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ARTICLE INFO ABSTRACT

Keywords: Growth in offshore blue economies is predicted to accelerate as emerging food and energy production industries
Sustainability look to expand into these environments. Operating in novel environments for these industries inherently fosters
Risk uncertainty in outcomes generated by a complex suite of hazards, some of which are unknown prior to
géiiturﬁi:gemem deployment. Faced with such uncertainty, a precautionary, flexible, and cross-disciplinary (integrated) approach

is recommended to optimize the potential for hazards to be identified in a timely, comprehensive, and robust
manner, and mitigated. However, relevant disciplines — such as aquaculture production, marine engineering, and
marine renewable energy design, and associated interactions with society and the environment — often evolve
with their siloed techniques and lexicons. Here we first provide an overview of selected discipline-specific ap-
proaches to hazard analysis as a first step in a pathway that can generate a holistic synthesis of hazards to and
from multiple emerging sectors in novel environments. Despite challenges of applying these individual methods
to cross-disciplinary projects for emerging industries, we then identify where disciplines share methodological
approaches and where opportunities exist to develop integrated methods. With a growing focus on sustainable
economic growth and optimizing the use of ocean space through multi-use, our review highlighted that the
emerging offshore Blue Economy could benefit from the development of a flexible, integrated approach to
identify and assess hazards in a comprehensive, robust and useful manner for successful planning, development,
and operations.

Renewable energy
Seafood production
Impacts

1. Introduction renewable energy and aquaculture [3-5]. Global and regional estimates

of available aquaculture and energy resources demonstrate their po-

A transition from traditional to emerging blue industries has begun
in earnest as more industries look to expand in offshore environments
[1,2]. Historically dominated by oil and gas exploitation, commercial
fishing, shipping and telecommunications, offshore environments are
now increasingly considered for other industries, such as marine
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tential, with large-scale projects underway in Europe and Australia,
among others [6-9]. Several jurisdictions now seek to better understand
the potential and costs associated with these emerging industries, while
mitigating negative interactions with the environment and other ocean
users, supporting positive interactions as opportunities, and addressing
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challenges associated with governance and socio-cultural impacts e.g.
[3,6,10-13].

Expansion in novel environments creates new hazards when limited
operational experience exists (e.g., marine renewable energy), or when
existing practices may need to be adapted to novel conditions (e.g.,
aquaculture). New cross-sector and cumulative interactions may also
arise with potential to negatively impact ecosystems, especially as some
traditional sectors continue to expand in parallel with emerging in-
dustries [14]. These hazards could both originate from and impact in-
dustry operations over their life cycle from planning to their eventual
decommissioning [15]. This includes for example lack of a clear regu-
latory framework leading to wasted resources during planning or (cu-
mulative) impacts to local ecosystems undetected due to inadequate
monitoring programs [15,16]. Understanding and mitigating hazards is
necessary to secure investment, ensure cost effectiveness, reduce
inter-sectoral conflict and foster socio-economic benefits to local
regional communities through food and energy security, while mini-
mizing negative impacts to marine ecosystems.

A risk-based management system that seeks to meet quadruple-
bottom-line objectives (environment, economic, social and gover-
nance) is needed for emerging offshore industries. A critical first step in
such a system is to identify hazards and separate those that must be
assessed and perhaps managed, from those that can be safely ignored
[17-20]. Comprehensive assessments of potential hazards from diverse
expertise across disciplines and sectors could reduce uncertainty due to a
lack of operational experiences and maximize the likelihood of priori-
tizing hazards for mitigation efforts [21]. Such comprehensive assess-
ments are necessary for emerging industries that seek to be sustainable,
just, and inclusive — thus creating a positive image with wider society —
which will assist in delivering on their objectives and simultaneously
maintaining a social license to operate [22,23]. Predicting and man-
aging hazards across multiple sectors and perspectives in an emerging
blue economy is critical as it recognizes the interconnected approach to
sustainable development through its social, environmental, and eco-
nomic pillars [24].

Approaches to analyse hazards and assess risks have been developed
and applied across a wide variety of disciplines including engineering,
medicine, ecology, and economics [21], but these approaches vary
widely in their scope and complexity. Concepts of hazard and risk have
been studied for decades [25], and ‘hazard analysis’ is typically a
broadly scoped ‘screening’ step to identify and prioritize possible haz-
ards, and was originally developed for industrial systems safety, aiming
to identify hazards, their effects, and their causal factors [26]. In this
context, hazard analysis has parallels with more formal risk identifica-
tion which is part of a larger risk assessment framework including risk
analysis and evaluation [27]. ‘Hazard analysis’ and ‘risk identification’
are sometimes used synonymously, the latter being defined as the pro-
cess of finding, recognizing, and describing risks, and involves the
identification of risk sources and events, their causes, and their potential
consequences [27]. It is however difficult to apply a one-size-fits-all
assessment approach to hazard analysis across multiple industry sec-
tors, even when they are operating in the same environment,since dis-
ciplines each have different lexicons and their own, often siloed,
approach(es) [21]. Furthermore, the individual risk assessments typi-
cally come with a specific viewpoint — risks to a development, or risk
originating from operational activities, typically only considering direct
effects from that development’s operations or the combined effect across
activities within a single industry [28]; the integration and consider-
ation of broader risks “to” and “by” activities is much rarer. Regional
scale strategic assessments can take this broader view [29], but they still
tend to come from a specific lens — environmental or economic — and still
struggle to bring together comprehensive assessments from multiple
disciplinary lenses. To ensure that diverse perspectives are incorporated
into any future integrated approach to hazard analysis, it is important in
a first instance to identify where disciplines, perspectives or sectors
share methodological approaches.
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Here, we review hazard analysis approaches (Table 1), evaluation
processes and tools — touching on commonly used risk analysis and
assessment techniques where relevant — used in several domains
involved in establishing an offshore blue economy for food and energy
production. Across all frameworks for integrated ocean management,
very few integrate across goals for economic, social, environmental and
cultural outcomes with different empirical perspectives on data and
knowledge [30]. We aim to fill that gap for the blue economy agenda by
describing approaches applied to the technical (engineering), environ-
mental, social and economic components associated with food (aqua-
culture) and renewable energy production (Fig. 1A), particularly when
implemented for offshore developments. However, because few exam-
ples currently exist, we extend our literature search more broadly. The
classification of domains used here is derived from [21] but differs in
that we include marine engineering and renewable energy production as
a single domain due to potential for co-location of multiple industries in
future developments (i.e., aquaculture production co-located with
renewable energy production —[31]). Similarly, we group aquaculture
production and interactions with the environment due to the similarities
in approaches. We synthesise the common themes across domains and
provide recommendations to guide the development of an integrated
approach to hazard analysis that transcends diverse domains of
expertise.

2. A review of approaches to hazard analysis

Taking a comprehensive disciplinary perspective means drawing
together views from different backgrounds. Sharing knowledge of the
approaches across disciplines allows people from each domain to un-
derstand expectations from the other disciplines, find common method
overlap and adopt new approaches from outside their field. Neverthe-
less, a full ‘comprehensive’ literature review is infeasible given the sheer
size of the body of work pertaining to hazard analyses and risk assess-
ment in each domain. However, as much of that reflects repeat imple-
mentations of just a few methods, this high-level review is
representative of the major methods used in the different domains and
allows for the overview and the desired connection of methods.

A key challenge for hazard analysis and risk assessments — and likely
to be accentuated in integrated, multi-sectoral assessments — is linguistic
uncertainty [32]. Here we define the following terms:

e Hazard - A situation that in particular circumstances could lead to
harm (The Royal Society, 1983).

e Risk - Is commonly defined as the product of the likelihood or

probability of an event occurring, and the consequences of the event

if it were to occur [33], which can be derived from the answer to
three questions: (i) What can go wrong? (ii) How likely is it that that
will happen? and, (ii) if it does happen what are the consequences?

[34]

Hazard analysis — Aims to identify hazards (both real and potential)

their effects and the factors that cause them, and was originally

developed for systems safety and engineering [26]. The term risk
identification is often used synonymously with hazard identification.

For consistency, we use the term hazard identification.

e Risk analysis and risk assessment — These two terms are some-
times used interchangeably. Here we define risk analysis as the risk
calculation step of a risk assessment, that comprises risk identifica-
tion, risk analysis and risk management e.g. [35].

2.1. Renewable energy production & marine engineering

A plethora of approaches to hazard analysis have been developed
and applied in industrial systems and are discussed in detail in Ericson
[26], with several approaches applied to offshore wind energy with
informative and useful outcomes [36]. With respect to renewable energy
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Table 1
Summary descriptions of approaches used to assess hazards and risks for the emerging offshore Blue Economy (Refer to Fig. 1 for icon descriptions).

Method Description Approach Primary domains of application
Hazard Identification High-level, structured approach used to identify a wide range of possible hazards Qualitative \
(HAZID) early in the project Ve ‘l\ *‘ ‘.
l n I
Hazard and Operability Takes a comprehensive view of a system and systematically examines every Qualitative \ _{
Analysis (HAZOP) component to establish how deviations from intended design may occur /i “l\ (o) -
1" @ L
Preliminary Hazard Can be as simple as conducting a hazard brainstorming session on a system, or a Qualitative \
Analysis (PHA) more structured process that helps ensure all hazards are identified /l ‘l\ (g)
J )
Failure Modes and Effects Bottom-up approach whereby failures are prioritized according to how serious their ~ Qualitative \
Analysis (FMEA) consequences are, how frequently they occur, and how easily they can be detected. ~ Quantitative /‘\‘ l\ (Q.) - ‘
l n. e
Holographic Hierarchical Examines complex systems from different perspectives in order to identify sub- Qualitative \
Modelling (HHM) systems, and then examines how the components of these sub-systems interact to Quantitative ¢ ‘l\ ‘—
identify hazards l m s
Bow-Tie, Identifies the causes and consequences of hazards by combining Fault Tree Analysis  Qualitative {
Fault Tree Analysis and Event Tree Analysis (see below). Quantitative 2 ‘1\ F) ‘,‘ ‘ :
(FTA), Graphical models are used to identify the combinations of contributing (base) events l m —
Event Tree Analysis that cause a top event. The probability of the top event can be calculated when data
(ETA) (empirical observation or expert elicitation) on the frequency of the base events is
available.
Graphical models used to identify consequences associated with the top event.
Probabilities can be assigned to each consequence when data (empirical
observations or expert elicitation) are available
Bayesian Networks (BN) Probabilistic graphical models (formally Directed Acyclic Graphs) that link nodes Qualitative \
(discrete random variables) with edges (links between nodes) based on the presumed ~ Quantitative i ‘l\ = ‘—
causal relationships between the nodes. The network is completed by a joint l m
probability distribution over the nodes, commonly represented in conditional
probability tables that can be populated from data or expert opinion.
Multi Criteria Decision Broad approach that encompasses several methods that explicitly address multiple Qualitative \
Analysis (MCDA) criteria to aid decision making. The criteria scores are commonly elicited from Quantitative /\‘l\ A $
experts and combined using appropriate algorithms such as the weighted sum of m
scores.
Digital Twin (DT) Digital representations (processs-based simulation models) of physical objects or Quantitative \
systems that facilitate scenario-based analyses to identify component failures, Ve ‘l\ P)
improving design and overall safety in offshore systems. l m
Socioecological system Span environmental drivers, simplified food web representations, the different major =~ Quantitative
models (SEMod) industries operating in an area, human demographic and use models and simple ‘» ‘.
representations of the regional economy. These large models are conceptually s
aligned with the digital twin approach, but with many more degrees of uncertainty
and extensive data demands.
Ecological Risk Assessment  Assessments often consider specific ecosystem-based criteria such as the sensitivity, ~ Qualitative
(ERA) vulnerability and adaptive capacity of systems (instead of criteria such as likelihood  Quantitative "’ ‘_
and consequence) to rank hazards and assess risk. Can itself be hierarchical, S~
beginning with scoping (effectively hazard analyses) followed by qualitative and
then increasingly quantitative assessments. Filtering at each stage means only risks
identified as being unacceptably high are advanced to the quantitative assessment
stages. This helps triage risks when available resources for an assessment are limited
Qualitative Network Models consisting of nodes that represent components of interest and signed direct ~ Qualitative
Modelling arrows that denote the direction (and sometimes strength) of relationships between  Quantitative "" ‘.
(QNM) nodes. These models can be mathematically analysed and used to explore a range of ———
alternative scenarios (and system stability).
Geographic Information Platforms that allow for the spatial layering of existing data to assess cumulative Quantitative
Systems (GIS) effects of multiple hazards (pressures) to the environment. "’ ‘.
Py
Connectivity models Models including hydrodynamic and dispersal models used for assessing risk of Quantitative
(Conn) disease infection in aquaculture production systems and estimating potential water *"’ L
quality impacts from waste released by an industry respectively. e
Social Impact Assessment Has parallels with many risk assessment frameworks in that it provides a Qualitative

(SIA)

Monte Carlo simulations
(MQ)

methodology for engaging stakeholders who are directly affected by development in
the assessment process, understanding the social processes (and feedbacks) that
cause change, predicting change in social outcomes, and identifying indicators to
measure change.

Commonly used to analyse the effects of uncertainty during quantitative risk
assessments. In this context historically used to assess the financial risk to investors
and lenders. Have been used to assess factors including weather, political change and
financial markets that could impact project cash flow and analyse how adverse
events could impact project earnings and subsequent viability as part of cost-benefit
analysis of a project incorporating simulations of risk.

Quantitative $
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A) Renewable energy
production

\

[o—
h-/'\

Includes the construction, deployment, and operations of technology to
capture renewable energy in offshore locations (primarily wind and wave),
as well as operational logistics of accessing sites.

Marine engineering

go

The manufacture and production of structures to be used offshore for
renewable energy production, and aquaculture production.

Society (including policy g

[ ]
considerations) .&.

industries.

Social considerations of new development including obtaining a social
licence to operate and impacts on local communities from emerging

Economics and finance $

The psychology of decision making and the financial viability of operations
for offshore renewable and aquaculture production.

Aquaculture production

+

Interactions with the

L

The rearing of species (e.g., fish) in offshore high-energy environments,
= |including operational logistics of accessing sites.

Interactions with the local environment from renewable energy production,

environment aquaculture production and marine engineering.
B) som
()
/ Society (inc. Policy) Economics + Finance
/4 ‘l\

| w J
Renewable ‘ s
energy Aquaculture
production + Production +
Marine Interactions with the
Engineering environment

Fig. 1. A) Descriptions of the research domains involved in establishing a food and energy generating offshore blue economy, B) Venn Diagram showing overlap of
number of approaches (and abbreviated names) for each domain identified from the review.

production and marine engineering more generally, approaches
including Hazard Identification (HAZID), often performed as part of a
Preliminary Hazard Analysis (PHA), and Hazard and Operability Anal-
ysis (HAZOP), are common, and have been used to identify and assess a
variety of hazards for offshore wind energy, and offshore seaports and
associated barge transportation systems [36-39]. Preliminary Hazard
Analysis can be as simple as conducting a hazard brainstorming session
on a system, or can be a more structured process that aims to ensure all
hazards are identified [26]. Hazard Identification is one of the
high-level, more structured approaches used to identify a wide range of
possible hazards early in a project’s life-cycle [38], and differs from

HAZOP, which requires a comprehensive description of the project (and
may therefore occur later in the life-cycle) and systematically examines
every component of the project system to establish how deviations from
intended design may occur [40]. Failure Mode and Effects Analysis
(FMEA) is a bottom-up approach and has been used to determine critical
components of offshore wind farms [41]. Through the application of
FMEA, failures are prioritized according to how serious their conse-
quences are, how frequently they occur, and how easily they can be
detected. Alternatively, Holographic Hierarchical Modelling (HHM) is a
technique particularly suited to complex systems. This form of model-
ling decomposes complex systems into groups of sub-systems by
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examining the overall system from different “perspectives” (such as
economic, environmental, social) and studies the interactions between
the components of these different sub-systems to identify hazards [42,
43]. While these methods could be comprehensive in principle they tend
to focus tightly on specific developments or sectors and so are not ex-
amples of the comprehensive multi-lens approach required for a true
multi-disciplinary — approach required for emerging offshore
developments.

Bow tie risk assessment frameworks are also commonly used to
identify hazards and assess risk in offshore systems. The bow-tie
approach has also been used across disciplines for coastal fisheries risk
assessment [44]. Bow-tie risk assessments identify the causes and con-
sequences of hazards [37,45,46]. Fault tree analysis (FTA) uses graph-
ical methods to identify the combinations of contributing events that
cause a top event (i.e., the hazard for the system being considered) to
occur. This top event may, for example, be the failure to contain a
hazardous substance. If the subsequent consequences associated with
the top event are identified then this approach can be extended into an
Event Tree Analysis (ETA) [26,37]. If probabilities can be assigned to the
base events in the fault tree, and the consequence in the event tree, then
FTA and ETA can be used to compute risk [26]. While common in en-
gineering fields, these approaches are more difficult to apply to
ecological systems because it is difficult to estimate the probability of
the base events in the fault tree and end consequences identified in the
event tree, especially for emerging industries where there is little
empirical data on the risk of hazards [47] or the hazards are only
theorised.

Other approaches including Bayesian Networks (BNs) are also used
to assess risk in offshore engineering. This approach uses probabilistic
graphical models (formally Directed Acyclic Graphs) that link nodes
(discrete random variables) with edges (links between nodes) based on
the presumed causal relationships between the nodes (formally the
edges encode conditional dependencies between the nodes). The BN is
completed by a joint probability distribution over the nodes, commonly
represented in conditional probability tables that can be populated from
data or expert opinion. Bayesian Network predictions can be updated by
conditioning on observations and as when new information becomes
available [45,48,49]. One of the drawbacks of this approach is that it
does not allow for recognition of feedbacks between different parts of
the system, something which is important for a systemic perspective —
especially in terms of the consequences of domain interactions.

Multi Criteria Decision Analysis (MCDA) is a broad approach that
encompasses several methods that explicitly address multiple criteria to
aid decision making [50]. This approach has been commonly applied in
engineering associated with renewable energy to rank hazards against a
series of criteria, including the consequence associated with the hazard,
and the frequency of the hazard occurring [51,52]. The criteria scores
are commonly elicited from experts and combined using appropriate
algorithms such as the weighted sum of scores. Weighted sum of scores
has been used to rank and compare offshore multi-use platform designs
while incorporating hazards [31]. The additive algorithm Technique for
Ordered Preferences using Similarity to the Ideal Solution (TOPSIS) has
been used to rank risk for components in an offshore wave energy
converter [53]. More computationally intensive methods such as digital
twin simulations, which are digital representations (typically
processs-based models) of physical objects or systems, can be used to
assess risk of structural failure of components. Digital twin simulations
run scenario-based analyses to identify potential component failures,
improving design and overall safety in offshore systems [54,55].

2.2. Aquaculture + Interactions with the biophysical environment

Several hazard analysis methods (and their adaptations) including
HAZOP, FTA, ETA, FMEA, and HHM have been applied in ecological
contexts [26,56-60] and thus have the potential for application to both
aquaculture and interactions with the biophysical environment. In
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assessing hazards from aquaculture, and interactions with the biophys-
ical environment, most published studies generally incorporate the
hazard analysis into the risk identification step of a comprehensive
ecological risk assessment (ERA). These assessments often consider
specific ecosystem-based criteria such as the sensitivity, vulnerability
and adaptive capacity of systems instead of, or in addition to criteria that
are commonly used within engineering domains to rank hazards and
assess risk, such as likelihood and consequence [61-67].

Risk assessment approaches utilised to consider aquaculture pro-
duction or effects on the biophysical environment range from qualitative
to fully quantitative. The exact method employed varies depending on
the scope of, and resources available to, the assessment, because it can
be challenging to quantify the probability of events and their conse-
quences in biological systems [68]. Tiered risk assessment frameworks
are one way to approach this challenge [62]. Tiered frameworks are
hierarchically structured, becoming increasingly complex and data
intensive at higher levels. Beginning with simple qualitative approaches
to calculate risk, focal subjects of the assessment (such as species pop-
ulations’ exposure to aquaculture or marine energy sites) that cannot be
confidently assigned a low-risk status are progressed into more quanti-
tative tiers for more thorough assessments. This is a cost-effective
approach as situations or activities assessed as low-risk are not
required to go through additional more costly steps. This is somewhat
like the engineering concept of ‘retiring’ a risk that is found to be
inconsequential [18]. A three-tiered risk assessment was recently per-
formed to evaluate disease, organic pollution and whole-of-system risks
encountered during the production cycles of salmon farming leases in
southern Chile [69]. This approach used qualitative models (a method
discussed in the next paragraph) for the first tier, statistical methods for
a second tier focusing on operational issues, and socioecological system
models (that span environmental drivers, simplified food web repre-
sentations, the different major industries operating in an area, human
demographic and use models and simple representations of the regional
economy) at the third tier. This tier considered system-scale develop-
ment scenarios and the potential interactions that might arise across the
system. These large process-based models are aligned with the engi-
neering digital twins, but in socio-economic and environmental systems
these models have many more parameters, higher degrees of uncertainty
and more extensive data demands in order to initialise and accurately
parameterise.

Other common approaches to identify and analyse hazards to the
environment include graphical qualitative network models (formally
signed directed graphs or signed digraphs). These models consist of
nodes which represent components of interest and signed direct arrows
that denote the direction (and sometimes strength) of relationships be-
tween nodes. Qualitative network models can be mathematically ana-
lysed and used to explore a range of alternative scenarios (and system
stability). They have been used in a very broad range of contexts, such as
to assess risk to ecological components from cumulative effects on the
Great Barrier Reef [70], within a larger toolkit of approaches to predict
the ecosystem effects of genetic control options for invasive species [71],
to consider monitoring of the effects of fishing [72], aquaculture pro-
duction [73], harbour monitoring and management [74] and the im-
plications of the development of offshore wind [75], to name but a few.
In contrast to Bayesian Networks, qualitative network models can
resolve the influence of feedbacks across the modelled system. A
drawback to these qualitative models, however, is that quantification of
effects is not possible. If quantitative estimates are required, then
process-based models (as used in tiered assessments, [69]), Bayesian
Networks or statistical models more generally must be employed.
Similar to engineering-based disciplines, Bayesian Networks have been
used to examine interactions of production activities with the biophys-
ical environment, and can also be used to validate qualitative network
model structures when constructed with observational data [71,76,77].

Spatial approaches to assess risk and hazards to the environment
primarily use Geographic Information Systems (GIS), and involve the
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layering of spatial data on pressures and threats. These spatial layering
approaches are commonly used to assess cumulative effects of multiple
hazards (pressures) to the environment [78], and are often foundational
for broader governance tools such as marine spatial planning, which in
its own right is a tool to manage and mitigate hazards to the environ-
ment [79]. Finally, connectivity models (e.g., hydrodynamic models
that capture diffusion and advection dynamics to represent dispersal)
have considerable application for aquaculture and interactions with the
environment. For example, connectivity models have been used to assess
risk of disease infection in aquaculture production systems [80], and to
estimate potential water quality impacts from waste released by an
industry.

2.3. Society (including policy considerations)

Within the social sciences, Social Impact Assessment (SIA) is a con-
ceptual framework for predicting social responses to industry develop-
ment, policy, or conservation [81,82]. This framework has some
analogues to risk assessment. It is similar to risk assessment in that it is
initially based on developing an understanding of the social context of
the development or project. It then considers the direct and indirect
social impacts arising — such as impacts on community values, cultural
values and quality of life — and plans appropriate mitigation strategies
for potential negative impacts (while also identifying opportunities).
Finally, SIA engages with communities to design ongoing monitoring of
the impacts and options for adaptive management. In this way, SIA fa-
cilitates social license to operate, because it aims to assist in delivering
better outcomes for all project stakeholders [83].

Social Impact Assessments are similar to many risk assessment
frameworks [84,85], in that they provide a methodology for engaging
stakeholders who are directly affected by development in the assessment
process, understanding the social processes (and feedbacks) that cause
change, predicting change in social outcomes, and identifying indicators
to measure change [81]. The breadth of hazards identified in a SIA de-
pends on the context and interactions between the project and the
economic, political, sociocultural and security context in which it is
constructed and operated [81,86]. Methods for conducting SIAs include
qualitative interviews, focus groups, and participatory workshops where
participants work through scenario analyses [82]. The framework can
also be adapted to use a risk matrix approach. In general, this approach
invites stakeholders to participate in workshops where different sce-
narios are explored, and consequence and likelihood are assigned on
rating scales (e.g., [1-10]).

2.4. Economics and finance

Within behavioural/experimental economics and finance literature,
techniques for eliciting perceptions and attitudes to risk have been
developed, with a particular focus on the psychology of decision making
and risk preferences as opposed to different ways to conduct hazard
analysis [87]. As with the aquaculture and interactions with the bio-
physical environment domain, most economic studies focus on risk
analysis, rather than hazard analysis. Economic risk assessments are
generally quantitative, and data driven [88]. For example, Monte Carlo
simulation approaches are commonly used in economic risk assessments
for aquaculture production and renewable energy structures. Monte
Carlo approaches assess how uncertainty in weather, environmental
stressors, political change and financial markets could impact project
cash flow [89-92]. Model results are then used to inform financial risk
for investors and lenders. Derivatives of MCDA approaches (including
analytic hierarchy process — see [93]) have also been used for economic
risk analysis to combine numerous factors and assess investment risk for
land-based renewable energy projects [16]. In this approach, the analyst
is simulating a series of efficient solutions which maximise social
well-being or minimise cost. The analyst then presents the set of options
for the decision-maker to choose amongst.
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With reference to financial risks in aquaculture, the primary methods
to assess risk fall under probabilistic (e.g., probability trees, Bayesian
Networks, Monte Carlo simulation) and non-probabilistic estimation
methods (e.g., scenario-based analysis, sensitivity analysis, and break-
even analysis). These methods are discussed in more detail in [94],
who also highlight the benefit of using both qualitative and quantitative
approaches to assess financial hazard and risks. For example, solely
relying on quantitative historical data without reference to qualitative
current market information could lead to under or over representation of
financial risk.

3. Discussion

The approaches used for hazard analysis generally come down to the
domain(s) involved in the assessment, the user, and the complexity of
the system being assessed (Table 1). The decision to use qualitative or
quantitative methods is largely due to the resources and data available
in any given situation, noting that data in the form of empirical obser-
vations (rather than expert elicitation) are often a limiting factor for
many emerging industries (e.g., suitable biodiversity data for assess-
ments or untested operating conditions — [95]). The primary approaches
to hazard analysis and risk assessment across the domains that are
central to the development of food and renewable energy centered
offshore blue economies are:

Renewable energy production and marine engineering both use
hazard analysis and risk analysis approaches and prefer probabilistic
methods.

Aquaculture production and interactions with the environment pri-
marily use ecological risk assessment approaches, which can range
from qualitative to fully quantitative, but methods from renewable
energy and marine engineering have also been successfully applied
to these domains.

e As a domain, society uses social impact assessment, which has many
parallels with risk assessment, but differs in that social impact as-
sessments place greater emphasis on minimising risks to commu-
nities and increasing the likelihood of maintaining social license to
operate.

Economic approaches place a large focus on the psychology of de-
cision making and different ways to elicit risk. Formal risk analyses
can be qualitative or quantitative.

Risk assessments applied within a single sector may touch on aspects
drawing on multiple domains - for example an assessment of aquacul-
ture may consider structural failure (engineering), interactions with the
environment (ecological risk analysis), economic risks (financial
viability, access to markets) and social risks (lack of social license) —
however this falls short of the systemic consideration required for a truly
multi-sector, multi-perspective, comprehensive analysis. While such a
focused view may be sufficient for individual developments (as required
under national legislation in various countries), the focussed approach
has been criticised for falling short of what is needed for strategic
regional planning [28,96,97]. Few tools are available for considering
hazards simultaneously across domains. While there have been a num-
ber of academic e.g. [78,96] or planning processes e.g. [98-100] that
aim to address the issue of cumulative effects, they predominantly do so
through a single lens, often an environmental effects lens [101]. More
generally, most of the quantitative frameworks for integrated ocean
practice focus on a single normative goal, like the environment or
economy, rather than considering multiple laws and policies, sectors,
and goals and objectives [30,102]. In the context of individual devel-
opment proposals social, economic and environmental impact assess-
ments may be required, but the multi-domain consideration is much
rarer in the full planning processes. It is true that some approaches have
been successfully applied across multiple sectors (Fig. 1). Nonetheless, it
is also apparent that methods from one domain are challenging to apply
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to cross-disciplinary projects due to differences in terminology, and
epistemology [32]. Navigating the challenges of multiple sector inte-
gration and obtaining a comprehensive, systemic view of the hazards
can be worthwhile, as integrating expertise from diverse backgrounds
will highlight opportunities and potentially perverse incentives that
would be missed from a narrower perspective [103,104].

While benefits can be derived from taking a broader view or looking
for methodological inspiration from other domains, there are multiple
pitfalls if hazard and risk analysis tools developed in one discipline were
to be applied to a different discipline. At the simplest level, without the
appreciation of nuance derived from deep disciplinary background the
method may be misapplied or be prone to naive mistakes. Working in
true collaboration across disciplines forestalls such a hurdle, however
other cross-disciplinary consequences can be harder to deal with. For
example, the application of risk assessments based on likelihood and
consequence to social issues may shut down the conversation to broader
perspectives on impacts and social change processes, which social
impact assessments are designed to address [81]. Further, classic risk
analysis does not represent feedbacks between development and society,
the understanding of which is a crucial part of social impact assessment
[105]. Broader views also engender understanding more complexity,
involve more uncertainty and typically require more resources. The later
in particular is challenging for proponents and is why linking project
(proponent level) and regional (government or research driven) ap-
proaches may be a pragmatic way of obtaining a more integrated view
while still keeping resourcing to more practical levels.

Many of the risk assessment approaches we reviewed are part of legal
mandates for impact assessment of development proposals. However,
legal mandates for impact assessment can be fragmented across different
aspects of the blue economy [102]. The patchwork of existing gover-
nance structures may constrain application of new ideas for integrated
assessments and pose challenges for them to meet their legal re-
quirements [106]. Specifically, formal governance structures are often
complex and fragmented, where multiple entities manage marine re-
sources on a sectoral basis. The lack of coordinated governance ap-
proaches and policies and legislation that are fit for the purpose of the
blue economy, especially for the development of co-located offshore
activities, represent major obstacles to the operationalisation of inte-
grated hazard and risk analyses. The methods we highlighted will often
comply with or exceed standards in many countries, so what is needed
next is to develop integrative ocean management frameworks that will
provide the governance ‘quilt’ of ocean management [102]. These
mixed assessments could be conducted as part of the early stage of
planning and will meet the different assessment needs of different parts
of government.

4. Conclusions

There are clear benefits in attaining a more holistic understanding of
how particular domains are affected by or generate the same hazards,
and how industries can thus jointly manage and mitigate such hazards
[21]. Identification of joint mitigation options could be a first step to-
wards overcoming the challenges associated with differences in ap-
proaches across disciplines. Nevertheless, more can be achieved by
going further to develop empirical tools that consider objectives of
multiple sectors [30].

The overlap in approaches across the different sectors suggests a way
forward for developing a multiple sector approach to risk assessment.
Notably, all sectors had methods that included developing network or
graphical models to qualitatively understand systems of interconnected
components and how they manifest to influence risk. All sectors have
also used expert elicitation to quantify a range of risk criteria, such as
consequence and likelihood. Therefore, we suggest the most straight-
forward approach for a multi-sector hazard analysis should integrate
systems thinking with graphical models and expert elicitation of risk
criteria. In a multi-sector context the risk criteria may need to be
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broadened beyond the traditional focus on consequence and likelihood
to consider criteria that are relevant to diverse stakeholders. One
example would be the likelihood of not detecting a hazard, which will be
relevant to social license. Additionally, the approach should include
stakeholder consultation to identify criteria that are important across
different sectors, while seeking to balance the required elicitation load
for experts.

A risk assessment that is integrated across domains could be
improved by borrowing ideas from social sciences. We found that the
social domain had the least overlap in methods with the other domains.
A unique aspect of social impact assessment was the requirement for
ongoing engagement with community stakeholders. Communities that
are expected to be impacted by development are engaged throughout
the process, including following the development. The aim being a two-
way exchange of knowledge, that involves improving the impact
assessment with community knowledge, as well as improving commu-
nity understanding of the development. Such an approach has advan-
tages over the quantitative and technical assessment methods of other
domains in that it helps build social license for the development. Thus,
we recommend integrated assessments borrow this idea and incorporate
engagement with impacted communities into the risk assessment
process.

Developing an integrated, yet flexible, and readily generalisable
approach may help set the scene for future successful offshore blue
economy planning, development, and operations. We recommend a
multidisciplinary, participatory approach to co-develop and test inte-
grated approaches with mixed groups of domain experts in order to meet
this need within the constraints of typically available data and resources.
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