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Abstract

In the current context of the energy transition, the reuse of offshore oil and gas (O&G)
structures that have reached the end of their operational life presents new engineering
challenges. Many projects aim to adapt existing facilities for a range of alternative uses.
This paper outlines guidelines for identifying the most suitable conversion options aligned
with the goals of the ongoing energy transition, focusing on the Italian offshore area. The
study promotes the reuse—instead of partial or full removal—of existing offshore plat-
forms originally built for the exploitation of hydrocarbon reservoirs. From an engineering
perspective, the project describes the development of guidelines based on an innovative
methodology to identify new uses for both offshore oil and gas platforms and the depleted
reservoirs, with a focus on safety and environmental impact. The guidelines identify the
most suitable and effective conversion option for the platform–reservoir system under
consideration. To ensure a realistic approach, the developed methodology allows one to
identify the preferable conversion option even when some piece of information is missing
or incomplete, as often happens in the early stages of a feasibility study. The screening
process provides an associated level of uncertainty related to the degree of data incomplete-
ness. The outcome is a complete evaluation procedure divided into five phases: definition
of criteria; assignment of an importance scale to determine how critical each criterion
is; connection of indices and weights to each criterion; and analysis of the relationships
between them. The guidelines are implemented in a software tool that supports and
simplifies the decision-making process. The results are very promising. The developed
methodology and the related guidelines applied to a case study have proven to be an
effective decision-support for analysts. The study shows that it is possible to identify the
most suitable conversion option from a technical, engineering, and operational point of
view while also considering its environmental impact and safety implications.

Keywords: underground energy systems; underground fluid storage; CCS; guidelines;
conversion; multicriteria decision-making; offshore platform; renewables

1. Introduction
The energy transition, guided by the European Green Deal’s goal of achieving climate

neutrality by 2050 [1], presents significant challenges for the energy sector, placing it at the
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forefront of research for sustainable solutions that balance environmental and economic
considerations. A key aspect of this transition is the management and reuse of existing
infrastructures, including offshore oil and gas platforms reaching their end of life and
the associated depleted hydrocarbon reservoirs. The decommissioning of these offshore
platforms, which required significant resources for construction and maintenance, would
have a high cost and environmental impact. Therefore, more sustainable alternatives at
the end of their life cycle than pure decommissioning, either complete or partial [2,3],
should be investigated. Converting these platforms for other applications would provide
an effective solution to minimizing the environmental impact and making better use of
the available resources, especially in combination with the potential conversion of the
associated depleted hydrocarbon reservoirs for underground fluid storage (UFS) purposes.

The reconversion of offshore platforms is a real opportunity to combine ecological
transition with social development. This approach aims not only to extend the lifecycle
of the engineered system while reducing emissions and promoting renewable energy
but also to provide benefits in terms of employment, training, and the improvement
of the marine environment. From a social point of view, reconversion helps to avoid
industrial abandonment while promoting a circular economy and the regeneration of
existing infrastructure.

Despite its environmental and social relevance, offshore platform conversion is not
governed by universally binding decommissioning requirements. Instead, industrial
standards, national regulations, and international agreements play a decisive role in shaping
acceptable end-of-life pathways [4].

The applicable legal framework comprises conventions and guidelines that vary by
region [5]. The key instruments include the Geneva Conventions of 12 August 1949 [6],
which first addressed issues related to offshore installation decommissioning.

Further relevant references include UNCLOS [7] and International Maritime Orga-
nization (IMO) guidance [8], which allow the reuse of structures as artificial reefs. The
1972 London Convention [9] seeks to prevent marine pollution by restricting waste disposal
at sea.

Regional agreements also influence policy and practice. These include the Oslo (1972)
and Paris (1992) Conventions (OSPAR) [10] and the 1976 Barcelona Convention for the
Protection of the Mediterranean Sea [11].

Additional principles are set out in the 1989 Basel Convention on hazardous waste [12]
and the 1992 Helsinki Convention on protecting the marine environment [13]. At the EU
level, Regulation 2021/1119 [14] supports the (re)use of geological formations for CO2

sequestration, consistent with the European Union’s emission-reduction objectives.
In practice, decommissioning decisions are typically taken by national authorities.

These decisions are increasingly informed by evolving engineering research and assessment
methodologies [15].

2. Literature Review
2.1. Reuse and Decommissioning Alternatives

In recent years, interest has progressively shifted from complete or partial decommis-
sioning of platforms to more sustainable solutions, such as on-site reuse. Programs like
“Rigs-to-Reefs” promote the conversion of platforms into artificial reefs, offering potential
ecological and social benefits. Other initiatives explore repurposing the structures for re-
newable energy production, particularly wind and solar power [15,16]. A closer view of the
state of the art in the countries hosting most of the offshore platforms in their coastal waters
shows that Australia [3] recognizes the importance of addressing the end of life of O&G
platforms in a holistic way by setting a multidisciplinary research agenda as the current
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regulatory framework is not ready to deal with decommissioning or reuse. Conversion is
not envisaged for the instance, but partial decommissioning with the Rigs-to-Reefs solution
is debated.

In Brazil, delaying the decommissioning of O&G infrastructures by their conversion
for other uses, such as renewable energy generation plants, is under consideration, and
Braga et al. [15] present a technical and economic analysis of projects aiming to produce
offshore wind energy.

In the US [17], federal policy allows for partial decommissioning and reuse of obsolete
O&G facilities as artificial reefs by waiving platform removal requirements under stated
conditions. No other alternatives are considered.

In several Asian countries, artificial reef planning has moved toward integrated R&D
programs for resource enhancement, conservation, and management.

In the North Sea and Europe, most countries adhere to the principle stated by interna-
tional organizations of removal of the platform infrastructure to safeguard navigation, the
marine environment, and allow multiple uses of the seafloor. Guidelines and rules also
allow for a reasonable justification on a case-by-case basis for a new use to be determined
by the coastal state with jurisdiction.

From the technical and engineering perspective, various industrial guidelines govern
the design of these conversion options, including IEC 62600-2 (2016) [18], which provides
criteria for designing marine energy converters; DNVGL ST-0126 (2016) [19], focused on
support structures for wind turbines; API RP 2A (2000) [20], used in the offshore oil and
gas industry; DNV-STD-F101 [21], which offers guidance on pipeline decommissioning;
ISO 13623 [22], in particular Section 13.2.4, which specifies that long-term inactive pipelines
must be maintained submerged or buried, with cathodic protection; and ISO 13628-5 [23],
which, in Annex A, Section 2.8, aims to identify high-level requirements for the management
of decommissioned pipelines.

In Italy, the regulatory framework is updated according to the provisions of the Minis-
terial Decree of 15 February 2019 [24], where Article 5 assigns the Ministry of Environment
and Energy Security (MASE) the task of evaluating decommissioned mining platforms for
potential reuse. Italy is among the few countries worldwide that consider the full reconver-
sion of existing end-of-life offshore platform–reservoir systems and offers guidance about
the potential solutions to adopt.

2.2. Existing Decision-Support Frameworks

A few research groups worldwide have shown interest in using structured methods
to make decisions about alternative solutions. Indeed, several multicriteria methods [25]
are applied to identify the most suitable decommissioning procedure for a given platform
or to compare total decommissioning with reuse of the platform for other purposes, but
very little is said about decision-support methods to screen among alternatives for reusing
the structure.

For example, Ref. [26] addresses issues related to the selection of a sustainable and
circular business model that can be used to support the transformation and/or decommis-
sioning of oil platforms and the way it could be applied to the case of a platform considering
social and environmental impacts.

Researchers from Brazil [15] discuss a technical and economic analysis for the conver-
sion of O&G infrastructures into offshore wind power farms compared to decommissioning.
The technical analysis mainly refers to the environmental and structural assessment of a
selected platform. The selection process is based on a comparative analysis and is related
to the identification of the most suitable sites and platform features for a feasible and
economically advantageous transformation. Alternative solutions to wind farms are not
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investigated. It should also be highlighted that some reuse options could induce additional
stresses and damages, as mentioned in [27] for offshore wind reuse of jackets. The choice
of reuse options must be coherent with the general safety and integrity principles applied
to the specific infrastructure.

For more than a decade, representatives of the Italian regulator and researchers have
recognized that appropriate decision-making tools should be available to screen the most
efficient, sustainable, and safe decommissioning or reuse options to enable an objective,
traceable, and transparent assessment of the various alternatives. This principle has been
discussed in [28], where a first overview of a study performed on decision-support system
methodologies is presented, with a focus on a multicriteria analysis (MCA) that can back
up decision-making among all the possible options to be followed in the decommissioning
phase. However, they acknowledge that a total removal policy may not always warrant
social, environmental, and economic benefits because other options could be more advan-
tageous. The adoption of alternative solutions, such as leave in place, partial removal,
reuse for other purposes, or nearby relocation, is thus stimulating a lively debate among
stakeholders to tackle challenges and opportunities in the short and long term.

Following this trend, in Italy, projects and studies are being developed to convert and
reuse offshore platforms that are no longer operational. As discussed above, to make these
projects successful, a clear and structured method is needed, with the primary objective
of helping to check if and how a platform can be reused and how efficient the new use
would be.

In the literature, one of the most recent and significant contributions on the subject
is the study by Zanuttigh et al. (2025) as described in the article: “A novel framework
for sustainable decision-making on reusing Oil & Gas offshore platforms with application
to the Adriatic Sea” [29], which proposes a methodological framework to support the
decision-making process between reuse and decommissioning of offshore platforms. This
framework is based on an integrated, multicriteria, and quantitative evaluation approach
that considers economic, environmental, and social indicators. The methodology is twofold,
with a multicriteria analysis for a qualitative assessment of the best reuse option and
quantitative Key Performance Indicators (KPIs) for the assessment of the sustainable
selection between decommissioning and reuse. It is applied through an iterative process
and requires the inputs of experts and stakeholders with different roles and backgrounds.
By applying this approach to the “Amelia B” platform in the Adriatic Sea, the authors
demonstrated that the sustainability of reuse depends on the availability of marine space
and the ability to generate positive environmental and social impacts through activities
such as aquaculture, renewable energy production, and educational tourism.

2.3. The Italian Context

Further to the provisions of the Ministerial Decree of 15 February 2019 [24], over the
years, several solutions for the repurposing of offshore platforms have been developed
in Italy; some of the most notable examples and selected options for investigation are
mentioned hereafter.

• The ReLife Project explores how offshore platforms can be reused to produce renewable
energy. This could provide both environmental and economic benefits [30].

• The reuse assessment study, financed by the Italian Ministry for Environment and
Energy Security, in the framework of the Clypea Agreement, investigates the techno-
logical feasibility up to the basic design of three specific options, with the last two also
considering the reconversion of the associated hydrocarbon reservoir. These options,
together with their main requirements, are listed below:
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• Option 1 (platform only)—photovoltaic system: A photovoltaic system is installed
onboard the platform to power a seawater desalination unit. The goal is to
produce freshwater for nearby platforms. For this reason, it is essential to assess
the presence of platform clusters. For maximum exposure to solar radiation, the
photovoltaic system is located on the highest deck of the platform (weather deck).
Therefore, the first requirement is that this deck has a large available surface area
to allow the installation of a sufficient number of panels to maximize renewable
energy production. Environmental conditions must also be considered, knowing
that severe weather events could damage the photovoltaic system, reduce its
performance, and cause physical degradation of the panels. Eventually, the
energy yield of the system is evaluated, including not only solar radiation levels
but also the efficiency of system components, which must be suitable for the
extreme environmental conditions in which the system will operate [31].

• Option 2 (platform–reservoir system)—conversion of the depleted gas reser-
voir into a UFS system for CH4 + H2 mixtures: A fit-for-purpose system is in-
stalled on the platform so that the reservoir can be used as temporary storage for
CH4 + H2 mixtures. The system is required to operate in two modes—injection
and withdrawal—during alternating seasonal storage cycles. The reservoir vol-
ume (specifically the volume of gas originally in place, GOIP) is a key param-
eter in determining the volume of mobile gas remaining in place at the end of
the primary production phase and therefore the volume of working gas that
can be moved during the storage cycles, while the reservoir permeability and
the number of wells affect the system’s performance and its ability to deliver
high peak flow rates. The minimum storage efficiency of the reservoir, calcu-
lated as the ratio between the working gas over the total gas volume (working
gas + cushion gas), was set to be ≥30%, as required by national regulations (De-
cree of 4 February 2011) [32]. The average depth of the reservoir is also a signifi-
cant factor. It affects fluid behavior and the injection/withdrawal performance of
the wells. Depth is usually related to the original reservoir pressure, which limits
the maximum pressure that can be reached during injection. The sealine is also
critical. It allows onshore–offshore transport of gas, so it is necessary to verify
that its design specifications are compatible with the new operating conditions.
The sealine materials must be compatible with the hydrogen mixtures to allow
safe movement of the CH4 + H2 blend. It is also essential to check the difference
between the sealine’s design pressure and the actual operating pressure after con-
version. Another factor should be considered when evaluating the performance
of a UFS system: the water drive, which can negatively affect performance by
reducing the pore volume available for the working gas during storage cycles
and cause water production during withdrawal cycles [33].

• Option 3 (platform–reservoir system)—conversion of the depleted gas reservoir
into a long-term storage system for CO2: A dedicated system is integrated on
the platform to allow the continuous injection of CO2, captured in gaseous form
from an industrial facility and transported through the subsea pipeline (sealine)
to the platform, properly equipped to inject compressed CO2 into the reservoir.
Several key factors must be evaluated in establishing the system performance:
The average depth of the reservoir, which influences the behavior of fluids and
the injection performance; the difference between the sealine’s design pressure
and its operating pressure during conversion conditions; the reservoir volume
(GOIP), which strongly and directly affects the amount of CO2 that can be stored
in the reservoir; and the presence of a water drive, which negatively impacts the
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system performance by reducing the pore volume and therefore the volume of
CO2 that can be injected during the system’s lifetime [31].

In the face of a multitude of alternative options and the need for well-founded argu-
ments for the selection of the most suitable to a specific scenario, the paper proposes new
and practical guidelines to determine which solution is most efficient for the platform taken
into consideration to usefully support the technical staff involved in the study. A robust
methodology associated with such guidelines for their application is a crucial element
to bridge the gap between the various conversion options currently promoted and the
technical feasibility for each specific platform. This means that, even if a particular solution
is deemed suitable for one platform, it does not necessarily represent the best option for
all platforms as their adaptability depends on the specific characteristics of the system
being evaluated.

The core of this study, a pioneer in its genre, focuses on the development of a systematic
methodology to guide the offshore platform conversion process, evaluating the most
effective option among a few candidates in terms of efficiency and adaptability, while
adhering to the principles of the energy transition. The proposed methodology supports
the feasibility of converting Italian offshore platforms according to the current regulations,
promoting the change toward more sustainable solutions. The focus is on the Italian
context, but the examined principles can be extended to offshore platforms located in all
geographical areas around the world.

The derived guidelines, implemented in a user-friendly software tool, have provided
the framework for a detailed analysis of the conversion options illustrated above and were
applied to a case study to assess the methodological approach applicability.

3. Materials and Methods
The methodology is designed to fit any potential repurposed plant alternatives and

allows one to evaluate which conversion option represents the most suitable solution for the
specific offshore infrastructure under assessment and the related reservoir. Its application
highlights not only the actual technical value of one option compared to others but also the
contribution of the solution identified from an environmental and sustainability perspective.
The analysis procedure is systematic and structured in five steps, ensuring high flexibility
and independence from the options under consideration; therefore, if a new plant solution
is to be considered, the methodology structure will remain the same, but only the relevant
elements will be applied.

The five steps are as follows:

1. Definition of criteria.
2. Definition of the significance of each criterion.
3. Assignment of an index to each criterion.
4. Assignment of a weight to each criterion.
5. Score evaluations.

The provision of guidelines based on this methodology offers structured support for
decision-making, helping to identify the most suitable design solution based on structural,
environmental, and operational assessments. The analysis procedure has been integrated
into a tool specifically developed for this study [34] to support the analysts and make the
guidelines accessible and efficient. The results obtained are the outcome of technical and
engineering analyses, specifically:

• A percentage score assigned to a specific option under consideration: this value
reflects the degree of adaptability of an installation to a given conversion option; the
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higher the score obtained for a specific option, the greater its compatibility with the
reference platform.

• Comparison of the adaptability level of the various options: the elements for determin-
ing why one conversion option is preferable to the others. For example, a conversion
solution may be preferable for sustainability reasons, while another option may be
preferable for structural assessments.

• A percentage score obtained through benchmarking analysis: the objective is to eval-
uate how the platform under consideration compares with the “best platform case”,
representative of the best performance that an offshore infrastructure can achieve for
that design alternative.

• The uncertainty range of the overall score, related to the analyst’s unknowns of some
quantitative information. Each alternative is therefore considered reliable within a
defined uncertainty range.

Figure 1 summarizes the methodological framework and highlights the key stages
that are discussed in detail in the following sections.

Figure 1. Methodology flow-chart.

3.1. Definition of Criteria

Assessing whether a platform can be adapted to a specific conversion option requires
identifying the key factors that influence its feasibility—referred to as criteria. The criteria
are characteristics of the platform and its surrounding environment, like the site where it is
located, the conversion option implemented, the reservoir characteristics, or the cluster to
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which it is associated. They have an impact on the realization of one or more conversion
options and provide a comprehensive overview of the platform’s general conditions. The
criteria have been divided into seven macro-categories:

Environmental aspects (platform): Identification of the environmental impacts that
would occur following the repurposing of the offshore platform during normal operation.
For instance, the criterion “Expected annual emissions of greenhouse gases and vapours
into the atmosphere compared to the pre-conversion conditions”.

Safety: Identification of all risks related to the system. For example, for process
deviations, consideration of the quantities stored for each hazardous chemical substance
and the potential consequences in case of accidental release is required. For instance, the
criterion “Quantity of flammable substances (liquid phase) on board”.

Utility: Identification of all criteria that allow one to understand how much an option
aligns with the goal of achieving climate neutrality by 2050, in line with the European
Green Deal. For instance, the criterion “Expected annual quantity of CO2 captured during
the post-conversion conditions”.

Technologies and design: Identification of the main structural and geometric characteris-
tics of the platform, which are relevant for defining the adaptability level of each option for
the platform under examination. For instance, the criterion “Available surface area on the
weather deck for installation of new equipment”.

Environmental and territorial compatibility (surroundings): Identification of all the envi-
ronmental and territorial characteristics of the area to assess whether the implementation
of one of the options is compatible with the environment near the platform. For instance,
the criterion “Expected maximum wind speed in the area where the platform is located”.

Conversion and decommissioning (repurposing works): Identification of the environmen-
tal impacts resulting from reconversion and decommissioning operations. For instance, the
criterion “Amount of waste produced due to conversion and decommissioning operations”.

Reservoir: Identification of the relevant characteristics of the reservoir associated with
the offshore platform to determine the degree of adaptability, for example for Options 2
and 3 described above. For instance, the criterion “Volume of the Reservoir (GOIP)”.

Each macro-category is detailed in a set of criteria. In the frame of this study, a total
of 72 criteria were identified, but their number may extend or reduce depending on the
specific case under investigation.

A list of the 72 criteria is provided in the Supplementary Materials of this paper.
According to the proposed methodology, at this stage, each macro-category is equally

important. The attribution of specific indexes and weights to the set of criteria belong-
ing to a macro-category determines their different relevance, thereby introducing a non-
compensatory logic when assessed according to the weighted sum aggregation method, as
described in the following paragraphs.

Some criteria depend only on the specificity of the platform itself. For instance, the
criterion “Expected maximum wind speed in the area where the platform is located” is
related to the installation site and is independent of the conversion project. Other criteria
depend on both the platform and the selected conversion option. For example, the criterion
“Difference between the load caused by average annual snowfall and the maximum load
compatible with the equipment on board” reflects both the environmental conditions
at the site (average snowfall) and the technical limits of the selected conversion option
(maximum allowable load for the equipment). Therefore, this type of criterion will be
assessed differently depending on the conversion scenario being considered. Each criterion
requires the input of information in its appropriate unit of measure or as a qualitative
evaluation (e.g., far less, less, more, or far more).
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All relevant characteristics were integrated into the methodology and translated
into criteria. The criteria are a fundamental component of the guidelines, allowing for
the consideration of key aspects in the conversion process—whether they are technical-
engineering, regulatory, or related to the sustainability of the project. Defining the criteria
required a detailed analysis of offshore platform features, from both environmental and
structural perspectives, as well as an in-depth evaluation of the available conversion options.
This phase was crucial to identifying the core aspects that determine how suitable a platform
is for new uses, ensuring that the analysis results are consistent and meaningful. The
entire guideline development process was preceded by a preliminary study phase, during
which both the characteristics of existing offshore platforms worldwide and potential
reuse solutions were thoroughly examined. Experts from the relevant disciplines were
also interviewed to confirm the selected criteria and/or add new ones. This enabled the
identification of the key elements that influence the success of conversion projects.

3.2. Definition of the Significance of Each Criterion

Once the criteria are defined, it is crucial to identify the ones that present characteristics
that are binding for the implementation of a specific conversion option. Consequently,
the second step of the methodology suggests an analysis that distinguishes binding from
non-binding criteria by assigning an indicator of importance:

Binding: The binding criteria, if not met, prevent the implementation of a selected
potential conversion option on a specific platform.

Non-binding: The non-binding criteria, while they may be more or less important, do
not prevent the implementation of a given solution if not met.

A criterion is not binding ‘a priori’, but the importance of a criterion depends on
the conversion option: what is binding for a particular option may not be for another.
It is important to note that, if a binding criterion is not met, the level of adaptability of
the platform to a given option is reset; that solution is discarded and therefore cannot be
selected for conversion.

For example, in the conversion Option 1 described above, involving a photovoltaic
system to power a seawater desalination unit, a binding criterion is “the platform is a part
of a cluster” of nearby platforms since Option 1 is designed to produce freshwater for
such platforms.

The binding criteria provide constraints that are non-compensatory in the weighted
sum aggregation method as it is applied to this study as they set thresholds, gates, barriers,
etc., towards which each criterion is assessed before each proposed option is accepted for
the multicriteria analysis.

3.3. Assignation of an Index to Each Criterion

Since the definition of criteria identifies the specific characteristics relevant to the
implementation of conversion solutions, it is essential to determine whether these charac-
teristics are present in the platform–reservoir system and to what extent. This assessment
could be conducted automatically by assigning indices to the criteria characteristics. The
added value of index-based approaches lies in translating the criterion into a parameter,
physical variable, and specific quantity or a combination of variables and quantities, en-
abling a more convenient and objective assessment. The methodology proposed requires
a predefinition of ranges for each criterion as the analyst does not identify the index but
inserts the value of a variable or parameter or a combination of variables that describe the
criterion and the methodology univocally associates that value with an index.

For criteria that describe a positive characteristic, the indices are as follows:

• 4 = It indicates the most favorable possible condition related to the analyzed criterion.

https://doi.org/10.3390/jmse14030239
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• 3 = It indicates a medium/high condition related to the criterion analyzed.
• 2 = It indicates a medium/low condition related to the criterion analyzed.
• 1 = It indicates the least favorable condition related to the criterion analyzed.

Positive characteristic means a technical, environmental, and structural property that
favors the implementation of one or more conversion options. The objective is to ensure
that these favorable conditions are widely present in the proposed solution. For example,
“Available surface area on the weather deck for installation of new equipment”: as the deck
area increases, the available space for installing new equipment also grows. The ideal index
to assign to this criterion is 4 as it identifies the best conditions.

For criteria that describe a negative characteristic, the indices are as follows:

• 1 = It indicates the most favorable possible condition related to the analyzed criterion.
• 2 = It indicates a medium/high condition related to the criterion analyzed.
• 3 = It indicates a medium/low condition related to the criterion analyzed.
• 4 = It indicates the least favorable condition related to the criterion analyzed.

A negative characteristic is a technical, environmental, or structural property that does
not favor the implementation of a specific conversion solution. Since this criterion describes
a condition that does not facilitate the adoption of a specific option, the objective is to
minimize the presence of such adverse conditions. For example, for the criterion “Expected
annual release of polluting liquids into the sea compared to the pre-conversion conditions”,
the greater the quantity of liquids released into the sea during normal operations, the higher
the environmental impact. The ideal index to assign to this criterion is 1 as it identifies the
best conditions, i.e., low liquid releases into the sea.

Table 1 provides an example of two criteria that illustrate the concepts just discussed.

Table 1. Positive and negative criteria.

Positive Criterion Negative Criterion

Available surface area on the
weather deck for installation

of new equipment

Quantity of flammable substances
(liquid phase) onboard

Index Range Index Range

4 >400 m2 1 Quantities released are much lower
than the pre-conversion conditions

3 240–400 m2 2 Quantities released are lower than the
pre-conversion conditions

2 170–240 m2 3 Quantities released are comparable to
the pre-conversion conditions

1 <170 m2 4 Quantities released are higher than the
pre-conversion conditions

As shown in Table 1, each index corresponding to a specific criterion can be assigned a
range of values directly related to the characteristic being evaluated. For the sake of com-
pleteness and for checking the applicability of the methodology, for each of the 72 criteria
considered, a thorough study was carried out to define a coherent, valid, and reliable range
of values for each index. These ranges were determined after a detailed analysis of each
criterion, with the goal of realistically representing relevant operational, environmental,
and structural conditions. The definition of the ranges was based on documented sources,
including the technical and scientific literature, industrial reports, technical databases, and
data from real-world case studies, and carried out by experts in the field. This means that
the definition of these ranges should not be left to the analyst applying the guidelines.
Indeed, the ranges were established during the development phase of the methodology.
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Therefore, the analyst must use the predefined ranges for each criterion and is not allowed
to modify them during the assessment process. Finding reliable data was not always
straightforward, and defining the range limits—an essential step to ensure the validity and
relevance of the analysis—proved to be one of the major challenges of this phase. However,
the definition of ranges and thresholds can be varied by the methodology developer fol-
lowing the availability of new information, improved technologies, and, in any case, when
new options become of interest.

In contrast, the binding criteria have not been assigned any functional ranges to define
a score. The analyst only identifies the presence or absence of the characteristic described
by the criterion.

Four index levels were selected to ensure a sufficiently detailed analysis without
compromising the clarity and effectiveness of the evaluation process.

Using only two levels (for example, A and B), where A represents the most favor-
able option and B the least desirable, would not have allowed for an adequate distinc-
tion of intermediate conditions, resulting in an overly simplified classification. On the
other hand, using six or more levels would have significantly increased the complexity of
defining and managing the criteria without providing a proportionate improvement in
analytical accuracy.

Following an in-depth review of the literature, which does not define a fixed number
of levels for an effective multicriteria analysis, the choice of four indices emerged as the
optimal solution. This decision was validated through practical tests of the methodology,
which showed that this configuration offers a good compromise between assessment
accuracy and the time required to define value ranges for each index across all criteria. In
summary, the use of four levels proved to be the most balanced choice for conducting a
robust multicriteria analysis in this study.

3.4. Assignation of Weight to Each Criterion

For the non-binding criteria, a scale of importance is established, variable for each
conversion option to identify the most relevant criteria for the implementation of a given
solution. This scale of importance is based on the assignment to each criterion a weight
with a value ranging from −3 to +3: the more relevant the criterion is for a given con-
version option, the higher the weight assigned to it will be. The presence or absence of
a characteristic significantly increases or decreases the level of adaptability only if the
absolute value of the weight attributed to the criterion is high. The weight assigned to
each criterion is strongly dependent on the option considered as what is significant or
decisive for one option may not necessarily be equally relevant for another. This reflects
the contextual nature of multicriteria analysis, where the importance of individual criteria
can vary depending on the specific characteristics associated with each alternative. Table 2
illustrates an example of this concept.

Table 2. Assignation of weights to each criterion.

Criterion Option 1
(Photovoltaic System)

Option 2
(CH4 + H2 Variant)

Option 3
(CO2 Variant) Note

Producibility analysis
of the

photovoltaic system
3 0 0

A positive characteristic is
not binding but very

significant for the
productivity of Option 1.

The characteristic does not
influence the productivity

of Options 2 and 3
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As with the selection of the optimal number of indices, to ensure a proper analysis
without exceeding the necessary level of detail, the weights have been identified in a range
between −3 and +3. To this end, a symmetrical range from −3 to +3 was adopted, allowing
both positive and negative assessments to be expressed in a balanced way with respect to
the relative importance of each criterion.

The weight value is positive if the property defined by a given criterion has a positive
effect on the implementation of the conversion option according to the directions outlined
in par. 3.3 above; conversely, the value is negative if the property has a negative effect on
the implementation of the solution under analysis. To achieve a high level of adaptability, it
is essential that all positive criteria, with the highest absolute weight values, receive a high
index score (3–4), while negative criteria, with higher absolute weights, should have an
index value of 1–2. This means that the key characteristics—both positive and negative—are
fully compatible with the proposed conversion option for the decommissioning platform.
This is one of the most complex points for the definition of guidelines as it is necessary to
identify an analysis procedure that is consistent for all the options and is specific to each
criterion at the same time.

To ensure maximum objectivity in the analysis, the assignment of weights to individ-
ual criteria is also not left to the analyst applying the guidelines; the weights were defined
during the development phase of the methodology through a process involving domain
experts who considered the relative importance of each criterion within the relevant appli-
cation context. As a result, analysts apply a predefined weighting system that cannot be
altered. This approach ensures neutrality in evaluations, minimizing the risk of introducing
subjective elements during the application of the methodology.

3.5. Allocation of Weights and Indices

The final and crucial step of the methodology is to establish a process for associating
the indices with the weights to achieve as a result the adaptability level of the retained
options that have passed the binding/non-binding criteria selection process. If this logical
step is not completed, the previous two steps would remain separated without having the
possibility of reaching the goal. The chosen method is the weighted sum, widely used in
multicriteria analyses, and considered sufficient for the qualitative results expected by the
application of the guidelines as a support to decision-making. To apply it by maintaining
in the meantime the current importance associated with each criterion, the weights have
been normalized using the Simos method [35], which establishes a hierarchy of criteria and
assigns them normalized numerical values. The Simos method organizes criteria using
a progressive numbering system, from the lowest to the highest weight. This approach
ensures that criteria initially assigned to a higher weight retain a greater normalized value
compared to what would be obtained through standard homogenous normalization, while
criteria with the same weight share the same ranking position.

Once all the preliminary steps have been completed, using the weighted sum method,
the result for each conversion option can be obtained by the following formula:

Scorei = ∑
K

∑
J

PC J,K·wJ,K (1)

The formula is

• Scorei = Level of adaptability of the platform under consideration with respect to the
i-th option.

• PC J,K = Index assigned to the J-th criterion of the K-th macro-category.
• wJ,K = Weight assigned to the J-th criterion of the K-th macro-category.
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Once the score is obtained, a benchmarking analysis is performed to analyze how the
platform under consideration compares with the “best platform case”, representative of
the best performance that an offshore infrastructure can achieve for that design alternative.
To obtain this benchmark, the ideal virtual platform is identified, considering for each
criterion the best score that such an alternative could offer. In particular, the highest level
of performance corresponds to the highest score (4) for a criterion with a positive weight
(wj > 0) and to the lowest score (1) for a criterion with a negative weight (wj < 0). A
KPI (Key Performance Indicator) that characterizes the performance is then introduced to
allow the comparison with a reference value. Therefore, for each option, the following KPI,
defined as a percentage ratio, was identified:

%benchmarking =
Scorei

ScoreBesti

·100 (2)

where

• Scorei = adaptability level of the platform for the i-th option.
• ScoreBesti = score that would obtain the best platform considering the i-th option.

3.6. Case Study

Upon completing the development of the methodology, validation tests have been
conducted to ensure that the derived guidelines correctly lead the analysts while evaluating
a real reuse problem. To facilitate this process, the methodology has been integrated
into a dedicated software tool, specifically designed for this study, to enhance accessibility,
improve efficiency, and assist analysts in achieving accurate results. The tool was developed
using MATLAB R2024a [36], and it incorporates a general algorithm capable of interacting
with multiple graphical user interfaces (GUIs) created with App Designer [34].

To understand the wide range of applicability of the approach presented in this paper,
it is important to recall here that the overall development process leading to the guidelines
for selecting the most appropriate conversion solution for each platform follows a general
method and is not specific to any platform or conversion option. To ensure such a general
nature, a “typical platform” was chosen for the case study and called GREEN1. The
platform characteristics are meant to be representative of most Italian installations. It is
assumed that GREEN1 was originally intended for natural gas production, and it is located
in the Adriatic Sea 18 km from the coast, where the seabed is at a depth of 25 m below
water level. The platform is a six-leg lattice structure with four wells and five decks. Its
connection to the shore is ensured by a sealine that, during its operative life, was dedicated
to the transport of natural gas from the platform to the coast. The gas reservoir associated
with GREEN1 is characterized by an original pressure of 20 MPa at a reference depth of
2000 m subsea level. [31].

The conversion options that the methodology can address are numerous and contin-
uously evolving. To evaluate the effectiveness of the methodology, three plant solutions
were selected, as presented in [31]. Their key characteristics are summarized below:

Option 1: Installation of a photovoltaic system to power a seawater desalination system,
aimed at supplying neighboring platforms. Critical factors include the availability of space
on the weather deck, weather conditions, and the resistance of the materials used.

Option 2: Utilization of the reservoir for the temporary storage of a CH4 + H2 mixture.
Key factors include the compatibility of the sealine with the hydrogen mixture, the reservoir
depth, the volume of gas that can be stored, and the storage efficiency (with a minimum
requirement of 30%, as established by the decree of the 4th of February 2011 [32]).
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Option 3: CO2 sequestration in the reservoir. Critical factors include the sealine com-
patibility, the reservoir depth, the available pore volume in the reservoir, and the presence
of an aquifer, which may reduce the pore volume and therefore limit the storage capacity.

4. Results (Case Study “GREEN1”)
After defining the platform and the conversion options that are going to be analyzed,

the implemented method proceeds to the testing phase. Through the graphical user
interface, the analyst inputs data according to the criteria relevant to the case study. The
tool collects this information and applies a multicriteria analysis to generate graphical
outputs that help to determine the most suitable conversion option. Specifically, based on
the provided data, the tool outputs are as follows:

• The scores for each conversion option.
• The contributions of each macro-category to the overall adaptability level.
• The benchmarking analysis.

The following section presents the results obtained for the implementation of the three
conversion options for the GREEN1 platform. Figure 2 illustrates the final score for each
option, determined using the weighted sum method. The scores assigned to Option 1 and
Option 2 are similar, while Option 3 emerges as the least favorable choice for this case study,
with a significantly lower score compared to the other two options. Based on these results,
it can be concluded that repurposing the depleted reservoir for CO2 storage is decidedly
the least suitable option from a technical, engineering, and operational point of view for
reasons that will be discussed hereafter.

Figure 2. Scores for each conversion option.

The results presented in Figure 2 represent a first high-level classification of the suit-
ability for conversion of the three alternatives. This information is then complemented
by additional details to support the analyst to make an informed decision. In particular,
the tool also identifies the score obtained for each macro-category, as shown in Figure 3.
This step is crucial as it allows the analyst to assess the contribution of the seven macro-
categories, determining which ones negatively impact a given scenario—reflected by a
lower score—and which ones contribute to a higher score. In this way, the apparent com-
pensatory nature of the weighted sum aggregation when only the final aggregated results
are considered for decision-making is overcome by the knowledge of the current contribu-
tion of each macro-category, thus providing the analyst a structured base of knowledge for
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assessment. Details about the contribution of each criterion within a macro-category are
also made available to the analyst when considered useful for the evaluation.

Figure 3. Contributions of each macro-category.

Regarding the environmental impact under normal operating conditions, Option 1
exhibits the lowest carbon footprint. The plant is expected to use mostly renewable energy,
which helps to reduce emissions of pollutants and greenhouse gases. In comparison, the
other two options have higher environmental impacts, partly due to gas turbine exhaust
or electric compressors. Overall, the desalination plant has about 25% less environmental
impact than the others. Option 1 also has the lowest safety risks since it does not involve
handling dangerous substances like CO2 or CH4 + H2 mixtures. It only stores chemicals
used to treat seawater, which are mainly corrosive or irritating to breathe but not hazardous.
Finally, Option 1 is slightly better in terms of design and technology. It removes some
heavy equipment, reducing the weight on structural supports, which is a small but useful
advantage. When looking at environmental compatibility, Option 1 is slightly less favorable
only because its components are less resistant to extreme weather, like hailstorms, which
could damage them and reduce production. Still, Option 1 scores higher overall in this
category thanks to the advantages of the photovoltaic system. From a safety perspective,
Option 2 is the riskiest. It involves large amounts of flammable and explosive substances,
like the CH4 + H2 mix, which could pose risks even to nearby platforms. However, Option
2 achieves the same score as Option 1 because it benefits from good reservoir characteristics
and storage performance. Option 3, which involves CO2 disposal, aligns best with the
sustainability goals because it reduces greenhouse gases in the atmosphere. But it has a
higher environmental impact than Option 1 due to the energy needed for compression.
From a safety perspective, it is also not advantageous because it handles asphyxiant
substances. Overall, this makes it the least favorable option, also because the reservoir
properties are not as suitable for long-term CO2 storage as in the case of Option 2 for
temporary storage. To ensure a good level of adaptability, Option 3 would require a higher
GOIP value as this is the parameter that most determines the performance level of the
system and, in particular, the quantity of CO2 that can be disposed of in the reservoir in the
long term.

4.1. The Benchmarking Analysis

As shown in Figure 4, Option 1 is the best choice among the investigated options. This
means Option 1 is better than the others but still not ideal. The platform is not fully suited
for this kind of conversion. Some parts of the system do not fit properly. For example,
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there is little space on the weather deck, so it is difficult to add new equipment. Also,
the platform receives less sunlight than those farther south. This lowers the system’s
performance. The lower percentages observed for Options 2 and 3 are primarily due to
the following factors: limited GOIP (gas originally in place) values, especially for CO2

disposal; and unfavorable aquifer conditions (strong water drive), which reduce the pore
volume available for both CH4 + H2 storage and CO2 disposal. Both configurations also
diverge from an ideal scenario in terms of safety as any potential incident would cause
large damage zones.

  
Option 1 Option 2 Option 3 

Figure 4. Benchmark analysis.

4.2. Level of Uncertainty Due to Lack of Data

In the absence of quantitative information available to the analyst, the methodology
allows for the omission of numerical input data by estimating a level of uncertainty. This
feature is implemented in the software tool that can determine an associated uncertainty
range for the overall score based on the percentage of completed criteria.

It is important to note that this estimation is independent of the quality of the measured
data. Indeed, the responsibility for verifying the reliability of the input data is left to
the analyst.

Rather, the tool accounts for situations in which the analyst is unable to provide all the
required information to assess which conversion project best fits the platform–reservoir
system under evaluation. In such cases, the tool returns a score for each alternative,
considered reliable within a defined uncertainty range.

To represent this uncertainty range, the upper and lower bounds within which each
option’s score is considered valid are calculated.

To set the upper bound, the “best platform case” was used. In this case, all missing
data achieve the best possible score. If a criterion is positive, it gets an index value of 4.
If it is negative, it gets a 1. This shows the highest score an option could reach if all data
were available. The lower bound is based on the “worst platform case.” Here, missing data
are assigned the worst possible scores. If a criterion is positive, it gets a 1. If it is negative,
it gets a 4. This shows the lowest score an option could reach if all data were available.
The formulas used to compute the uncertainty range are reported below. Each boundary is
calculated by adding or subtracting from the score obtained.

Upper Bound = Scorei +
∣∣∣∑j PCj·wj

∣∣∣ Case Best platform

{
IF wj > 0 → PCj = 4
IF wj < 0 → PCj = 1

(3)

Lower Bound = Scorei −
∣∣∣∑j PCj·wj

∣∣∣ Case Worst platform

{
IF wj > 0 → PCj = 1
IF wj < 0 → PCj = 4

(4)

where

• Scorei = the score obtained by the platform under evaluation for the i-th option.
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• PCj = the default score assigned to the j-th detailed (quantitative) criterion for which
the analyst, due to lack of data, did not provide an input.

• wj = the weight of the j-th detailed (quantitative) criterion for which the analyst did
not provide an input.

Figure 5 shows an example.

Figure 5. Applicative example of score ranges due to uncertainty induced by lack of data.

Figure 5 shows the uncertainty intervals associated with the overall scores for the
different options considered. In this example, the same case study as in the previous
analysis is used but assuming that some Utility and Technology and Design criteria are now
unknown to the analyst, precisely the CO2 emitted and captured in the post-conversion
configuration; the area available on the weather deck. It is clear how the level of uncertainty
due to the lack of these data can significantly influence the result, especially for options that
in the case study examined above have similar score values (i.e., Option 1 and Option 2
in Figure 2). In fact, in the specific case, the width of the uncertainty range means that
Option 2, the option with the highest score, can be less efficient than Option 1 for the
analyzed platform. This demonstrates how missing information can affect not only the
overall score and the uncertainty range but also the final decision regarding the platform
and reservoir reconversion.

5. Discussion
In recent decades, engineering has played a key role in addressing the challenges of the

ongoing energy transition. Due to the current lack of dedicated regulations—particularly
concerning the conversion of offshore oil and gas platforms at end of life—there is an
urgent need to develop guidelines that can support analysts in the decision-making process
for identifying the most suitable conversion option as an alternative to full or partial
decommissioning of a given platform.

The proposed methodology considers both the international regulatory framework—
particularly in terms of environmental protection and safety—and the Italian legislative
context. The key national reference is the Ministerial Decree of 15 February 2019 [24], which
requires companies to report a list of structures scheduled to cease production and eligible
for decommissioning. This methodology offers a technically sound and indispensable
support tool for stakeholders opting for alternative solutions to platforms’ complete decom-
missioning and, therefore, interested in evaluating the most suitable platform conversion
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option by taking into account the overall platform–reservoir system. The derived guidelines
are general in purpose and friendly to use by analysts with average sector knowledge.

Organized according to a five-step methodology that considers all the relevant charac-
teristics of the platform and the reservoir under assessment, their application is facilitated
by a dedicated software tool. Thanks to the inclusion of global performance indicators,
direct comparison between alternatives, and a detailed assessment of strengths and weak-
nesses specific to the analyzed platform–reservoir system, the decision-making process is
streamlined and delivers a comprehensive, well-justified, and immediately interpretable
overview. The guidelines’ flexibility and adaptability to evolving scenarios are ensured by
a structured phased approach.

As this is an innovative approach, the effectiveness of the proposed methodology was
evaluated through a case study, which examined three conversion options:

• Option 1: Basic design to install a photovoltaic system onboard the platform and use
the energy produced to power a seawater desalination system serving a cluster of
surrounding platforms.

• Option 2: Basic design to install infrastructures onboard the platform for converting
the associated depleted reservoir into an underground fluid storage system with
seasonal injection and withdrawal of CH4 + H2 mixtures.

• Option 3: Basic design to install onboard the platform infrastructures for sequestration
of CO2 in the associated depleted gas reservoir.

The results obtained are encouraging: the methodology provided consistent and
meaningful results in relation to the characteristics of a representative scenario, represented
by the generic GREEN1 platform and an associated depleted reservoir.

It is important to note that economic aspects were not considered during this phase
of guideline development. This design choice was made because the main objective of
the study was to assess the technical feasibility of the guidelines—specifically to evaluate
their practical applicability in engineering contexts and their potential contribution to
operational effectiveness. The aim was to determine whether the proposed approach could
be applied starting from an engineering perspective. However, nothing is preventing the
integration of a cost-related macro-category in later stages of the project to include the
economic dimension in the multicriteria analysis. In that case, the evaluation outcomes for
the different options could likely change.

The implementation of the guidelines and the tool made it possible to fully achieve the
defined objectives. The graphical representation of the results facilitates the interpretation
and comparison of the different alternatives, thereby improving the effectiveness of the
decision-making process.

It can therefore be stated that the methodology can provide reliable and well-justified
results. During the design phase, the structure of the guidelines was intentionally devel-
oped to ensure flexibility and applicability for the evaluation of new options. To maintain a
comprehensive assessment, it will be sufficient, if necessary, to consider the following:

• An increase in the number of macro-categories: this may occur if new options in-
troduce specific aspects that cannot be classified under any of the currently defined
macro-categories.

• An increase in the number of binding criteria: it will be necessary to assess whether
any features—if not met—would prevent the implementation of new options. If so,
these features should be included in the list of binding criteria, which will apply only
to the additional options.

• An increase in the number of non-binding criteria: new indices and weights will need
to be defined for any newly introduced criteria.
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Although the approach is general in nature and applicable to various contexts, a
preliminary analysis phase is required. The developed methodology requires the ana-
lyst to characterize the platform and the associated hydrocarbon reservoir by entering a
structured set of general and specific features. Based on this input, the system evaluates
the compatibility of the analyzed conversion options. At this stage, critical features that
influence the compatibility between the platform–reservoir system and the conversion
option must be identified so that these parameters can be appropriately integrated into the
data processing workflow.

All the knowledge incorporated into the guidelines has been directly integrated into
the software tool. This approach allows the tool to be used even by a single analyst with
average sector knowledge without the need to involve multidisciplinary teams of experts
with specialized skills in different fields.

The approach described in this study presents innovative features. Unlike the method-
ology developed by B. Zanuttigh et al. in the article “A novel framework for sustainable
decision-making on reusing Oil & Gas offshore platforms with application to the Adriatic
Sea” [29], it adopts a distinctly engineering-oriented perspective. This work focuses specifi-
cally on technical and engineering aspects, such as structural adaptability, safety, and the
environmental impact of the individual installation, and it integrates the valorization of
the reservoir potential, allowing a comprehensive platform–reservoir system assessment.
This approach is further strengthened by the development of structured guidelines, imple-
mented within a software tool that enables analysts to systematically evaluate and compare
various repurposing options while taking into account the specific characteristics of the
platform–reservoir system under consideration. Unlike in [29], such characteristics form a
knowledge base that is available to the analyst, who is therefore not compelled to set up
expert elicitation sessions during the assessment unless deemed useful for some specific
project-related needs.

An additional distinctive feature of this methodology is the introduction of a
technical benchmarking system, which allows for the comparison between the real
platform–reservoir system and an ideal system profile associated with each reuse option,
with the goal of identifying the solution that is technically most consistent with the condi-
tion and configuration of the asset. This makes it unique with respect to other comparison
approaches presented in the literature, where the reuse options are benchmarked against
the decommissioning option.

Furthermore, this study represents a fully integrated approach, taking into account
the whole platform–reservoir system and considering the technical feasibility of converting
depleted reservoirs into underground fluid storage (UFS) systems for both CH4 + H2

mixtures and CO2, which currently represent very interesting and promising reuse options
due to their strategic relevance in the context of the ongoing energy transition.

6. Conclusions
The circular economy and decarbonization goals promoted by the European Green

Deal through a series of communications, directives, and regulations underscore, among
the several measures to be adopted, the need to explore conversion scenarios for end-of-life
offshore platforms and associated reservoirs, favoring this perspective over partial or
complete decommissioning. Leveraging existing infrastructure to repurpose sites and
generate renewable energy represents the ideal scenario. Revamping existing infrastructure
with new green technological solutions is essential to contribute to the energy transition
objectives, reduce waste, and partly offset CO2 emissions into the atmosphere.

In this context, the guidelines presented in this paper aim to support the implemen-
tation of the European Green Deal in Italy and contribute to the achievement of the goals
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set in the Integrated National Energy and Climate Plan [37]. Although the methodology
has been developed with the Italian context in mind, its potential applicability at the inter-
national level in countries enforcing a similar regulatory framework is not prevented as it
was designed to be easily adaptable.

The guidelines, tested on the three selected options defined in the framework of the
Clypea Agreement, are capable not only of identifying the most suitable conversion option
based on the general and specific technical, engineering, and operational characteristics of
the platform–reservoir system under evaluation but also of providing the analyst with the
rationale behind the screening of the options. In fact, the assessment procedure can return
the score obtained for each macro-category of criteria, for each criterion, and highlight
the potentially positive and negative impacts. The result is a comprehensive engineering
evaluation framework that offers a detailed analysis of the strengths and weaknesses of
each conversion alternative in support of the decisions to be taken regarding the considered
infrastructure. The tests performed had the purpose of investigating the functionality of the
method in a familiar environment, and the indexes and weights adopted were set according
to experts, the literature, and personal knowledge.

The guidelines are primarily addressed to operators preparing for a permitting ap-
plication for a repurposed use of the platform and provide the engineering rationale with
an operational basis for the selection of a preferred solution among the investigated ones.
Some of them also include the conversion and reuse of the depleted hydrocarbon reservoirs
associated with the platforms.

The level of adaptability is highly dependent on the characteristics identified during
the preliminary analysis phase and the knowledge base created to feed the software tool.
The more the knowledge base is enriched by data, the more complete the comparative
assessment provided by the tool for the reuse of a given offshore platform (as the suitability
of a certain option may vary when applied to a different platform). The proposed method-
ology and the associated guidelines have general validity and are not limited to the three
options studied. Indeed, they can be applied to future conversion and reuse scenarios that
have not yet been fully explored.

The results will have to be validated according to other influencing factors, such
as economic viability, social acceptance, energy policy constraints, and new rules and
regulations, which are not specifically covered by the guidelines. This task could be
facilitated by cooperation with research groups that specialize in those disciplines.
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