utcome and therefore, needs to be accounted for. Also, the corre-
ation between different environmental and material uncertainties

ust be captured and reflected in the reliability analysis of MPOPs
Horn et al., 2017b).

.3.2. Uncertainty in spatial and temporally variable processes
Not all the uncertain factors in reliability assessment of offshore

tructures can be described with a random number. In many cases,
he uncertainty in a parameter changes with time and/or space.
mong these stochastic processes, corrosion and fatigue damage

Veritas and SE, 2015) are of great significance here. Owing to
ts direct impact on the reduction of structural strength and also
ts cumulative impact with fatigue, corrosion is known to be an
mportant parameter in the failure of renewable energy platform’s
oundation and tower (Martinez-Luengo et al., 2016) and aquacul-
ure systems (specifically rigid cages and mooring systems) (Kang
t al., 2017; Hou et al., 2017). Because of the presence of wind and
he cumulative impact of wind gust and wave, studying corrosion-
atigue in the integrated systems of aquaculture-OWT would differ
rom that of oil and gas platforms. Therefore, the available off-
hore standards cannot be used directly in this case (Adedipe et al.,
016). While the industry utilises effective coatings for protect-

ng the offshore structures from corrosion, rigid aquaculture cages,
ave energy converters, and OWTs are still subjected to corrosion

ue to partial removal of the coating through periodic maintenance
ctions such as regular cleaning for mitigating marine growth. Ser-
ice vessels moored directly to the structure can also remove the
oating, which eventually leads to localised pitting corrosion. This
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issue is more significant in FOWT because a larger part of the struc-
ture is located close to the splash zone.

The integration is anticipated to accelerate the corrosion in the
unprotected areas of steel structures (especially those located in
the splash zones) (Momber, 2016) of both sub-systems (van den
Burg et al., 2020; Klijnstra et al., 2017). Apart from the increased
microorganisms’ activities because of the presence of fish pens,
more accidental platform impacts (by crane operations, mainte-
nance, inspection, and repair activities) are expected because of
increased activities around the turbines and cages that augment the
corrosion damage in both sub-systems. Currently, the literature has
adopted simplified corrosion models and unjustified assumptions,
such as linear corrosion models (Wang and Zhao, 2016), uniform
corrosion reduction (Hou et al., 2017) and spatially uncorrelated
models (Moghaddam et al., 2019). The corrosion is however, a
non-linear spatial and temporally correlated process that results in
non-uniform reduction of the metallic surface. Therefore, there is
a need for developing sophisticated probabilistic corrosion models
to represent the stochastic yet spatially and temporally correlated
evolutions of the corrosion process.

In addition to corrosion, there exist other phenomena exclusive
to each design concept which can reduce the reliability of an MPOP.
Consider the MERMAID’s conceptual design (Buck et al., 2017b) that
involves connecting the aquaculture longline to the foundations
of two FOWT units in a wind farm. Within the proposed design,
the distance between the two units on the farm is estimated at
between 700 m and 2500 m (Buck et al., 2017b). The connection of
intact longline would change the dynamic behaviour and the dis-
tribution of loading, which changes over time due to the increase
in the weight of shellfish within the structure and the mooring
lines. These time-dependent spatially varying parameters must be
modelled for reliability assessment of the conceptual integration
system.

The phenomena, such as deterioration processes, material prop-
erties and loadings are not only random but spatially varying. The
farms, such as that proposed within the TROPOS project, would
have several km2 of surface area. Many of the environmental
parameters, such as soil characteristics would take different but
correlated values at different locations of the farm. Existing relia-
bility methods commonly model such uncertain spatially variable
phenomena by using random fields (Aryai and Mahmoodian, 2017;
Stewart, 2012; Hajializadeh et al., 2016). In order to minimise the
computational cost, the random fields are discretised first, and then
the discretised fields are incorporated into the analysis. In the case
of the intended integrated system, homogeneous random fields
have proved to be useful when data scarcity was the case, since they
allow representation of the spatially variable phenomena across a
large-scale structure with limited input data.

3.3.3. Capturing the uncertainty in reliability standards
Considering the traditional deterministic reliability approach,

in the design phase of offshore renewable energy and aquacul-
ture systems, safety factors are widely used to incorporate the
uncertainty of the design parameters and the targeted reliability
indices into the design. The currently available safety factors (e.g.,
fatigue safety factors) in OWT  standards for example, have been
calibrated in accordance with the operational conditions of these
structures, where very limited traffic and human interference are
expected. However, an integrated system of OWT  and aquaculture
dictates more traffic and requires more maintenance actions and
human activity around the system. The safety factors for aqua-

culture systems, on the other hand, were mostly calibrated for
nearshore conditions with a relatively calm environment. In either
case, within the available standards, the partial safety factors were
commonly calibrated by using probabilistic models, which eventu-
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lly, caused inconsistency in the reliability levels associated with
ifferent components (wind turbines and aquaculture farms).

The adjustment of the safety factors for new offshore systems
ased on the oil and gas industry standards is technically justifi-
ble, since similar materials (except for blade and net materials),
echnologies, and modelling techniques (i.e. soil-structure models,
orrosion models, etc.) are used by the oil and gas and other off-
hore industries (Faulstich et al., 2009). The approach allows pilot
rojects to start operating with a non-optimal (usually much higher
han required, also known as “overdesigned”) acceptable reliabil-
ty. Over time, the operation of pilot projects would provide the
nitial data for calibration of the structural models and safety fac-
ors specifically for renewable energy devices, aquaculture systems
nd the integrated systems.

Despite their feasible computational cost, safety factor methods
sed in deterministic reliability approach, cannot capture the real-

stic random nature of the influencing parameters. Hence there is
 need for pure probabilistic modelling of the parameters for prob-
bilistic reliability analysis of innovative MPOP  design. To achieve
his, it is necessary to quantify the uncertainty associated with the
nput parameters as well as the uncertainty in the models. Incorpo-
ating uncertainty in a probabilistic reliability approach (e.g. using
E-reliability methods) can be an overwhelming task, due to the
uge computational burden of such an analysis and limitations of
vailable software packages. An approach for dealing with this issue
as been proposed by (Aryai et al., 2020; Teixeira et al., 2013), where

 pure probabilistic time-dependent Finite Element (FE) based
eliability analysis was performed by using coupled MATLAB and
NSYS simulations. Applicability of such techniques for reliabil-

ty assessment of large-scale systems, such as the intended system
erein, is limited due to the huge computational cost of the FE-
ased reliability methods. Consequently, novel methods must be
eveloped for efficient yet accurate probabilistic time-dependent
eliability assessment of the integrated system, considering the
tochastic parameters and processes threatening the reliability of
he system.

.4. Failure modes and limit-states

To perform a structural reliability analysis, the uncertain factors
iscussed in the previous section are incorporated into the math-
matical formulation of the structural components’ failure modes.
quaculture systems and the offshore renewable energy platforms
ave their own  failure modes, and the integration is expected to
ffect these failure modes while causing new ones. Table 5 sum-
arises the common failure modes used in the structural reliability

nalysis of the aquaculture and OWT  systems. New failure modes
re induced due to the damping effect of the aquaculture systems,
neven load distribution over the sub-systems, relative motions of
he platforms, impact of aquaculture cages on OWT  scour process,
tc. Offshore renewable energy platforms, such as wind turbines
ave a predefined service-life and must be decommissioned after

 certain time (e.g. 25 years) (Luengo and Kolios, 2015). New fail-
re modes can, therefore, potentially reduce this service-life and
ventually reduce the profitability of the entire project. As a result,
t is essential to consider the impact of the integration on individ-
al sub-systems’ failure modes as well as the new failure modes
rising because of the integration. All these failure modes must be
odelled mathematically using the limit-state concept.
In previous studies, the effects of the failure modes on the struc-

ural reliability of aquaculture, OWT, and FOWT systems have been
tudied without considering the cumulative impact of the involved

ailure modes (Shittu et al., 2020; Hallowell et al., 2018). These
ailure modes threatening the structural reliability are correlated,
nd the occurrence of each affects the incidence of others. Ignor-
ng the correlation among the failure modes has been proved to
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Table  5
Common failure modes used for the structural reliability assessment of aquaculture equipment and offshore wind turbines.

Sub-
system/Assembly/Component

Studied limit-states Description Ref

Aquaculture Grid mooring system for net
cage system

• Fatigue Direct integration by assuming a
worst-case scenario:
extreme-value event method

(Hou et al., 2019a, b)

Floating collar • Tensile strength
•  Buckling
•  Fatigue

Static, vibration and fatigue
analysis of a Finite Element (FE)
model.
Estimating fatigue life from
fatigue laws (S-N curves)
(potentially non-linear HDPE
fatigue and strength behaviour)

(Bai et al., 2018; Zhao et al.,
2019a; Liu et al., 2019a)

Mooring chains • Ultimate strength First Order Reliability Method
(FORM) for Time-dependent
reliability assessment of mooring
chains subjected to corrosion.

(Hou et al., 2017)

Offshore Wind Turbine Foundation • Fatigue
•  Buckling
•  Ultimate Strength

Reliability analysis using two
methods, Monte Carlo
Simulation (MCS) with Latin
Hypercube Sampling and FORM.

(Shittu et al., 2020; Kolios
and Wang, 2018; Morató
et al., 2019)

•  Crack growth Multi-failure system reliability
analysis using FORM and SORM.

(Yeter et al., 2016)

Anchors • Ultimate Strength System reliability using MCS  (Hallowell et al., 2018)

Blade  • Excessive displacement of
blade tip

• Overload of blade root
• Fatigue

Uncorrelated limit-state
exceedance probability
calculation

(Liu et al., 2019b; Zhang,
2018)

Gears  • Fatigue
•  Corrosion

Reliability analysis using FORM
and MCS

(Dong et al., 2020; Scheu
et al., 2017)
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Mooring line • Fatigue
•  Ultimate streng

underestimate the failure probability of the structure. On the upper
scale, the failure of a sub-system structure induces failure in the
other sub-systems and so on. The determination of these corre-
lations requires statistical analysis of the recorded failure history
data from experiments and real-world cases. The accessibility to
such data is becoming easier daily, mainly due to the increasing
number of operating platforms as well as effective collaboration
between different offshore energy sectors as previously discussed.
An alternative approach to deal with the case of unknown correla-
tion information is to use extreme-value event methods (Hou et al.,
2019a). These methods however, only provide the worst-case sce-
nario analysis and cannot be used for a comprehensive analysis of
the system.

Joint-failure probability of the failure modes must be calculated
to enter the correlated failure modes into a reliability analysis. The
correlation between failure modes due to a common source of haz-
ard (e.g., extreme weather) makes the derivation of the joint-failure
probability among the failure modes a daunting task because the
joint-probabilities can no longer be obtained by the multiplication
of the components’ probabilities (marginal probabilities). Coccon
et al. (2017) addressed the statistical dependence between the fail-
ure modes by identifying common source random variables (CSRV),
assuming a conditional independence between the failure modes.
The applicability of the method to the case of an aquaculture-MPOP,
where a large number of CSRV are involved, is highly limited. Park
et al. (2015) and Aryai (2019) utilised copula for capturing the
dependence between failure modes. The selection of appropriate
copula types is still under progress.
3.5. Reliability analysis methods

After obtaining the limit-state functions and stochastic param-
eters and processes, the reliability of the structure for a predefined
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Reliability analysis using MCS
and FORM/ Second Order
Reliability Method (SORM)

(Wandji et al., 2016;
Hallowell and Myers, 2017;
Kang et al., 2016a)

ailure threshold can be obtained by using reliability analysis meth-
ds such as First-Order Reliability Method (FORM) (Hu  et al., 2016),
econd-Order Reliability Method (SORM) (Dimitrov et al., 2017),
utcrossing methods (Li et al., 2016), and Monte Carlo Simula-

ion (MCS) (Melchers and Beck, 2018). Different reliability analysis
ethods have their own  pros and cons and in general, must be

elected based on the desired reliability precision and the avail-
ble computational power. Table 6 reviews different reliability
nalysis methods and their advantages/disadvantages. So far, the
ndustry (specifically the offshore renewable energy industry) has
onsidered discrete analysis of the components and limited data
re exchanged between the engineers working on the design stage
f different components of the system (Lemmer et al., 2020). The
urrent level of reliability in OWT  and aquaculture systems has
een achieved by setting reliability constraints at the component

evel. However, the reliability constraints must be considered at the
ystem level to achieve the cost-saving goal.

To the authors’ best knowledge, multi-failure analysis and
tructural system reliability of an integrated system of aquaculture-
POPs have not been addressed in the literature. The same

rgument is valid for individual renewable energy and aquaculture
ystems. For example, although the reliability of rotor blades, moor-
ng systems, foundation and gearbox were extensively studied in
he offshore wind farm literature, very few researchers examined
he structural reliability of an offshore wind turbine as a whole (Liu
t al., 2019b; Su and Kam, 2020; Pourazarm et al., 2016; Leong et al.,
019).

Aside from the fully coupled dynamic design tools, there is a
eed for comprehensive multi-scale system reliability of the whole

ystems by considering all the structural components as an inter-
onnected system of sub-systems and components. This aim cannot
e achieved using computationally expensive methods such as
CS. The bound estimation methods, on the other hand, do not
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Table 6
Different reliability analysis methods.

Category Description Methods Advantages Disadvantages Refs

Simulation Methods Numerically solve the
reliability integration by
generating a large number of
trials and estimating the
probability of failure using the
fraction of the points occurring
within the failure domain over
the total number of generated
trials.

Crude Monte-Carlo Simulation
and its complementary
techniques such as:
• Subset Simulation (SS)
•  Latin Hypercube (LH),

Importance Sampling (IS)
and Line Sampling

Provides accurate estimation of
failure probability. In many
cases, if the number of trials is
high enough, the results can be
considered as the exact
solution. Moreover, it can deal
with any type of limit-state
function and any reliability
analysis problem.

MCS  requires a large number of
trials for evaluating the
performance function and
therefore, is computationally
expensive. Other methods such
as LH, SS and IS can be
incorporated to decrease the
computational burden of MCS.

(Aryai and Mahmoodian, 2017;
Fu et al., 2018;  Graf et al., 2018;
Leheta et al., 2017)

Transformation/Approximation
Methods

Approximate the failure
domain mainly using first or
higher order Taylor expansion
at the design point.

FORM, SORM and Response
Surface Method (RSM)

Easy to implement and
computationally efficient.

Provide an estimation of failure
probability and not an exact
solution. Cannot be used
effectively for the case of
problems with multiple local
or global solutions or highly
non-linear limit-state
functions. Very high accuracy
cannot be guaranteed using
these methods.

(Hu et al., 2016; Dimitrov et al.,
2017; Su and Kam, 2020; Kim
and Lee, 2015)

Metamodel-based Reliability
Methods

Utilise surrogate models
(Mostly Kriging and Gaussian
Process model) for
representing the limit-state
and then, apply simulation
methods for estimating the
failure probability.

Efficient Global Reliability
Analysis (EGRA)
and Active Learning Reliability
Method with integrated
Kriging and MCS  (AK-MCS)

Provide the advantages of MCS
with an acceptable
computational cost. Moreover,
the methods can deal with
non-linear and/or implicit
limit-state functions.

The accuracy and efficiency of
surrogate models highly
depends on the complexity of
the limit-state function (high
dimensional reliability
problems). Also, it is not easy
to quantify the accuracy of
these models in terms of error
in calculation of failure
probability.

(Fauriat and Gayton, 2014;
Huang et al., 2016b; Peijuan
et al., 2017; Bichon et al., 2008;
Zhu et al., 2020)

Outcrossing Methods Simulating the
reduction/increase in the
strength/stress using stochastic
processes and calculating the
probability of the first passage
of the stochastic process from
the predefined threshold

Different closed-form formula
for outcrossing of stochastic
processes

Accurately predict the failure
probability by realistic
simulation of structural
strength evolutions. If the
closed-form solution exists, the
method is easy to implement
and very accurate.

In many cases, the proper
closed-form solution for the
outcrossing rates is not
available (e.g. for the case of
non-normal stochastic
processes or joint-outcrossing
rates for system reliability
analysis)

(Aryai et al., 2020; Li et al.,
2016; Sudret, 2008; Jiang et al.,
2017)

Knowledge-based Methods Direct calculation of the failure
probability from available
failure databases using
AI-based methods

Variety of AI-based methods
(machine learning and deep
learning)

Provide with very accurate
predictions. Are easy to
implement and can be used for
any sort of limit-sate functions

Requires large number of input
data which is not readily
available for real-world
reliability problems. The
accuracy of predictions highly
depends on the quality of the
input data. The results cannot
be generalised to other cases

(Stern et al., 2017; Behnia et al.,
2016; Kang et al., 2016b;
Amaya-Gomez et al., 2016)
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calculate the narrowest possible bound, even if all the components’
probabilities (marginal probabilities) are known. As a result, they
are not applicable for practical uses (Melchers and Beck, 2018).
The-state-of-the-art methods based on surrogate models and neu-
ral networks proved to be efficient and easy to implement (Xiao
et al., 2018; Zhang et al., 2019c; Oparaji et al., 2017). The major-
ity of these methods however, do not consider the dependency
between components and/or are difficult to be extended to time-
dependent system reliability cases (Yuan et al., 2020; Jiang et al.,
2020). The utilisation of surrogate models for multi-failure analy-
sis along with cross-validation and uncertainty quantifications of
these models require further research. Other alternatives, such as
Matrix-based System Reliability (MSR) and its modifications (Aryai,
2019; Byun and Song, 2017) proved to be of practical use if the
marginals and joint-failure probabilities are known. Outcrossing
methods are known as one of the most accurate reliability analysis
methods. Modelling the structural deterioration using stochas-
tic process (or correlated stochastic processes) and studying the
probability of their outcrossing from predefined thresholds is a
tremendous task for complex offshore platforms and is an area for
future research.

As described in Section 3.2, an MPOP consists of different
sub-systems with different scales and structural features. From
the system-reliability point of view, individual sub-systems can
be represented using multi-level models (Kumar et al., 2015). A
floating collar as an example can be modelled at different lev-
els associated with material degradation, cross-section reduction,
structural strength and other MPOP-scale features. These levels
are described with state variables which are representative of
different properties or any desirable quality or quantity (such
as different reliability measures) of the sub-system or the main
MPOP system (Kumar et al., 2015). Several researchers investigated
multi-level modelling of the structural systems by employing AI-
based methods (Cong et al., 2009), dynamic Bayesian networks
(Luque and Straub, 2016), subset-simulation (Schneider et al.,
2017), and random-fields (Aryai, 2019; Dogandzic and Zhang,
2006). These researches however, did not consider the correla-
tion between different levels and inhomogeneity of the levels in
space. ((Xu and Gardoni (2020a))) addressed this issue by employ-
ing multi-variate non-stationary random fields. The required data
for multi-level modelling of MPOPs would be collected through
different SHM sensors attached to different components of the
system. Because of the issues discussed in Section 3.1.3, multi-
level modelling of an MPOP can be subjected to the incomplete
data issue. Xu and Gardoni (2020b) proposed a methodology for
calibrating the random-fields describing multi-level system mod-
els using incomplete data. Because of the difficulties in modelling
(see Section 3.2), the input data availability and quality (see Sec-
tion 3.1), and the high degrees of uncertainty associated with
the environmental and structural parameters (see Section 3.3),
application of the abovementioned methodology for modelling
an MPOP would be challenging and requires further investiga-
tions.

Finally, the reliability modelling for risk assessment and in gen-
eral, risk-based design approaches can come to the aid of asset
owners for selecting the best MPOP conceptual design, and/or opti-
mal  operational location of the MPOP considering different types of
risks (i.e. environmental, social, financial, structural, etc.) defined
for the system. Using these probabilistic techniques, one can prop-
agate the risk of different component-level events for the system
and observe the resultant system-level impacts. Different tech-
niques for risk-based reliability modelling have been reported in

the literature, among which, Bayesian statistics-based approaches
and particularly Bayesian networks are of great importance. Sev-
eral applications of Bayesian networks for probabilistic reliability
assessment of offshore systems can be found in works of Li et al.
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2020); Abaei et al. (2018a), b and Arzaghi et al. (2020) for floating
ffshore wind turbines, general floating offshore platforms, ship
roundings and subsea pipelines, respectively.

. Optimising reliability standards

From the structural design viewpoint, the over-reliance of off-
hore renewable industry on the standards produced by the oil
nd gas industry can be seen through the list of technical stan-
ards and requirements imposed by the certification authorities
uch as DNV-GL and Lloyds Register, which include oil and gas
ndustry’s specific standards such as ISO 19901-6 (Petroleum and
atural gas industries. Specific requirements for offshore struc-
ures, Part 6: marine operations), ISO 19905-1 (Petroleum and
atural gas industries. Site-specific assessment of mobile offshore
nits, Part 1: Jack-ups), API RP-2A-WSD/LRFD (American Petroleum

nstitute, Recommended Practice), etc. This huge reliance on the oil
nd gas industry’s standards and design codes is challenging, with
nown and unknown drawbacks in the long-term, even though
uch standards and design codes make it possible for launch-
ng initial pilot offshore renewable energy and aquaculture farm
rojects.

In the abovementioned standards and many other offshore
tructure design standards, such as Eurocode and DNVGL-OS-C101,
ystem reliability is not explicitly considered (Melchers, 2013;
topa, 2018). This issue, however, causes the reliability threshold
evels to be determined without considering the system limitations
nd features. This ultimately leads to the loss of resources due to
ver-design of the system. In practice, the reliability threshold for
ndividual component/sub-systems is different from the condition

here the integral component/sub-system is part of a marine sys-
em. This implies the necessity of considering the system reliability
oncept in preparation of the standards for new MPOPs.

The aforementioned design standards ignore the impact of dete-
ioration (except for fatigue) on the structural integrity of offshore
ystems. In other words, the standards consider the structure intact
hroughout its lifetime, even after applying a maintenance action to
he structure. In reality, because of the imperfection of the main-
enance actions, the general structural integrity of a structure is
ecreased over time, and the structure cannot be perfectly restored
o its installation date condition (as-new condition). This unreal-
stic approach applies to new operating structures, but it cannot
ssure the safety of the structure several years after its commission-
ng. Addressing this issue requires the incorporation of structural
eterioration models together with the time-dependent reliability
nalysis methods, examples of which can be found in works of Aryai
t al. (2020) and Teixeira et al. (2013).

In order to ensure long-term safety of the MPOP, case-specific
esign codes must be established to address the unique techni-
al, structural, and environmental features of the system. Adapting
he available offshore oil and gas industry’s OREDA, Europa’s
ilot offshore wind and aquaculture projects database, considering
ustralia’s environmental conditions is only a short-term solution

o address the issue. In the long-term, the proposed RAMS database
n conjunction with system reliability-based design optimisation

ethods would allow for establishment of the first set of Aus-
ralian, case-specific optimised standards and design codes for the
esirable integrated systems.

. Recommendations for future research
The previous sections discussed the gaps in the current field
f knowledge for reliability assessment of MPOPs. Based on these
dentified gaps, several recommendations for future research are
isted in Table 7.



V. Aryai et al. Process Safety and Environmental Protection 148 (2021) 437–461

Table  7
Recommendations for future research.

Topic Recommended area for further research

Data collection and analysis • Integrating the reliability precautions and structural limitations of specific design concepts into the GIS-based site
selection tools

• Developing advanced data fusion, signal processing, AI-based trend detection algorithms for bridging the
relationship between the degradation in the material and the structure.

•  Use of ROVs and AUVs for autonomous inspection tasks.
•  Improving the durability of SHM sensors for offshore implementations.
•  Inclusion of SHM in the condition monitoring standards and guidelines.
•  Addressing big-data issues for developing real-time data collection and analysis frameworks.

Load  and structural modelling • Considering the inherent multi-scale features in dynamic analysis of an MPOP.
•  Accurate multi-physics simulation of MPOPs by studying realistic fluid-soil-structure interactions.
•  Addressing non-linear coupling between the components of a modular design MPOP in a time-domain simulation.
•  Tackling issues regarding force unidirectionality in the current design standards.
•  Studying the impact of platform motions on energy production.
•  Examining the effect of platform motions on fish welfare.
• Tackling the scaling-effect issues in the scaled-down models.
•  Developing robotic intelligent towing tanks for model testing purposes.

Uncertainty quantification • Quantification of existing uncertainty in the influential factors.
•  Determining the key failure drivers and proposing mitigation measures.
•  Developing stochastic spatial-temporal models for time and space varying influential phenomena such as product

growth, corrosion, seabed and material properties variations.
•  Dealing with the issues related to the safety factor approach used in the current design standards by employing

probabilistic reliability analysis methods.

Failure modes • Identification of design-specific failure modes.
•  Capturing the correlation existing between different failure modes.
•  Incorporating the dependence between failure modes into system reliability analysis approaches.

Reliability analysis • Proposing a system-based reliability analysis approach within the design standards.
•  Multi-failure system reliability analysis of different MPOP designs.
•  Representing an MPOP system using correlated multi-level models.
•  Entering time- and space-dependent degradation phenomena into the system reliability analysis of MPOPs.
•  Amending the current offshore oil and gas industry-based reliability standards based on the unique features of the

designed MPOPs.
• Combining different reliability approaches such as human-based, production-based, operational and structural

reliability approaches for the design and operation of MPOPs.
•  Using risk-based reliability modelling techniques for assessing the suitability of conceptual designs considering

different types of risk.
• Using the digital twins in conjunction with reliability modelling techniques to develop predictive algorithms for

nt of M

•

•

•

•

•

real-time reliability assessme

6. Concluding remarks

This review paper discusses the challenges related to struc-
tural reliability analysis of aquaculture-MPOP in consideration of
Australia’s environmental and technological conditions. To this
end, the reliability analysis of the system has been divided into
its related sub-topics including data availability, data collection,
failure modes, uncertainty quantification, and reliability analysis
methods. The following pertinent points may  be drawn from this
review:

• Data scarcity is an intrinsic problem of novel designs. To deal
with this issue, several possible solutions based on the available
knowledge in the offshore oil and gas industry have been pro-
posed. It can be concluded that the huge database available from
the offshore oil and gas industry may  not fully replace the miss-
ing data from similar novel aquaculture-MPOPs. However, it can
serve as the baseline for constructing a RAMS database based on
the unique features of Australia.

• Based on probabilistic reliability analysis approaches, one can
assess the reliability of the intended system with very limited

data already available. Accuracy of the results obtained from
probabilistic system reliability approaches will improve over
time with updates in the RAMS database and the utilization of
reliability updating methods.

456
POPs.

Accurate reliability assessment of MPOPs would not be possible
without dealing with challenges regarding flexibility of structural
components, unique structural features of renewable energy and
aquaculture systems, high level of non-linearity, multi-scale fea-
tures, etc. that make load analysis of the intended system difficult.
Failure modes specific to the novel design must be identified, for-
mulated, and studied considering the dependencies among the
corresponding failure mechanisms.
Uncertainties which exist within the models, environmental
and design parameters, deterioration processes, and geome-
tries must be quantified and incorporated into the reliability
assessment.
The current design standards being used in the design of MPOPs
must be revised to include a system-based reliability approach
based on the specific requirements of aquaculture and offshore
renewable energy industries. The revised standards would differ
from the conventional offshore oil and gas industry standards
in terms of construction materials, structural features, failure
modes, health monitoring requirements and reliability targets of
the MPOPs.
By incorporating the reliability analysis results into a decision-
making framework, asset managers would be provided with a

powerful, accurate and easy-to-interpret tool to decide on the
maintenance planning of their assets in both the short and the
long-term.
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