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Taxpayers and operators worldwide have significant current liabilities
associated with decommissioning of offshore Oil & Gas (O&G) assets.
Consequently, decommissioning is at the forefront of industrial,
governmental, and non-governmental agendas. Decommissioning is a highly
complex activity with health, safety, environmental, social, economic, and
technical implications. Increasing scientific evidence supports that manmade
subsea structures create hard, artificial reef habitats that provide ecological and
social benefits to society. Given the significant uncertainty regarding how
subsea structures should be retired at the end of their operational lifetimes, it
is necessary for governments, taxpayers, and operators to understand the risks
and benefits associated with potential decommissioning options. Currently, the
North Sea decommissioning process is based on the policies and direction of
the Oslo and Paris Convention’s (OSPAR) Decision 98/3 and follow
comparative assessment (CA) multiple-criteria decision analysis (MCDA)
guidelines to determine the best overall strategy for decommissioning
subsea structures; however, CA MCDA processes can be biased, ambiguous,
difficult to use, interpret, and replicate, and limited in their consideration of
multigenerational benefits. Consequently, to assist decision-makers in
understanding and evaluating options and associated benefits for
decommissioning subsea structures, this study adapted the net
environmental benefit analysis (NEBA) framework to supplement and
strengthen the CA process for evaluating decommissioning options for
offshore O&G facilities. The net environmental benefit analysis based
comparative assessment (NEBA-CA) framework is presented that addresses
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the growing need for a practical, quantitative, scientifically robust, defendable,
and transparent MCDA approach to determine optimized decommissioning
strategies for subsea assets. Increased transparency in CAs will provide an
additional layer of credibility with regulators and society. The approach is data
driven and a desktop analysis mainly relying on existing data. Using a North Sea
case study, this work demonstrates the ability of NEBA-CA to resolve inherent
complexity in comparing decommissioning options, thereby supporting
operators in working with regulators to decommission assets in a way that
maximizes ecosystem service benefits to society while managing site-related
risks and costs. The NEBA-CA framework supplements and strengthens the
standard CA process by 1) incorporating quantified metrics including
multigenerational ecosystem service benefits and risks, 2) excluding front
ranking (scoring) or weighting of metrics, and 3) providing consistent

graphical displays to support visual differentiation of options and metrics.

KEYWORDS

net environmental benefit analysis, comparative assessment, decommissioning,
offshore platform, North Sea, multiple criteria decision analysis, NEBA, NEBA-CA

1 Introduction

As of the end of 2020, there were at least 6,000 fixed or floating
Oil & Gas (O&G) platforms in operation globally (Gourvenec,
2018). Between 2017 and 2030, a global estimated annual average of
100 offshore O&G assets will require decommissioning. The annual
average is expected to rise to 150 assets between 2031 and 2040
(IEA, 2019b). The majority of these assets will necessitate complete
removal under current global regulations with an associated cost in
the hundreds of billions (USD) to 2040 (Gourvenec et al., 2022).
With nearly 800 platforms operating in the North Sea as of 2016
(Todd et al, 2016), cumulative expenditure estimates for
decommissioning in the United Kingdom (UK) range from £40
billion to more than £66 billion over the next 40 years (O&G UK,
2021). Consequently, decommissioning is at the forefront of
industrial, governmental, and non-governmental agendas,
acknowledging that removal is a highly complex activity with
health, safety, environmental, social, economic, and
technical implications.

Recent peer-reviewed independent scientific and regulatory
processes for decommissioning decision-making for subsea
structures worldwide have not only revealed significant uncertainty
associated with how subsea structures should be decommissioned,
but also overlooked the potential benefits subsea infrastructure may
provide to society, marine stakeholders, and the environment
(Fowler et al., 2018; IOGP, 2022). This paper presents a practical,
quantitative, scientifically robust, defendable, and transparent
multiple-criteria decision analysis (MCDA) framework to support
optimized decommissioning strategies for subsea assets.
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1.1 Decommissioning planning and
comparative assessment

Operator “end-of-life” decommissioning plans identify
specific options for subsea structures within a field. Subsea
structures comprise a myriad of components, such as inter
alia, platform jackets, production flowlines and bundles,
risers and riser turrets, towheads, wellheads and associated
protection units, production manifolds, umbilicals, pipeline
end manifolds, concrete mattresses, mooring anchors,
and chains.

In the context of offshore decommissioning, a comparative
assessment process was first referenced within the Oslo and
Paris Convention's (OSPAR) policies and directions (OSPAR,
1998) with respect to assets designated as candidates for
derogation based on a variety of specific considerations. The
term comparative assessment (CA) is used to describe the
general process used to evaluate decommissioning options and
identify proposed options. Guidelines for implementing CAs
have been published by O&G UK (2015) and the Department
of Energy and Climate Change (DECC) [Offshore Petroleum
Regulator for Environment & Decommissioning (OPRED),
2018], both of which satisfy OSPAR’s regulatory
requirements for CA, including cases of derogation. No
detailed procedures for the CA process are prescribed in
OSPAR Decision 98/3, O&G UK guidance, or DECC
guidance (OSPAR, 1998; O&G UK, 2015; OPRED, 2018). To
determine proposed decommissioning options for subsea
structures, CAs typically consider the following five factors:
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health and safety, environmental, social, technical feasibility,
and economic impacts associated with the implementation of
various decommissioning options (O&G UK 2015; DMIRS,
2017; OPRED, 2018; IOGP, 2022).

1.2 Comparative assessment
and evaluation

In general, decommissioning processes and CA protocols
include both qualitative and quantitative analyses with front
grouping, ranking (or scoring), and/or weighting schemes for
parameter evaluation. For example, O&G UK proposed three
evaluation methods where qualitative and/or quantitative data
for each option are grouped into simple classes by color and/or
numerical scores (O&G UK 2015). Depending on which of the
three evaluation methods is used, the evaluation may include
weighting of the scored data (O&G UK 2015). In the subsequent
OPRED guidelines, the effects of decommissioning options on
the five main factors were ranked on a scale of low to medium to
high and assigned a correlating color of green, amber and red,
respectively (OPRED, 2018).

However, the current CA techniques have several disadvantages:

1. Guidance is vague: Although the CA process is referenced
within decommissioning guidelines from multiple
geographical locales (O&G UK 2015; Petroleum Safety
Authority, 2020; APPEA, 2016; NOPSEMA, 2018;
OPRED, 2018; ANP, 2020; Government of New
Zealand, 2021; UNEP/MED, 2022; Petroleum Institute
of Thailand, 2008), guidance available is arcane, obscure,
and non-standardized, leading to ambiguity associated
with varying methods, analysis techniques,
presentations, interpretations, conclusions, and data
transparency, even between similar projects spanning
across geographical and regulatory boundaries (O&G
UK 2015; DMIRS, 2017; OPRED, 2018);

2. Insufficient rigor: Empirical data are often analyzed and
presented in a qualitative, unrepeatable, and non-
scientifically robust manner, challenging independent
scientific peer-review, thereby diminishing their value to
stakeholders;

3. Reduced transparency: Given the multiple layering of
metrics and risk evaluations that define an option within
CA approaches, results can increase the overall
subjectivity of metric comparisons between options,
which can lead to reduced transparency and ambiguity
in how results were derived;

4. Qualitative data lumping where differences obscured:
Multiple options may be identified as having the same
color and/or ranking, which indicates that there are no
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disparities between these options, even though the
metric values may be different;

5. Potential to introduce stakeholder bias: CA approaches
have potential to, inter alia, bias stakeholders
participating in the weighting and ranking exercise
and can also obscure quantitative differences when
data are grouped into rankings (i.e., become
increasingly subjective with each layer of weights and
ranks);

6. Ecological and social benefits understated: CA approaches
often tend to focus on option risks over benefits; that is,
within the standard CA evaluation process, the
incorporation of multigenerational benefits, also
known as intergenerational benefits (Nicolette et al.,
2013a), appears limited; and,

7. Ineffective presentation of results: CA results have been
presented in a variety of non-standardized and
inconsistent graphical displays that can be confusing
to regulators.

Fortunately, operators are obliged to release CAs into the
public domain (such as British Petroleum, 2011; CNR
International, 2012; Shell International Petroleum, 2017; Spirit
Energy, 2018; INEOS, 2021; Ithaca Energy Group, 2021; and
Xodus Group, 2021). This enables stakeholders to familiarize
themselves with the CA process. Nonetheless, disadvantages of
the CA process have the potential to generate significant
uncertainty and incorrect inferences by stakeholders. This
could lead to the identification of inaccurate quantitative
metric data differences or scoring between options, rendering
the time-consuming and costly CA exercises of little value
to society.

As part of the decommissioning planning process, a CA
approach that limits subjectivity, increases transparency,
incorporates multigenerational benefits and risks, focuses on
quantitative analysis, and provides a consistent and systematic
approach to option evaluation, with readily comparable data
displays, is needed. This study presents a framework for
supplementing and strengthening the standard CA process
including incorporation of a risk management approach to
support decision-making. Additionally, a North Sea case study
is used to demonstrate the application and results of the net
environmental benefit analysis based comparative assessment
(NEBA-CA) framework applied to an offshore jacket, including
resulting graphics and risk management approach.

1.3 NEBA background

Net environmental benefit analysis (NEBA) is a risk-benefit
approach for comparing the net environmental benefits and
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risks between competing management actions. Management
actions include a wide variety of actions that affect the
environment, such as restoration, remediation, conservation,
and development. The first formalized NEBA framework
(Efroymson et al., 2003; Efroymson et al., 2004) is recognized,
inter alia, by the United States Environmental Protection
Agency (USEPA), the USEPA Science Advisory Board
(USEPA SAB, 2009), and the National Oceanic and
Atmospheric Administration (NOAA, 2011) for its value in
providing a defendable basis for environmental decision-
making. Net environmental benefits are gains in the value of
environmental services or other ecological properties attained by
an action(s) minus the value of the adverse environmental effects
caused by the action(s) (Efroymson et al., 2004). Thus, NEBA
considers the overall impact, positive or negative, of proposed or
implemented actions(s) and manages site risks.

Efroymson et al. (2004) noted that NEBA is an extension or
elaboration of ecological risk assessment (USEPA, 1997). They
identified that the key difference between the two processes was
the consideration of environmental benefits in NEBA, which
were not incorporated in traditional risk assessments. Gradually,
NEBA evolved to include, inter alia, ecological services and the
social and economic benefits derived from the presence of
ecological services (Nicolette et al., 2013a), jointly known as
ecosystem services (Millennium Ecosystem Assessment, 2005).

Efroymson et al. (2004) summarized the major advantages of
NEBA in supporting management decisions.

“The NEBA framework should be useful when the balance of
risks and benefits from an action at a site is ambiguous. That
ambiguity arises when the site retains significant ecological
value; when the actions are themselves environmentally
damaging; when the ecological risks from the in-situ condition
are relatively small, uncertain, or limited to a component of
the ecosystem.”

In the context of offshore decommissioning, the NEBA
framework directly addresses the ambiguity that can arise
when making decisions regarding the selection of appropriate
decommissioning options. Ambiguity associated with
decommissioning option decision-making arises because
recent evidence suggests that subsea structure has a beneficial
consequence: the creation of hard-structure habitat areas that
support benthos, fish, and marine mammals that in turn,
provide a variety of ecological and social benefits to society
(Fowler and Booth, 2012; Claisse et al., 2014; Todd et al., 2021;
McLean et al., 2022; Todd et al., 2022a). These habitats
contribute to human well-being by providing passive use
values such as existence, bequest, and aesthetic values, as well
as active use values such as recreational fishing, commercial
fishing, diving, photography, and scientific research. The
provision of specific ecosystem services is site dependent. It
stands to reason that these benefits will be provided by the
infrastructure for as long as it is in place (ie., centuries),
establishing multigenerational value (Kenter et al., 2013).
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To assist decision makers in understanding and evaluating
options and associated benefits for decommissioning subsea
structures, we adapted the NEBA framework (Efroymson
et al,, 2004) to supplement and strengthen the CA process for
evaluating decommissioning options for offshore O&G assets.
The framework is based on international experience with NEBA-
based comparative assessment studies integrating ecosystem
service values, site data, and readily available scientific
information at sites in Australia, California, Caribbean, Gulf of
Mexico, Gulf of Thailand, and the North Sea. The developed
framework is holistic in that it considers environmental, social,
health and safety, technical feasibility, and economic factors,
including the multigenerational benefits and risks associated
with option implementation.

2 The NEBA-based comparative
assessment framework

The NEBA-based CA (NEBA-CA) framework presented
herein is a MCDA approach with which the potential range of
offshore decommissioning options for a given field can be
compared (IOGP, 2022). The NEBA-CA is focused on option
selection through an analysis of the trade-offs between benefits
and risks and involves comparison of several management
options that may include: (1) leaving the structure in place, (2)
physically removing the structure, (3) partially removing the
structure, (4) improving ecological value through onsite and
offsite restoration options (e.g., rigs-to-reefs, creation of
designated reefing areas, and in-situ management); or (5) a
combination of these options.

The NEBA-CA framework supplements and strengthens the
standard CA process by 1) incorporating quantified metrics
including multigenerational ecosystem service benefits and
risks, 2) excluding front ranking (scoring) or weighting of
metrics, and 3) providing consistent graphical displays to
support visual differentiation of options and metrics.

Incorporating quantified multigenerational ecosystem service
benefits and risks - Incorporating formally quantified benefit and
risk metrics, including the time frame over which these benefits
and risks would be impacted (i.e., multigenerational or the
duration of the decommissioning campaign, depending upon
the metric being evaluated), provides decision-makers with an
opportunity to make informed choices about the net benefits of
decommissioning options that affect the environment. Informed
decisions are systematic, transparent, understandable to
stakeholders, non-arbitrary, scientifically-based and
defendable, quantitative in nature (where possible), based on
internationally recognized concepts and approaches, and
considerate of stakeholder concerns.

Additionally, multigenerational value is important because
future generations are unable to participate in decisions that will
affect them and thus, they cannot defend their interests in the
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current decision-making process, even though present decisions
can have irreversible impacts on their welfare. Correction for
multigenerational valuation issues to capture potential
irreversible wealth/benefit transfers between generations can be
accomplished using a discount rate that gives more weight to
future generations’” preferences (Lowe, 2008). The discount rate
reflects the time preference that society has to receive benefits
sooner rather than later (Lowe, 2008).

Excluding front ranking or weighting of metrics - NEBA-CA
quantified values for options analyzed are graphically displayed
in relation to one another, providing a level of objectivity and
transparency to stakeholders for the initial evaluation of the
data. Weighting of select quantified metrics, where it is
determined necessary, can be integrated into NEBA-CA once
the original data graphics are produced. Weighting various
metrics at this latter stage, once the quantified data are final
and evaluated by key stakeholders, ensures increased
transparency. It is important that all stakeholders are
represented should latter weighting or ranking be conducted.

Objective graphical displays - NEBA-CA provides objective
graphics that allow for benefits, losses, and risks for all metrics to
be displayed in a manner that can be readily ascertained by the
viewer, thereby increasing their confidence in the outcome.

The NEBA-CA framework for offshore decommissioning
consists of the following components (Figure 1):

o Analysis Planning
 Options Analysis and Graphics
o Risk Management Decision-Making

It should be noted that long-term monitoring, in some form,
may be required by the local regulatory authority should any
assets remain in place. While potential monitoring is not
addressed in this framework, monitoring typically does not
alter the optimum benefit versus detriment outcome. Each of
the above-mentioned components are described in the
following sections.

2.1 Analysis planning

Analysis planning in NEBA-CA is comparable to the
planning and problem formulation aspects of risk assessment
(USEPA, 1997) and NEBA (Efroymson et al., 2004). Analysis
planning outlines the scope of the work to be conducted to
compare alternative decommissioning actions. Analysis
planning provides for the upfront development of the
assessment to identify those environmental services,
properties, or potential risks of concern, as well as the
methods and metrics by which those services, properties, or
risks will be measured. Analysis planning for NEBA-CA for
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offshore decommissioning includes the following
considerations (Figure 1):

o Identification of Management and Assessment Goal(s);

« Regulatory Guidance and Consistency with the
Precautionary Principle;

« Incorporation of the Spatial and Temporal Scope of the
Assessment;

« Subsea Structure Component Identification;

o Decommissioning Option Identification, Feasibility, and
Assumptions;

o Decommissioning Option Campaign Characteristics;

o Characterization of Site-Specific Ecosystem Services and
the Reference State;

o Characterization and Quantification of Ecosystem
Services Potentially Affected by Option Implementation;

o Characterization and Quantification of In-Situ Risks
Associated with Leaving Hard Structure in Place;

« Health and Safety Option Implementation Risks; and

» Comparative Metrics and Data Requirements

2.1.1 Management and assessment goal(s)

The overarching management goal of a NEBA-CA is to
provide a scientifically defendable, transparent, non-arbitrary,
and systematic approach for evaluating decommissioning
options in support of decision-making that maximizes short-
term and multigenerational ecosystem service benefits to society
while managing site and implementation risks. NEBA-CA
supports the understanding of the net ecosystem service
benefits and risks (ecological, human use, and economic)
between competing decommissioning alternatives to support
an overall risk-benefit analysis so that operators, regulators,
and other stakeholders can make informed decisions regarding
a preferred decommissioning program.

2.1.2 Reqgulatory guidance and consistency
with the precautionary principle

As part of the planning process and in pursuit of
management goal(s) identified, NEBA-CA considers
decommissioning options in terms of health and safety,
environmental, societal, technical, and economic
considerations, as generally required by current CA guidance
(OSPAR, 1998; O&G UK 2015; OPRED, 2018). Additionally,
NEBA-CA’s inclusion of multigenerational ecosystem services
addresses the essence of sustainable development by
quantitatively assessing the impact of actions taken today on
future generations and their ability to meet their needs
(Brundtland, 1987).
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2.1.2.1 Consistency with the precautionary principle
The precautionary principle of risk management implies that
if an action or policy has a suspected risk of causing harm to the
public or environment, in the absence of scientific consensus
(that the action or policy is not harmful), the burden of proof
that it is not harmful falls on those taking that action. The
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precautionary principle encourages policies that protect human
health and the environment in the face of uncertain risks and is
meant to ensure that the societal good is represented. Adherence
to the precautionary principle is a key component of
decommissioning under the OSPAR (Raffensperger and
Tickner, 1999). Additionally, the 1992 treaty that created the
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European Union (EU) made the precautionary principle the
foundation of EU environmental policy (Article 130R)
(European Commission, 1992).

Because ongoing research has identified a variety of
ecosystem service benefits provided by subsea infrastructure,
options to decommission and remove subsea structures should
be evaluated, on a case by case basis, because these actions have
the potential to create a plausible risk to these ecosystem service
benefits. These risks include potential significant (and possibly
irreversible) adverse effects on fish stock protection and
abundance, which further relate to potential adverse effects to
commercial fishing, marine mammals and prey abundance, and
protection of species of special concern (e.g., endangered
species), all of which can adversely affect future generations.
The NEBA-CA satisfies the precautionary principle in that it
supports a transparent, quantitative, and scientifically
defendable approach for environmental decision-making and
ensures that the societal good is represented in decisions made
under scientific uncertainty where ambiguity exists.

The applicability and consistency of the NEBA-CA
framework with select International, European, and UK
decommissioning guidance and legislation are presented in
Supplementary Table 1. A NEBA-CA should be conducted
irrespective of constraints associated with aged regulations
(e.g., OSPAR 98/3), especially where these regulations did not
have the benefit of our current knowledge regarding the
potential multigenerational ecological, social, and economic
benefits of subsea structures.

2.1.3 Incorporation of the spatial and temporal
scope of the assessment
2.1.3.1 Spatial

It is important to determine the spatial and temporal scales
over which the analysis will be conducted before one can begin
to understand the environmental benefits or impacts. The spatial
scale of a NEBA-CA is dependent on the assets to be evaluated
and their locations within the field. A NEBA-CA can be
conducted for a specific component (e.g., a jacket) or
developed to address all assets and types of subsea structures
within a field. Spatially, the analysis focuses on the assets
themselves and the areas over which they influence the local
ecology. The analysis also considers areas outside the influence
of the structures for comparison purposes. As an example,
Claisse et al. (2014) estimated that secondary fish production
near O&G platforms off the California coast was 18 to 150 times
greater than that of nearby soft-bottom habitats.

2.1.3.2 Temporal

Removal of subsea structure can immediately remove habitat
and its associated ecosystem, which would have been predicted
to provide ecological and socioeconomic value for multiple
generations (i.e., centuries) into the future. Thus, the analysis
of options must consider the predicted multigenerational
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timeframe over which ecological and socioeconomic benefits
and risks would be influenced by the implementation of the
options. Understanding component degradation rates supports
an understanding of predicted multigenerational timeframes
associated with structure left in-situ.

2.1.3.3 Degradation rates

Degradation rates can be used to estimate the period over
which benefits (i.e., presence of hard structure and associated
ecological value) and risks (navigation, trawling, potential
contaminant releases, etc.) would be projected to occur. For
example, carbon steel is commonly used in the construction of
fixed production jackets in the North Sea. Although jackets are
built to last, the structure will eventually oxidise and corrode in
the seawater (O&G UK, 2013). Corrosion rates and cathodic
protection information can be used to approximate the longevity
of a structure in place (O&G UK, 2013).The corrosion rate
depends on a variety of factors such as: protective structures,
depth, temperature, salinity, pH, flow, pressure, and fouling
(O&G UK, 2013). O&G UK (2013) presented a general rate of
corrosion for carbon steel in the North Sea on the exterior (5-
10mm/century) and interior (1-2mm/century), not accounting
for cathodic protection.

As there is some uncertainty as to predicting future conditions
over multiple generations, conservative and internally consistent
assumptions can be made within NEBA-CA for the purposes of
differentiating between options (Section 4).

2.1.4 subsea structure component
identification

As presented earlier, subsea structures are comprised of
many types of components of varying sizes and materials. In
developing the subsea structure list, physical parameters by
component should be developed to consider the composition
(steel, plastics, coatings, etc.), structural dimensions (hard
structural surface area (m?) and volume/complexity), water
depth, and structure weight (t). These data will support the
estimation of available habitat structure, environmental health
and safety risks, and greenhouse gas emissions required for
component lifts and/or transport associated with each option.

Plastics, coatings, and potential contaminants (e.g, mercury,
naturally occurring radioactive material (NORM), and residual
hydrocarbons) present on/in each component should also be
identified along with the volume, type/composition, thickness,
and/or extent on/in the structure. These data support the
ecological and human health risk evaluation associated with
component degradation and potential contaminant releases into

the environment.

2.1.4.1 Halo effect area
Along with the understanding of the physical characteristics
of the subsea structures, the analysis should also consider the
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physical condition of the sea bottom under and near the
structure. O&G offshore facilities are known to enhance
surrounding benthic communities by altering flow patterns
and subsequent deposition of organic matter (Wolfson et al,
1979; Todd et al., 2018; Todd et al., 2021). The increased input of
organic matter to the benthic community, creates a “halo” effect
(also known of as a “shadow” or “umbrella” area) surrounding
the structures, resulting in an affected area that can be 15 times
larger than the structure by itself (Reeds et al., 2018). “Halo”
areas in shallower water environments can be found at large
distances from the subsea structures and while these distances
are not known for deep water environments, an area of altered
habitat that is two—to-four times the area of the structure is not
unlikely. Thus, removal of subsea structures and their “reef”
inhabitants will not only directly impact the reef communities
but will also influence the altered benthic communities adjacent
to the artificial reef that has been created by the subsea structure.
Thus, aside from the subsea structures to be considered, the
effect of decommissioning options on the “halo” effect area
should also be incorporated into the NEBA-CA.

2.1.5 Decommissioning option identification,
feasibility, and assumptions
2.1.5.1 Option identification

Decommissioning options to be evaluated for each structure
group should be identified. Both in-situ and implementation
risks and benefits for each option will be compared. Various
decommissioning options can be developed for each structure
within a given field. Similar structures (i.e., structural groups) are
likely to have similar options. The identified options should
range from a no-action option to a full-removal option and
include potential intermediate options.

Full removal involves complete removal of the component.
For jackets, full removal likely requires cutting footings below
the mudline. It should be noted that to cut the footings below the
mudline, it may be necessary to remove surrounding sediments/
drill cuttings piles to a depth of several meters, so that the cutting
tool can maneuver to make the cut; therefore, it is necessary to
understand the ramifications of full removal in terms of
sediment disturbance in relation to the cuttings pile(s) and the
potential to release contaminants, if any, that may be present in
the cuttings pile sediments into the environment. Additionally,
cuttings piles may extend vertically upward and cover cross
braces within a jacket. Removal of the lower portions of a jacket
may also have the potential to disturb cuttings piles and release
potential contaminants into the environment, if any are present
in the cuttings pile. In some cases, the shell hash layer that covers
cuttings piles has been shown to entomb potential contaminants
(Gala et al., 2008).

Additionally, various intermediate options may be
developed within the bounds of the no-action and full removal
options. These include the partial removal of the structure where
the removed portion is transported to the shore for recycling,
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reefed in-place, or transported to a designated reefing location.
For example, partial removal options for a jacket could include
toppling the jacket (with or without conductors and/or the
topside) or cutting sections of the jacket at various depths, and
either placing cut portions near the base of the jacket or
removing cut portions to a recycling facility.

2.1.5.2 Exclusion zones

Option selection and evaluation should consider the
potential to remove or maintain the existing exclusion zone
(Nelson et al., 2022). No-action options can include both a
“Leave-In-Place” option (LIP), referring to leaving the structure
in-place, in whole or in part, without an exclusion zone, or a
“Protect-in-Place” option (PIP) that refers to leaving the
structure in-place, in whole or in part, while retaining the
exclusion zone. Exclusion zones protect the habitat, along with
the associated ecosystem benefits, that have developed around
the subsea structure, or portions thereof, by limiting the
intrusion of trawling gear into the developed ecosystem. The
adverse physical impacts of trawl fishing on the sea bottom, as
well as the impacts of incidental bycatch, have been well
documented (Daan et al., 2005; Mannocci et al., 2012; Eigaard
et al, 2017). Bycatch, in the fishing industry, is a fish or other
marine species that is caught unintentionally while catching
certain target species and target sizes of fish, crabs etc.

Exclusion zones also assist in managing navigation and trawling
risks by limiting the vessel traffic within the exclusion zone. The
exclusion of commercial fishing within the 500 m exclusion zone
around each installation in the North Sea is regarded as “further
enhancing the properties of these reefs as refuges for marine life”
(Todd et al., 2009). Owing to these fishing restrictions, offshore oil
platforms have served as de facto marine protected areas (MPAs)
for years (Fujii and Jamieson, 2016), allowing for high colonization
rates of fish and benthic invertebrates on large steel structures
throughout the water column (Bell & Smith, 1999; Roberts, 2002;
Soldal et al, 2002). These benefits may increase the carrying
capacity of fish in the North Sea, similar to that observed in the
Gulf of Mexico (Scarborough-Bull et al., 2008). Thus, the removal of
offshore structures and associated exclusion zones should be
considered and incorporated into any fisheries management plan
because the removal of these structures has the potential to cause
ecological and economic impacts (Scarborough-Bull et al., 2008).

2.1.5.3 Technical feasibility and option assumptions
When selecting potential decommissioning options, it is
important to understand the technical feasibility of the
proposed options and document why certain options, including
their assumptions, are selected or rejected for evaluation. While
considering and evaluating decommissioning options, adaptive
management of the options can be used to adjust existing options
or introduce new decommissioning options into the analysis for

consideration on an iterative basis.
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2.1.6 Decommissioning option
campaign characteristics

For each identified decommissioning option, it is necessary to
define the characteristics of the decommissioning campaign
necessary to implement each option. This information includes
the type of vessels to be used, fuel types burned, personnel tasks and
associated manhours expected for each task (onshore and offshore),
weight of the structure to be transported, distances to be travelled,
and outgoing and receiving port locations. This information will be
used to support the development of multiple metric values,
including health and safety risks (onshore and offshore),
greenhouse gas emissions, and the estimated costs of option
implementation. Implementation campaign characteristics should
consider the synergies between tasks for all subsea structures in the
field. Campaign characteristics, and associated costs for option
implementation, are typically developed by the operator.

2.1.7 Characterization of site-specific
ecosystem services and the reference state

To understand the potential positive or negative effects
associated with the implementation of various decommissioning
options, it is imperative to identify the key ecosystem services
associated with the structure in its “current condition”. Analysis
planning should clearly identify the condition that will serve as the
“reference” state from which changes in metric values will be
measured. Since decommissioning actions (e.g., removal, partial
removal) proposed as part of the decommissioning program may
affect the current “in-situ” condition of ecosystem services, the
“reference state” should represent the “current condition,” and
metrics adjusted appropriately in relation to this condition. Thus,
an understanding of the reference state requires an understanding
of the marine ecosystem that has developed in relation to the
presence of subsea structure(s) under current conditions and its
level of maturity. These ecosystem services include both ecological
and socioeconomic services. Ecological services include, inter alia,
benthic invertebrate and fish production and nursery areas;
provisioning of food resources for benthos, fish, and marine
mammals; and refuge areas for fish. Socio-economic services
include, inter alia, multigenerational production and harvest of
commercial and recreational fish stocks, long-term fish stock
protection, and provision of existence and bequest value of
species of special significance. Socioeconomic services exist
because the habitat exists. Thus, actions that affect habitats have
the potential to affect the flow of socioeconomic values.

2.1.8 Characterization and quantification of
ecosystem services potentially affected by
option implementation

Once site-specific ecosystem services have been identified,
the next step is to determine which of these services may benefit
or be adversely impacted through the implementation of each
decommissioning option. In the context of a NEBA-CA,
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ecosystem service impacts associated with option
implementation refer to the impacts that are predicted to arise
from the implementation of the options being analyzed and
include the following:

« Ecological impacts associated with physical changes of
habitat (e.g., removal, partial removal);

o Ecological risks associated with chemical/polymer short
and long-term exposure (e.g., NORM, mercury, PAHs,
plastics);

o Risks to socioeconomic active and passive use values
associated with the above-mentioned ecological risks;
and

o Greenhouse gas emissions associated with option
implementation.

The physical removal of hard-structure habitat can create
ecological impacts such as the reduction of benthic biomass and
associated fish production and densities, resulting in subsequent
risks to marine biota that may use these sites as feeding stations
(Scarborough-Bull et al., 2008; Arnould et al., 2015; Todd et al,,
2018; Todd et al.,, 2022a; Todd et al., 2022b). Changes in hard
structure surface area, a key habitat metric, are estimated within
NEBA-CA. Hard structure surface area can serve as a surrogate
metric to understand potential changes in ecological metrics
such as fish biomass, benthic biomass, etc.

In case any component or decommissioning option results
in the release of a contaminant into the environment, an
ecological risk assessment, in some form, should be considered
to understand the extent of potential risk to ecological
populations (USEPA, 2004; Barnthouse, 2008). For example,
the effect of degradation of plastics associated with components
to be left in situ should be considered (Testoff et al., 2022) and
similarly, screening level ecological risk assessment of multiple
chemical constituents can also be considered (USEPA, 1997;
USEPA, 2004).

Both physical and chemical risks to marine ecology may
occur following the implementation of decommissioning
options and have the potential to result in related adverse risks
to socioeconomic values to society (Scarborough-Bull et al.,
2008). Socioeconomic risks include loss of commercial and
recreational fishing value associated with less fish, decreased
stock protection, and loss of species of special significance where
society holds existence and bequest value for these species. For
example, Desmophyllum pertusum, a slow-growing cold-water
coral of conservation importance, was found on multiple jackets
in the North Sea (Gass and Roberts, 2006). Removal of these
jackets may thus, affect the long-term protection of this species
through the reduction of physical habitat, a metric quantified
within the NEBA-CA.

Natural reef habitats are declining worldwide (Pandolfi et al,,
2003). In areas where many offshore platforms exist (e.g., North

frontiersin.org


https://doi.org/10.3389/fmars.2022.1020334
https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org

Nicolette et al.

Sea, Gulf of Mexico, Australia, and California), mass removal
may have the potential to adversely affect ecological and
socioeconomic values on a larger scale through loss of physical
habitat and connectivity benefits (McLean et al., 2022). Evidence
shows that the artificial habitat supplied by platforms in the Gulf
of Mexico has increased the regional carrying capacity for
economically important reef fish species (Scarborough-Bull et
al., 2008).

An improved understanding of potential impacts and risks
allows us to evaluate the consequences of the removal of hard
structures and to meet the social responsibility associated with
the precautionary principle.

2.1.9 Quantifying ecosystem service values

To evaluate how implementation of an action affects
ecological and socioeconomic conditions, quantification of
changes, negative or positive, in ecosystem services is
necessary. It is also important to recognize that ecosystem
services are not static measurements but represent a flow of
benefits over time (i.e., multigenerational services). Quantified
estimates of ecosystem services sufficient for environmental
decision-making can be obtained through the use of the
natural resource service valuation approaches developed and
refined under the United States natural resource damage
assessment (NRDA) process (Unsworth and Bishop, 1994;
NOAA, 1999; Nicolette et al., 2013b). Within NRDA, these
approaches are used to balance compensatory restoration with
adverse impacts to maintain the flow of ecological and
socioeconomic services provided to society (Nicolette et al,
2013b). These approaches include service-to-service
approaches such as habitat equivalency analysis (HEA) and
resource equivalency analysis (REA) (NOAA, 1999; Chapman
and LeJeune, 2007). In a NEBA-CA decommissioning context,
these approaches can be used to evaluate changes in ecological
and socioeconomic service values, over time, associated with
option implementation. It is within this context that the use of
these economic-based methods is considered and takes
advantage of the experience gained within the NRDA process
over the past 30 years.

2.1.9.1 Ecological service quantification

Many ecological habitat services are not traded in the
marketplace and therefore do not have a direct monetary value. A
method for evaluating ecological habitat service flows is provided in
King and Adler, 1991. This concept led to the development of the
HEA approach (NOAA, 1999). HEA is an environmental
economics-based approach used for determining appropriately
scaled compensatory restoration. HEA uses environmental metric
(s) to measure changes to ecological habitat services and focuses on
quantifying the area (e.g., hectares, acres) and level of impact over
time in units typically represented as service-hectare-years (SHYs),
service-acre-years (SAYs), and service-tonne-years (STYs) (Nicolette
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et al, 2013a); however, other metrics can be used and developed
appropriate to the site and the key services being evaluated. Within
this method, changes in one or more metrics (e.g, fish biomass,
species diversity) may be selected as a surrogate or proxy to represent
the loss or gain of ecological services associated with changes to a
habitat (Chapman et al., 1998; Chapman and LeJeune, 2007;
Nicolette et al, 2013a). The calculation of ecological services
involves a discount rate that allows for the gains and losses of
ecological services to be evaluated from a net present value (NPV)
standpoint; however, using a non-monetary environmental metric
(e.g, NPV fish biomass SHYs or NPV benthic invertebrate STYs).
The discount rate is the rate at which the public is indifferent to
consuming goods now or sometime in the future (Moore
et al, 2013).

An overview of the information, technical approach, and
input parameters required to conduct habitat equivalency
analysis is detailed in published articles and government
sponsored reports (Chapman et al., 1998; NOAA, 1999;
Dunford et al, 2003; Chapman and LeJeune, 2007; Bateman
et al., 2011; Nicolette et al., 2013a). The use of HEA has been
upheld in the US Federal Court (United States, 1997; United
States, 2001). Additionally, the European Environmental
Liabilities Directive (ELD) gives preference to resource
equivalency approaches over monetary valuation when
determining compensatory restoration (Nicolette et al., 2013b).

2.1.9.2 Human use service quantification

Ecosystems generate several different types of benefits for
humans including those that are enjoyed directly through
consumption (boating, fishing, diving, etc.), indirectly through
their support and production of directly enjoyed goods and
services (clean water, food production, etc.) and through non-
consumptive means such as bequest and existence values
(Nicolette et al., 2013a). Human use service values are typically
quantified in monetary metrics, however, for use data, metrics
might include user-days or visitor-days as non-monetary
metrics. Multiple economics methods are available to quantify
changes in human use services. These include hedonic pricing,
stated preference methods, and the travel cost models (Freeman,
2003). Each method measures a different type of public value.

Conducting primary economic studies may not be feasible given
the cost and time required to collect and analyze the data; therefore,
many analysts estimate publicly valued ecosystem services using
benefit transfer methods. Benefit transfer refers to methodologies
that use knowledge gained from past studies regarding the value of
similar services at comparable locations and employs this knowledge
at a new location (Rosenberger and Loomis, 2001; Nicolette et al,,
2013a). Transferred values are adjusted for population, income, and
other factors to obtain an estimate of the value at the project site.

Service to service human use valuation approaches are also
preferred approaches for compensatory restoration within
the ELD.
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2.1.10 Characterization and quantification of
In-Situ risks associated with leaving hard
structure in place

In addition to evaluating the effects on ecological and
socioeconomic services, it is important to consider the in-situ
management risks associated with structures that are managed
in place. A variety of in-situ risks may be associated with the
various options and should be identified with the intent of
quantifying these risks and how they would be predicted to
change through implementation of the various options. For
example, if an option identifies that a certain subsea
component, or portion thereof, is to be left in place, it is
important to consider the potential and magnitude of the in-
situ risks associated with that action over the period in which
that component is predicted to last in the environment. The
types of in-situ risks that are likely to be encountered with subsea
structures that are left in place can vary based on the type of
structure (e.g., fixed structure, buoyant structure) and include
chemical risks (e.g., component specific, drill cuttings piles),
navigational hazard risks, and trawl fishing hazard risks (ie.,
snagging), among others. These risks vary according to the site-
specific location, depth, and type of structure being evaluated.
Assumptions regarding risks should be consistent among
options for a given component. Although the predicted risk
will only be as precise as the available data allows, internal
consistency in the assumptions across options, where
appropriate, for the same subsea component provides a
mechanism to support option differentiation, i.e., a key
outcome of the NEBA-CA process.

It should also be noted that option development can be used
to manage in-situ management risks. For example, navigation
and trawl snagging risks can be managed by maintaining the
existing exclusion zone around a structure as well as by reducing
ecological impacts by limiting impacts to benthic habitat within
the exclusion zone (Nelson et al., 2022).

2.1.11 Health and safety, implementation risks

Decommissioning options entail various equipment, tasks
and associated manhours that are predicted to occur. As these
activities increase in difficulty and/or the man hours needed for
option execution increase, human health and safety risks may
increase as well. These risks include both physical injury and
potential loss of life (PLL) during both onshore and
offshore activities.

2.1.12 Comparative metrics and data
requirements

Given the options identified, the next step is to determine
what metrics would be evaluated for understanding the benefits
and risks associated with implementation of each option. Metric
selection should focus on how each decommissioning option
may affect specific parameters related to environmental, health
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and safety, short and long-term risks, economic, and technical
feasibility. Assessment metrics should be evaluated for each
option and include a combination of ecosystem service
(benefit) and risk metrics.

Net environmental benefits and risks are assessed using the
“reference” state of the environmental condition, against which
the potential change in environmental values and risks
associated with each of the decommissioning options will be
compared. NEBA-CA incorporates a variety of quantitative and
semi-quantitative assumptions. These assumptions should be
identified, along with their basis, during analysis and within
reporting. Given the uncertainty in some assumptions, the
assessment should attempt to be conservative in any estimates
to not overestimate benefits or underestimate adverse impacts
and risks.

Since it would be difficult to measure every ecosystem service
associated with a site, metrics that serve as a surrogate for
potentially affected ecosystem services should be identified
(Section 2.1.8). Additionally, human health and safety risk
metrics associated with navigation, trawling, and option
implementation are important as they relate to long and short-
term conditions that should be considered along with ecosystem
service values. Example ecosystem service and risk metrics that
the authors have used for various offshore decommissioning
applications of NEBA-CA are presented in Table 1.

Risk analysis and modeling may be required to further
understand how chemicals or actions influence ecosystem
services. For example, combining water column dispersion
modeling and associated chemical toxicity reference values
may help understand the relationship between chemicals
released into the environment and potential risks to ecological
or human receptors. When conducting a NEBA-CA analysis,
sufficient information should be collected and evaluated for each
metric so that a relative differentiation of the trade-offs between
options can be compared. Within NEBA-CA, quantified metric
estimates are approximate values and are not intended to be
exact, but sufficient enough for identifying impacts and
differences between options to a reasonable degree of certainty.

2.2 Data requirements

Since offshore O&G sites are generally different in
composition, design, water depth, and location, NEBA-CA is a
site-by-site analysis. Analysis planning should identify data
requirements and data gaps for the proposed analysis. NEBA-
CA is primarily a desktop analysis and relies on existing data,
although supplemental data can be collected to address
significant data gaps where deemed necessary. Data are needed
to establish the ecological and chemical condition around and
away from the structure. Field layout and engineering diagrams
are needed to establish structural surface areas and physical
characteristics of the site, and data associated with option
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TABLE 1 Example Metrics Used for Offshore Decommissioning Applications of NEBA-CA.

Ecosystem Service Beneficial Metrics

Detrimental Risk Metrics

Total Hard Steel Surface Area in Water (ha)
Surface Area - Shell Hash Habitat (ha)
Surface Area - Halo Area (ha)

Habitat Volume in Water (m®)

Hard Plastics Surface Area (ha)

Benthic Coverage (ha)

NPV Benthic Biomass (t)

NPV Fisheries Biomass (t)

NPV Net Ecosystem Service Value (SHYs)
NPV Commercial Fisheries Value (£)

NPV Fish Processing Sector (£)

Navigation Risks

Bouyancy Risks

Trawling Snagging Risks

Trawling PLL (Potential Loss of Life) Risks
Residual Chemical Risks (PAHs, NORM, Hg, etc.)
Plastics Ecological Degradation Risk

Onshore and Offshore Implementation PLL Risks
Onshore and Offshore Implementation Injury Risks
Onshore and Offshore Man-Hours

Greenhouse Gas Emissions (CO,, CHy, N,O, SO,)

Energy Usage (GJ)

NPV Recreational Fisheries Value (£)

Fuel Usage (liters)

NPV Other Active Use Values (£)

NPV Passive Use Values (£)

Implementation Costs (£)

! Net Ecosystem Service Value combines available hard structure surface area (hard structure, shell hash habitat, and halo areas) and overall ecological impact projected with trawling to

represent the overall ecological condition of the specific component area.

2 Option implementation costs are evaluated; however, cost is considered as a secondary evaluation metric within a NEBA-CA, since the focus is on maximizing benefits to the public while

managing site risks. The cost metric is relevant in decision-making in cases where the benefit and risk metrics themselves do not sufficiently distinguish an optimized option, in which case,

cost can be used to further support a decision.

3 Passive use values can include other metrics such as existence, bequest, and aesthetic values.

campaigns are needed to evaluate onshore and offshore
implementation risks, option costs, and greenhouse gas
emissions. Options should describe the changes in surface area
and other physical actions that will alter the existing habitat. Our
experience has shown that operators have developed most of the
data needed as part of their development, monitoring, and
regulatory submissions which includes:

« Historical marine environmental and subsea surveys;

« Environmental appraisals;

o Jacket and subsea structure removal studies/estimates;

o Previously conducted CA’s, if any;

o Prior environmental monitoring reports — sediment and
water quality, biota surveys, and human use activities;

» Remotely operated vehicle (ROV) survey reports and
video;

o Detailed field layout diagrams and tables listing dimensions
and material composition of each component; and

« Regulatory submissions relating to facilities included in
the scope.

Review of ROV footage is critical in establishing the

ecological condition near the structure. In some cases,
examination of the existing ROV footage may be necessary to
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identify the biological makeup of the ecosystem associated with
the subsea structure. In other cases, collection of ROV footage
may be necessary. For example, collection of high-resolution
videos so that fish can be identified at a species level and
differentiated based on their commercial or recreational value,
as well as for the identification of species of special significance,
may be warranted for the site if not available.

Additionally, marine mammal acoustical or observational
surveys within a field can provide further evidence as to the use
of the field as feeding grounds by seals, whales, etc.

For cutting piles and “halo” areas, the biological and chemical
characteristics, as well as physical dimensions of these habitat areas,
help to further establish the ecological condition associated with the
field. The collection of these data, if not available, would support an
understanding of the effects that these actions (ie., disturbance)
might have on the ecosystem services associated with the field. Once
the analysis of individual components is completed, a field-level
decommissioning plan can be proposed that represents the decision
for the overall campaign across the field.

2.3 Option analysis and graphics

A key aim of the NEBA-CA process is to provide a
mechanism to differentiate how assessment metrics are
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predicted to change, given the implementation of each
decommissioning option. A NEBA-CA provides a graphical
summary of the data so that differentiation between options
becomes readily apparent while providing a clear basis for that
differentiation, thus providing an improved understanding of
individual metric trade-offs between options based on quantified
data. This is necessary because stakeholders tend to focus on
metrics of specific interest to themselves at the expense of other
metrics. For example, commercial fishermen may focus more on
commercial fishery values, an environmental group may focus
on overall ecosystem habitat values, or O&G operators may
focus on economic benefits of leaving structure in-situ. The
separation of various metrics within a graphical presentation is
critical for allowing stakeholders to understand the following:

o Their own metric interests;
» Metric interests of others; and

o Trade-offs that need to be made to arrive at a final
decision.

A stakeholder may not initially support a final decision;
however, a data presentation that clearly depicts scientifically-
based, transparent, and defendable metrics and the individual
trade-offs between options, will be helpful for stakeholder
discussions regarding understanding the basis of
option selection.

Graphics presented as part of a NEBA-CA are developed to
provide an understanding of the relative beneficial (positive) and
detrimental (negative) impacts associated with the metrics
evaluated for each option so that trade-offs between options
can be evaluated. Note that, for clarity within a structure, if there
is no difference in an assessment metric across all
decommissioning options, that metric is not included in the
associated graphics. The justification behind this approach is to
focus on metrics that help differentiate between options to select
a preferred decommissioning option.

For example, if exposure risks to chemical constituents
associated with structural components are considered
negligible across all options, and therefore do not help
differentiate between options, the chemical exposure risks
associated with structural components are not presented in the
graphic displays, although they are documented as part of the
NEBA-CA. Additionally, duplicative metrics can be removed
from the comparative graphics to avoid overinfluencing the
visual effect, impact, or clarity of the evaluation metrics.

2.3.1 Benefit—detriment graphical
understanding

Given the variety of units in which various metrics are
displayed, it is necessary to develop a process whereby all
differentiating metrics can be displayed on the same graph.
Consequently, graphics are developed such that each specific
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metric can be plotted in proportion to its specific metric values
across options. Metrics with beneficial ecological and human use
service attributes are scaled to a value between 0 and 1, as shown
in example Figure 2. Note that shell hash habitat is recognized as
a beneficial attribute; however, in the case of full removal, shell
hash habitat value can be adversely impacted compared to
baseline soft-bottom habitat, and as such, can result in a
negative impact for the full removal option.

Each beneficial metric is scaled across all options by setting
the best value for that metric to 1. All subsequent values for that
specific metric are scaled to a proportion of 1, so that their
graphical bar heights are relative to one another. For example, a
bar that goes to a value of 0.5, provides 50% of the beneficial
value when compared to the option where that metric has the
greatest beneficial value of 1. This allows all values for each
specific beneficial metric to be plotted on the same relative scale,
for that specific metric, across the options for comparison. Note
that the actual data values are provided above each bar to
provide stakeholders a basis to understand the metric tradeoffs.

Similarly, each detrimental metric is scaled across all options by
setting the most detrimental value for a metric value equal to —1. All
subsequent values for that specific metric are scaled to a proportion
of —1 so that their graphical bar heights are relative to one another.
Thus, the bar that is predicted to provide the greatest adverse
impact (i.e., highest risk) for each specific detrimental metric
receives a value of —1, and the metric values for that specific
metric for the other options are plotted proportional to the bar at
a value between 0 and —1. Graphics presented in this manner help
to identify NEBA-CA optimized options, considering that all risk
drivers are managed to as low as reasonably practical (ALARP).
ALARP is a best common practice of judgement of the balance of
risk and societal benefit (NOPSEMA, 2022).

2.4 North Sea case example

A NEBA-CA was conducted for an end-of-life jacket located
in the North Sea in approximately 150 meters water depth
(Confidential Client Report, 2020). The purpose of presenting
this case study is to demonstrate the application and results of
the NEBA-CA framework applied to an actual site, including
resulting graphics. The case study included analysis of the
following four scenarios for the jacket with various exclusion
zone (presence or absence) and partial removal options:

« Protect-In-Place - Recycle
o Leave-In-Place - Recycle
o Protect-In-Place - Reef

« Leave-In-Place - Reef

Although detailed metric evaluations were conducted for the
case study, underlying detailed analysis of the individual metrics
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FIGURE 2

Example graphic of one metric, [net present value (NPV) of benthic biomass (Service Tonne Year)], scaled to between 0 and 1 for each of the

options evaluated. All bars are in proportion to one another.

on which the graphics for the case study were based are not
included. This is because the NEBA-CA framework presents
metrics to consider, while not being prescriptive. Metrics and
their evaluation methods will be site by site considerations and
may depend upon available data, and as well, provide flexibility
in the application of the approach.

The options analysis and quantitative metric evaluation
results of the case study are presented using benefit-detriment
graphics, whereby a visual assessment of the data can be
conducted. The options evaluated ranged from in-situ
management to full removal, with multiple partial removal
options. For partial removal options, the removed portion of
the jacket is either reefed alongside the remaining portion of the
jacket or transported to a recycling facility. These conditions are
also examined by considering alternate exclusion zone options
(i.e., to fully remove the exclusion zone or maintain the zone).
The case study evaluation options framework is shown
in Figure 3.

2.4.1 Case study option identification
and nomenclature

The options identified for the North Sea jacket were
designated as follows on corresponding graphics:

o Leave-In-Place (LIP) refers to leaving the structure, in
whole or in part, in place without an exclusion zone
(NOEZ);

o Protect-in-Place (PIP) refers to leaving the structure, in
whole or in part, in place with a 500 m exclusion zone
(EZ) that serves to protect the habitat and associated
ecosystem benefits that have developed around the
jacket, or portions thereof, and manage navigation and
trawling risks;
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Both the Leave-In-Place and Protect-in-Place options
assumed that the jacket remained in-place after topside
removal. For scenarios in which the jacket is managed in
place with a portion extending above the water level, it was
assumed that there would likely be a requirement for
functional navigational aids, including the need for
periodic access and associated maintenance.

« Partial Removal: For both of the above options, the option
name included the following if a partial removal action:

O Final depth of cut in meters; and
O Cut section disposition (Reef or Recycle)
B Reefing refers to placing the cut portion in the sea
next to the jacket.
B Recycling refers to transporting the cut section to
shore to be recycled.
O Four cut depths were evaluated for the partial removal
options as follows:

2.4.1.1 Partial removals and cut depth intervals

For options that involved some form of partial removal, it
was assumed that the removed structure would be either
transported to shore for recycling or the removed structure
would be reefed in place near the base of the jacket. Partial
removal options were considered for multiple depth intervals in
either case (recycle or reef).

To determine depth intervals appropriate for evaluating
partial removal options, it was necessary to understand the
characteristics of various vessels, from heavy lift vessels
(HLVs) to fishing vessels, which may occur in the North Sea.
The analysis considered the transit and lifting drafts (where
appropriate) of these vessels with the likelihood of being used in
the North Sea.
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FIGURE 3
The NEBA-CA North Sea Jacket Option Analysis.

The basis for partial removal cut depths that were
evaluated follows:

2.4.1.1.1 Partial removal - O (sea level) to 15 m

The transit draft of any of the HLVs evaluated (likely the
largest vessels in the area) ranged from 10 m to 12 m. The drafts
of various types of fishing vessels ranged from 1.25 m to 8.5 m. It
should be noted that an HLV, especially in a lifting draft, will
have a detailed route plan, and as such, we focused on the transit
draft rather than lifting the draft in determining this first depth
cut. A 15 m depth cut was estimated to provide sufficient
clearance for vessels in use in the North Sea, as these would be
in transit when operating at or near the jacket location.

2.4.1.1.2 Partial removal - 0 to 26 m

The Seawise Giant was the largest ship built to date and had
a draft of 24.6 m. The decision to include partial removal at 26 m
reflects the largest potential draft of a vessel and coincides with
the 85-foot clearance guideline in the Gulf of Mexico.

2.4.1.1.3 Partial removal - 0 to 55 m

Partial removal at 55 m was selected as an option because it
met the International Maritime Organization (IMO) guidelines.

2.4.1.1.4 Partial removal - 0 to approximately
100 m

This option is the “derogation option” under OSPAR
Decision 98/3, which requires the jacket to be removed down
to the top of the footings. The top of the footings of the jacket
was approximately 100 m deep.
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« Full removal (assumes cut 3 m below the mudline, NOEZ,
and removed structure prepared for recycling.

2.4.2 Ecosystem services and metric
identification

For this case study, the NEBA-CA drew upon the UK National
Ecosystem Assessment (UK NEA) framework (UK Government,
2011) as the basis for the identification and selection of key
ecosystem service assessment metrics. Ecosystem service values
are recognized by UK and International authorities as legitimate
uses of the sea (UK Government, 2011). Several key findings of the
UK NEA related to the importance of ecosystem services to UK
society are listed below. Each key finding was assigned a level of
scientific certainty, based on a 4-box model and complemented,
where possible, with a likelihood scale (well established, virtually
certain, very likely, likely) (UK Government, 2011).

« The diversity of organisms in marine habitats provide a
range of ecosystem services and benefits of significant
value to UK society. (well established)

o Many of the benefits are accrued directly by coastal
dwellers and visitors, but also indirectly by much of
the UK’s society. (well established, virtually certain)

o The quantity of wild fish caught in UK waters is
insufficient to meet the UK demand for this food.
(well established, virtually certain)

« The sustainability of food provision from marine habitats is
threatened by overexploitation of fisheries; fishing is also
damaging other marine ecosystem services. (well
established, virtually certain)
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o The UK’s seas are important to people’s quality of life but
are less well protected than terrestrial environments.
(virtually certain)

» The UK population has a strong affinity for the sea and
has always derived inspiration from it. More people are
using the sea for leisure and recreation, education,
research and health benefits. (virtually certain)

o Many organisms create living habitats such as reefs and
seagrass meadows. These can provide essential feeding,
breeding and nursery space that can be particularly
important for commercial fish species. (well established,
likely)

o Building coastal defences and offshore structures, such as
wind turbines, oil platforms and reefs, provides artificial
habitats which can have positive impacts, particularly for
species usually associated with rocky environments. (very
likely)

o The use of monetary and non-monetary valuation of
ecosystem services will aid the process of considering the
impacts and benefits of development on marine habitats.
(virtually certain)

As can be ascertained from the key findings of the UK NEA,
ecosystem services and associated valuation play a key role in UK

10.3389/fmars.2022.1020334

society and as such, require consideration as to actions that affect
these services. Although multiple metrics were calculated as part of
the study, only those metrics plotted on the graphics (as described
earlier) are highlighted in Table 2. These metrics encompassed
ecosystem services, risks, and costs.

2.4.3 Case study results

The results of the case study, without any weighting of the data
and for demonstration purposes, are graphically presented for the
Protect-In-Place - Recycle scenario (Figure 4). Note that the graphics
produced within NEBA-CA depict the quantified value associated
with each bar to help the reviewer understand the differences between
metric values by option. The graphics for all four scenarios are
provided in Figures 5A-D for visual comparison. The results
summary for the four scenarios is provided in Table 3. The
quantified metric values were removed from Figures 5A-D to aid
the reader in visually observing the trends among the four scenarios.

2.4.4 Observations

Overall, the following trends become apparent:

o The presence of an exclusion zone provides greater
ecological and socioeconomic value and less risk than
the same option with no exclusion zone; and

TABLE 2 North Sea Case Study Metrics (metrics bolded were plotted in graphics).

Detrimental Risk Metrics

Ecosystem Service Beneficial Metrics

Total Hard Steel Surface Area in Water (ha)

Navigation Risks

Surface Area - Shell Hash Habitat (ha)

Bouyancy Risks

Surface Area - Halo Area (ha)
Habitat Volume in Water (m>)
Hard Plastics Surface Area (ha)
Benthic Coverage (ha)

NPV Benthic Biomass (t)

Trawling Snagging Risks

Trawling PLL (Potential Loss of Life) Risks
Residual Chemical Risks (PAHs, NORM, Hg, etc.)
Plastics Ecological Degradation Risk

Onshore and Offshore Implementation PLL Risks

NPV Fisheries Biomass (t)

NPV Net Ecosystem Service Value (SHYs)
NPV Commercial Fisheries Value (£)
NPV Fish Processing Sector (£)

NPV Recreational Fisheries Value (£)

NPV Other Active Use Values (£)

NPV Passive Use Values (£)

Onshore and Offshore Implementation Injury Risks
Onshore and Offshore Man-Hours

Greenhouse Gas Emissions (CO,, CH,4, N,O, SO,)
Energy Usage (GJ)

Fuel Usage (liters)

Implementation Costs (£)

! Net Ecosystem Service Value combines available hard structure surface area (hard structure, shell hash habitat, and halo areas) and overall ecological impact projected with trawling to
represent the overall ecological condition of the specific component area.

2 Option implementation costs are evaluated; however, cost is considered as a secondary evaluation metric within a NEBA-CA, since the focus is on maximizing benefits to the public while
managing site risks. The cost metric is relevant in decision-making in cases where the benefit and risk metrics themselves do not sufficiently distinguish an optimized option, in which case,
cost can be used to further support a decision.

3 Passive use values can include other metrics such as existence, bequest, and aesthetic values.
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« Reefing (i.e., habitat retention) provides greater ecological
and related socioeconomic value and lower risks than
the recycling option.

o Full removal option is predicted to create the most
negative impact compared to all the options and
should be considered as the least preferable option.

It is important to understand that any calculated values for the
various options are to be used in the comparative assessment to
differentiate between the options and are therefore most relevant
when compared against each other. Although some data may not be
precise, internal consistency of assumptions, between options,
provides the level of evaluation necessary for option comparison.

If stakeholders determine that weighting of metrics is
appropriate, they can adjust the graphics by changing the
individual weights of select metrics; however, in the example
graphics provided, visual comparison of the data did not require
weighting of metrics while allowing the reviewer the ability to
evaluate all data simultaneously so that the trade-offs between
options could be understood and discussed with confidence.

2.5 Optimized decommissioning option
for the jacket

The overall NEBA-CA optimized decommissioning option
across all option groups was determined as follows:
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FIGURE 4

Beneficial and Detrimental Trade-offs Associated with the Jacket and the Protect-In-Place Recycle Options.
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First, the graphical approach used to identify the preferred
individual group options was used to visually evaluate how the
data from each of the four option groups compared to one
another (Figures 5A-D). The visual display provides the relative
difference between the predicted metrics for each option group.

As seen in Figures 5A-D, the option group considering
Leave-in-Place with Recycling would create the least amount of
ecosystem service benefit and the greatest amount of risk. The
option group considering Protect-in-Place with Reefing would
create the greatest amount of ecosystem service benefit and the
least amount of risk. Based on the visual display of the data, the
optimized decommissioning option was initially identified as the
Protect-in-Place - 15 m Reef option (Figure 5C).

2.6 Risk management decision-making

Given the visual analysis, risk management tolerance
considerations can also be incorporated into the evaluation of
the data to adjust, if necessary, the initially identified optimized
option to account for the understanding of the magnitude of risk
and how that risk might influence health, safety, or the
environment. For example, an option may have an identified
risk; however, that risk might be small in scale or be considered
negligible in absolute terms, even if the bar tracks to -1 as the
highest assessed risk option for the asset. As such, this step can
be used to help confirm or refine the initially identified
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(A—D) The NEBA-CA Optimized Decommissioning Option Based on Visual Observation with Data Comparison for the Jacket. Note that metric
values were removed from this graphic to enhance the visual comparison.

TABLE 3 North Sea Case Study Results Summary.

(A) Protect-In-Place - Recycle

(Maintains Exclusion Zone)

The predicted changes (i.e., trade-offs) in the beneficial and detrimental metrics
associated with partial removal protect in place recycle option, with an exclusion
zone, are presented in Figure 4. As portions of the jacket are removed and
transported to the shore, benthic biomass and net ecosystem service values are
predicted to decline steadily as cuts proceed at deeper depths and removed portions
are taken to shore for recycling. These declines are due to the permanent removal of
hard structural habitat and volume with related subsequent adverse impacts on the
shell hash habitat (i.e., in the form of reduced shell hash deposition). The
maintained exclusion zone prevents further discounting of benefits because
commercial fishing pressure will be significantly reduced, thus negating adverse
effects on benthic invertebrates, commercial and non-commercial fish species, and
small marine mammals from direct catch and by-catch, as well as physical impacts
to the sea bottom, including the shell hash and halo areas that lie outside the
structure.

As seen in Figure 4, beneficial impacts decrease as detrimental impacts increase as
the level of effort to implement each option increases and hard structure is removed,
with the full removal option being the most detrimental. As seen in Figure 4, 8.40
navigation incidents are expected to occur over the 600-year period for the in-situ
management option (i.e. one incident every 71 years.). This assumes that there are
no advances in technology, etc. that reduce potential risks over this period. As such,
this assumption is conservative in that it overestimates risk relative to the period
over which ecological and commercial fishing benefits were calculated (300 years).

Full removal was predicted to provide little beneficial value and results in the lowest
commercial fishing value (an approximate 60% decline compared to the current
Protect in Place condition). Moreover, full removal was predicted to create short-
term environmental damage associated with the disturbance to the shell hash habitat

and cuttings pile.
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TABLE 3 Continued

(B) Leave-In-Place - Recycle

(C) Protect-In-Place - Reef

(Lack of Exclusion Zone)

(Maintains Exclusion Zone)

10.3389/fmars.2022.1020334

Based on the information in Figure 4 and 5A, the full removal option is predicted to
create the most negative impact and least benefit compared to all the options, and
thus should be considered as the least preferable option.

As seen in Figure 5B, as portions of the jacket are removed and transported to the
shore, benthic biomass and net ecosystem service values are predicted to decline
steadily as cuts proceed to deeper depths. These declines are due to 1) the
permanent removal of hard structural habitat and volume with related subsequent
adverse impacts on the shell hash habitat, and 2) removal of the exclusion zone
allowing the area to be open to trawling, increasing the likelihood of adverse effects
on fish and mammal species, as well as impacts to the sea bottom in the shell hash
and halo areas that lie outside the structure.

For the recycling options, options that remove the least amount of the jacket are
predicted to provide more ecosystem service benefits and less detrimental impacts
when compared to the other recycling options (i.e., the less amount removed, the
better).

Based on the information in Figure 5B, the full removal option is predicted to create
the most negative impact compared to all the options and should be considered as
the least preferable option.

As seen in Figure 5C, as portions of the jacket are removed and laid down (reefed)
next to the remaining jacket portion, impacts on benthic biomass are predicted to be
minor because the portions reefed in the water column will regenerate benthic
biomass over time; with additional hard surface area and habitat volume reefed
underwater. Additionally, with an exclusion zone, the net ecosystem service value is
projected to remain relatively constant, as the area will not be open to trawling, thus
avoiding adverse effects on fish, benthos, marine mammals, and the sea bottom.
However, the existing shell-hash habitat under the jacket will no longer benefit from
the additional shell hash and organic deposits when the upper structure portions (15
m and 26 m) are removed. The Net Ecosystem Service Value incorporates both the
quality and quantity of hard surface area habitat provided by the shell hash layer,
halo area, and the jacket structure itself. It should be noted that hard surface area
and habitat volume is the highest with the 15 m cut when compared to the current
Protect in Place condition. This is due to reefing which adds surface area associated
with the portion of the jacket extending above the water column but below the
topside with limited impact to the quantity of marine snow that accumulates at the
base of the jacket forming the shell hash layer. Further depth cuts slightly diminish
the value of the shell hash layer over time. The area where the newly reefed sections
are placed will benefit from the organic deposits around the reefed structure over
time. Shell hash from mollusks under and around newly reefed sections will,
however, be quite limited as these species thrive in the upper portions of the water
column, not at depth.

Ecological and commercial fishing value was calculated over a 300-year period and
is predicted to increase slightly across all partial-removal options. As more structure
is reefed near the seafloor, it creates additional habitat volume and surface area
above and beyond the current condition. This is because the reefed sections include
the portion of the jacket that was above sea level and subsequently reefed, along
with the portions that were below sea level thus increasing the overall volume and
surface area of structure on the sea floor. Additionally, the increased structure at the
reefed depths is likely to provide increased habitat and stock protection for many
adult commercial and non-commercial fish species.

There is negligible risk associated with a 15 m cut given the review of vessel transit
drafts and conditions that could create a risk at this depth cut in the North Sea (i..,
a combination of a 12 m draft, swells greater than 6 m in height, and vessel contact
within the exclusion zone). The 15 m cut option is predicted to reduce the
navigation risk by two orders of magnitude, i.e., to 0.084 incidents every 600 years
or one incident every 7,142 years. The detrimental impacts increase as the options
increase in the effort level to implement each option, with the full removal option
being the most detrimental.

Trawl snagging and PLL risks were not predicted to be significant when the
structure is laid down in the water column and the exclusion zone is maintained
(compared to the scenario where there is no exclusion zone).
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TABLE 3 Continued

(D) Leave-In-Place - Reef (Lack of Exclusion Zone)
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Based on the information in Figure 5C, the full removal option is predicted to create
the most negative impact compared to all the options and should be considered as
the least preferable option.

As seen in Figure 5D, as portions of the jacket are removed and laid down (reefed
alongside the jacket), impacts on benthic biomass are predicted to be minor because
the portions reefed in the water column will regenerate benthic biomass over time,
and additional hard surface area and habitat volume are laid under the water. It is
important to note that, with no exclusion zone, the net ecosystem service value is
predicted to decrease substantially because fishing pressure will increase in the area.
Opening the area to trawling will increase the likelihood of adverse effects on
benthic invertebrates, commercial and non-commercial fish species, marine
mammals from direct catch and by-catch, as well as physical impacts on the sea
bottom, and some of the shell hash and halo areas that lie outside the structure
footprint. Bycatch is a fishing industry term that references a fish or other marine
species that is caught unintentionally while catching certain target species and target
sizes of fish, crabs etc. Commercial fishing and stock protection benefits are also
predicted to decline with no exclusion zone.

The detrimental impacts are predicted to increase as the options increase in the
effort level to implement, with the full removal option being the most detrimental.
Full removal was predicted to provide very little beneficial value and result in the
lowest commercial fishing value (a 60% decline compared to the current Protect in
Place condition). Based on available information (Lokkeborg et al., 2002), fish catch
near platforms can be 3x to 4x the size of the surrounding (background) soft bottom
habitat areas. Once the structure is fully removed, catch will eventually decrease to
the background level. As such, for the North Sea case study, although this indicates
a potential loss of 66% to 75% of the catch, we assumed a 60% loss to be
conservative (i.e., not overestimate the impact). Moreover, it was predicted to create
short-term environmental damage associated with the disturbance to the shell hash
habitat and cuttings pile.

As seen in Figure 5D, the removal of the exclusion zone is predicted to increase
(double) navigation risks compared to the presence of an exclusion zone because of
increased boat traffic, including trawlers, will be prevalent in the area. Based on the
assumptions herein, approximately 16.8 navigation incidents are expected to occur
over the 600-year period, i.e., one incident every 36 years with the Leave in Place
option. The 15 m cut option reduces the navigation risk by two orders of
magnitude, i.e., to 0.168 incidents every 600 years or one incident every 3,571 years.

Additionally, for the Leave in Place reefing options, trawling risks (PLL and
snagging) are predicted to increase from the Leave in Place option to the partial
removal options by one order of magnitude because it is assumed that a NAVAID
and visual confirmation will help reduce trawl snagging risks.

Based on the information in Figure 5D, the full removal option is predicted to create
the most negative impact compared to all the options and thus should be considered
as the least preferable option.

optimized decommissioning option based on an understanding
of the identified risks and achieving ALARP thresholds. The risk
management process and preferences (i.e., ALARP thresholds)
will likely vary on a case-by-case basis, but in most cases would
include both operator and other stakeholder engagement.

For this North Sea case study, a risk management process
and preferences were used to examine the initial optimized
option to further consider a final optimized decommissioning
option. This process included the following four steps, as seen
in Figure 6:

1. Step 1: Navigation and trawl snagging and potential loss
of life (PLL) risks were identified as key long-term risks
associated with the potential decommissioning options.

Frontiers in Marine Science

Thus, the first step was the identification and removal of
options deemed to have unacceptable risks based on the
identified criteria. In this case, collision and trawling
risks were presented in relation to a preferred risk-
management threshold return period (the period of
years it would take to have one occurrence) of 1,000
years. Options in which a navigation or trawling
incident was predicted to occur in less than 1,000
years' were removed from consideration, given the
predicted risk. Unacceptable risks based on the 1,000-

1 A1,000-year period was used as this represents a potential long-term

period over which the structure would remain in place.
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1 Cost is potentially large in scale with associated implications to society. As a secondary metric, cost is relevant in decision-
making in cases where the benefit and risk metrics themselves do not sufficiently distinguish an optimized option, in which
case, cost can be used to further support decision-making.

FIGURE 6
A Schematic Representation of the Process for Risk Threshold Management and Option Selection.

year threshold are shown in red in Figure 7. 3. Step 3: After managing navigation, trawling, and

Accordingly, the Protect-in-Place Reef option was not
considered acceptable because a navigation incident was
predicted to occur within 71 years. The return period for
the Protect-in-Place - 15 m Reef option was 7,142 years,
which was considered an acceptable risk. The options
with acceptable and unacceptable risk return periods for
navigation and trawling risks are presented in Figure 7,
with unacceptable risk options removed from
consideration and presented as “grey” text in Figure 7.

2. Step 2: The next evaluation criterion for those options with
acceptable navigation and trawling risks was the
consideration of both onshore and offshore
implementation PLL risks. In this case, options with a
PLL risk of greater than 1% were not considered acceptable.

implementation risks, GHG emissions were considered
next to differentiate between the remaining options.
Options with acceptable navigation, trawling, and
implementation risks were evaluated based on the level
of GHG emissions. Steps 1, 2, and 3 lead to options that
best manage the risks (Figure 7).

4. Step 4: Since the goal of NEBA-CA is to maximize

ecosystem service benefits while managing site risks,
the next step was to evaluate the remaining options to
identify the option(s) that maximizes the ecosystem
service value, which was determined to be the Protect-
In-Place Reef with Partial Removal at 15 m option
(Figure 7).

The unacceptable onshore and offshore implementation For the North Sea case study, based upon the preferences

PLL risks and associated options are presented in Figure 7. evaluated, the optimized option was confirmed to be the Protect-
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In-Place Reef with Partial Removal at 15 m. It should be noted
that in some cases, comparison to preferences and thresholds
might further adjust the final optimized option. It should be
noted that consideration of cost was not necessary to identify the

initial optimized decommissioning option.

3 Discussion

With aged regulations, both precedent and bias appear to
have influenced the advancement of decommissioning planning,
in which support for a complete removal option is not typically
substantiated by robust science, and complete removal is simply
assumed to be the best option. For example, in the 1990s, there
was a public and political outcry over the proposed plans to
dispose of the Brent Spar oil storage and tanker loading buoy by
sinking it in deeper water. This influenced development of the
North Sea decommissioning policy and a ‘return to a clean
seabed’ was promoted as the default decommissioning decision.
Consequently, OSPAR Decision 98/3 was adopted in 1998,
which prohibits dumping or leaving, whole or in part, any
offshore installation after the end of its working life. Recent
assessments have since allowed for some exceptions to this rule
(termed ‘derogations’); however, this has largely been based on
the technical complexity of removing certain types of, often
larger, gravity-based structures and not on the health, safety,
environmental, economic, and social implications of the removal
options. Based on evolving science, and in full compliance with
the precautionary principle, full removal has the potential to be
harmful to society and the environment.

In the North Sea case study, the NEBA-CA analysis
indicated that the removal of the jacket structure, in full or in
part, will adversely impact the established ecological community.
Additionally, adverse effects may disrupt ecosystem connectivity
and associated networks across multiple fields and structures in
the North Sea (Henry et al., 2018; McLean et al., 2022).

In general, the level of ecosystem services affected by
decommissioning is based on the location and attributes of the
structure(s), as well as on the characteristics of the option(s) to
be implemented. A key characteristic associated with each
potential option is its effect on the hard surface area of
structure that remains in the sea, and its relation to “halo”
area productivity. The high level of heterotrophic growth per
area of the seafloor is due to the large amount of habitat provided
by the structural surface area of subsea structure (Claisse et al.,
2014); therefore, site-by-site and option-by-option NEBA-CA
analyses within the decommissioning planning process are
warranted to facilitate decision-making.

The North Sea case study results indicate that, for the jacket
examined, the full removal option for the jacket is the least
preferable option. Given the potential for adverse impacts
associated with full and partial removal options for the jacket,
leaving as much steel structure in the sea as possible is projected
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to maximize ecosystem service benefits to society while
managing site risks. The analysis further refines the jacket
partial removal options and indicates that the less steel
removed (ie., a lesser depth cut combined with a reefing
action) as part of a partial removal, the greater the projected
ecosystem service benefits provided to society. That is, in an area
where hard structure is lacking to support reef colonization and
thus limit ecological production (i.e., in the North Sea), the
availability of hard structure provided by subsea infrastructure is
a valuable multigenerational habitat for benthic invertebrate
colonization that further attracts fish (including commercially
fished species) and other marine biota (e.g., marine mammals;
Todd et al., 2022b), helping to maintain ecosystem benefits for
multiple generations of the UK public; therefore, the financial
expenditure and opportunity cost to society should be
considered in the decision-making process. If it is possible to
maximize ecological and human use service benefits and manage
site risks with less removal, the value of these cost savings should
be considered by both government regulators and society.

Scientific evidence pertaining to the ecological and social
multigenerational values associated with subsea structures is
increasing. Decisions made today can have positive or negative
risks to future generations with the potential for long-term
impacts; therefore, decisions regarding the decommissioning of
offshore structures should consider the ecological and social
values associated with the subsea structure and the basic tenets
of the precautionary principle. There is no reason that these
same concepts cannot be applied to decommissioning and
development of other offshore subsea structures, such as wind
energy development.

4 Limitations and uncertainties

The NEBA-CA framework is a data driven approach that
entails the evaluation of multiple option and site-specific metrics
that represent ecological and human use services, ecological and
human health risks, and costs. The approach is primarily a
desktop analysis that relies on readily available data and as such,
data availability may be a limitation of the approach in some
cases; however, based on the authors experience related to
decommissioning projects in the North Sea, Australia, Gulf of
Mexico, California, and the Caribbean, most data required to
conduct the analysis and associated modelling have been
previously generated by the site operator as part of their
development, monitoring, and regulatory requirements. In
many cases, ROV data may be available; however, detailed
analysis of this footage may be necessary to understand the
ecological and physical conditions present. In cases where data
were lacking, the operator commissioned the collection of data
necessary to fill any significant data gaps. For example, the
collection of additional ROV video at and around the site is
necessary to establish the physical and ecological condition of
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the site, as well as outside of the influence of the structure. Data
gaps should be identified up-front during the planning phase of
the NEBA-CA.

The NEBA-CA framework is intended to provide a
differentiating weight of evidence regarding identifying and
optimizing decommissioning options for maximizing
ecosystem service benefits to society while managing both site
risks and costs. Indication of changes in ecosystem service value,
both ecological and socioeconomic, is developed from the
identification of surrogate or proxy metrics to represent the
flow of ecological and socioeconomic value. For example, site-
specific changes in hard structure surface area, fish biomass, fish
diversity, benthic biomass, and benthic diversity, or some
combination thereof, may be used as a proxy to evaluate how
various options may affect overall ecological habitat value.
Likewise, site-specific changes in recreational fishing,
commercial fishing, diving photography, and the fish
processing sector, or some combination thereof, may be used
to evaluate how various options might affect socioeconomic
direct use value. Quantified metric estimates are approximate
values and are not intended to be exact, but sufficient enough for
identifying impacts and differences between options to a
reasonable degree of certainty.

The approach used in NEBA-CA is to approximate the
metric values for each of the options based on consistent
assumptions where applicable. Assumptions should be kept
internally consistent, where applicable, to account for their
influence across all options. Internally consistent refers to the
use of an assumption that remains constant among options so
that all options are treated in a consistent manner. For example,
for calculation purposes, a 300-year time frame was used to
capture changes over multiple generations. Future predictions of
changes in value are just that, predictions. However, by keeping
the same predicted rate of change consistent throughout options,
relative differences of the effects of implementing various options
can be ascertained.

Conservative assumptions used within the North Sea case
study are listed in Supplementary Table 2.

5 Conclusions

The NEBA-CA framework provides a transparent, objective,
science-based decommissioning option selection approach that
can assist decision makers in maximizing ecological, economic,
and social benefits to the public while managing site risks and
costs. Although the approach is data driven, it is primarily a
desktop analysis that relies on readily available data and as such,
data availability may be a limitation of the approach in some cases;
however, based on the authors experience, most data required to
conduct the analysis and associated modelling have been
previously generated by the site operator as part of their
development, monitoring, and regulatory requirements.
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Application of NEBA-CA to offshore decommissioning is
consistent with the advantages of NEBA in that NEBA-CA
directly addresses the ambiguity within available CA techniques
that can arise when making decisions regarding the selection of
appropriate decommissioning options. Offshore subsea structures
have been shown to retain significant ecological value, physical
removal of structure can adversely affect these values, and the
ecological risks of the in-situ condition, if any, appear to be
relatively small and limited in scale. The NEBA-CA framework
supplements and strengthens the standard CA process by 1)
incorporating quantified metrics including multigenerational
ecosystem service benefits and risks, 2) excluding front ranking
(scoring) or weighting of metrics, and 3) providing consistent
graphical displays to support visual differentiation of options and
metrics. Evaluation of risk management preferences and
thresholds can further refine the NEBA-CA results to support
an optimized option. Increased transparency in CAs will provide
an additional layer of credibility with regulators and society.
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