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Abstract: New hypotheses for reusing platforms reaching their end-of-life have been investigated
in several works, discussing the potential conversions of these infrastructures from recreational
tourism to fish farming. In this perspective paper, we discuss the conversion options that could
be of interest in the context of the current energy transition, with reference to the off-shore Italian
scenario. The study was developed in support of the development of a national strategy aimed
at favoring a circular economy and the reuse of existing infrastructure for the implementation of
the energy transition. Thus, the investigated options include the onboard production of renewable
energy, hydrogen production from seawater through electrolyzers, CO2 capture and valorization,
and platform reuse for underground fluid storage in depleted reservoirs once produced through
platforms. Case histories are developed with reference to a typical, fictitious platform in the Adriatic
Sea, Italy, to provide an engineering-based approach to these different conversion options. The
coupling of the platform with the underground storage to set the optimal operational conditions is
managed through the forecast of the reservoir performance, with advanced numerical models able
to simulate the complexity of the phenomena occurring in the presence of coupled hydrodynamic,
geomechanical, geochemical, thermal, and biological processes. The results of our study are very
encouraging, because they reveal that no technical, environmental, or safety issues prevent the
conversion of offshore platforms into valuable infrastructure, contributing to achieving the energy
transition targets, as long as the selection of the conversion option to deploy is designed taking into
account the system specificity and including the depleted reservoir to which it is connected when
relevant. Socio-economic issues were not investigated, as they were out of the scope of the project.

Keywords: platform conversion; energy transition; underground fluid storage; CO2 geological
sequestration; CO2 valorization; hydrogen production

1. Introduction

Sustainability and the circular economy have recently been receiving increasing at-
tention both from public opinion and the scientific literature and, in particular, there is
a growing interest in exploring the application of the concepts of the circular economy
to the infrastructure and installations reaching the end of their life, especially when their
construction required a huge use of natural resources and energy. The partial or complete
decommissioning of these installations could be very expensive and involve an environ-
mental impact [1,2]. This is the reason why new hypotheses for reusing platforms in a
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circular perspective have been taken into account in several works and studies discussing
the potential conversions of these plants from recreational tourism to fish farming [3–7].

In this framework, this paper focuses on depleted Italian reservoirs and the obsolescent
offshore oil and gas platforms once used to produce them. However, the concepts and
considerations we discuss could easily be extended to platforms located elsewhere. In
our studies, prompted by the Ministry of Environment and Energy Security (formerly
Ministry of Economic Development), we have investigated several conversion options that
could be of interest in the context of the current energy transition, on the one hand, for the
production of renewable energy onboard and, on the other hand, for the reuse of plants and
depleted reservoirs for underground fluid storage (mixtures of natural gas and hydrogen
or pure hydrogen or CO2 sequestered by production processes), in line with the energy
transition currently in progress to achieve the “Net Zero Emissions” goal of 2050. The
investigation was focused on technical feasibility, because socio-economic issues were out
of the scope of the project.

Carbon storage in underground geological formations is considered to be one of
the effective technologies able to offset greenhouse gases. It consists of injecting carbon
dioxide in the supercritical phase into subsurface formations to achieve a high fluid density
and maximize storage capacity. Carbon dioxide can be captured from power facilities’
processes through post-combustion, pre-combustion, oxyfuel combustion, or industrial
separation; from industrial processes through absorption or adsorption; or even through
direct methods such as Direct Air Capture [8,9]. The Global CCS Institute [10] estimates the
current global capacity of the carbon dioxide storage rate to be around 40 million tons per
year (Mtpa), but it must grow to billions of tons per year to meet carbon neutrality, and this
is the reason for the development of many Carbon Capture and Storage (CCS) projects in
the last few years. Nowadays, operational facilities inject just over 1 Mtpa CO2 on average,
but within a decade, this average could significantly increase, as new storage projects
associated with CCS networks have injection rates of around 5 Mtpa CO2. Furthermore,
storage operators are announcing 10 Mtpa CO2 rates or more [11].

Molecular hydrogen is considered to be an efficient energy carrier that can help
to decarbonize those sectors characterized by a high energy demand [12]. As a direct
consequence, Underground Hydrogen Storage (UHS) has been identified as an essential
technology for guaranteeing a large-scale hydrogen capacity daily and seasonally [13,14].
Currently, UHS is still not fully commercially developed, and only salt caverns are used for
the storage of 95% pure hydrogen [15]. However, in many respects, the UHS in depleted
reservoirs can be considered to be very similar to underground natural gas storage, which
has been deployed since the beginning of the 20th century [16], and there is extensive
research confirming the feasibility and safety of underground hydrogen storage in porous
reservoirs [12,17]. Thus, it is very likely that UHS will soon emerge as an integral component
of the energy transition.

Based on the review of the current knowledge, modeling capabilities, and technologies
that could be deployed to implement each investigated option, we offer the perspective
of an engineering-based approach for the assessment of the conversion opportunities
for platforms and depleted reservoirs in the Italian offshore scenario. The main target
of this study is to provide technical considerations, contributing to the definition of the
guidelines for the identification of the most appropriate solution for the conversion of
specific platforms close to decommissioning.

2. Conversion Options for Offshore Platforms

The Italian offshore oil and gas panorama is aging, and an increasing number of
installations need (or will need in the next years) to be decommissioned. However, de-
commissioning may not always be preferable, considering the high costs involved, the
environmental impact the activities may have on the surrounding marine ecosystem, and
the risks associated with operations; hence, other opportunities can be explored [3].
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In this section, we propose four conversion options that have been studied at a basic
design level in order to evaluate their technical feasibility, together with considerations
about their safety, environmental, and regulatory aspects. When proposing a new uti-
lization for end-of-life offshore oil and gas platforms (Figure 1), in support of the energy
transition, firstly the philosophy behind the development of the project should be estab-
lished, providing the basic criteria of the conversion process. Four different solutions for
platform conversion have been investigated:

• Option 1—The on-board installation of a photovoltaic field to feed the production unit
of desalinated water;

• Option 2—The reuse of the platform and depleted reservoir for the seasonal under-
ground storage of CH4 and H2 mixtures;

• Option 3—The reuse the platform and depleted reservoir for CO2 and storage;
• Option 4—The deployment of electrochemical techniques for CO2 capture

and valorization.
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Figure 1. Typical oil and gas offshore platform [Photo by Zachary Theodore on Unsplash [18]].

In this paper, these four options are discussed, with a focus on the equipment to
be installed, their technology readiness for industrial deployment, the requirements and
weights of the installations, energy consumption, and safety. The characteristics of the
reservoirs to be converted into underground storage and the modeling activities to forecast
the storage performance are also recalled to prove the overall feasibility of these projects.

In the next sections, Option 4 is presented using a bibliographic framework richer
than the others, due to the different maturity of its implemented solutions and technologies.
Options 1, 2, and 3 use technologies that are well known and currently used for onshore
applications, and the interest is rather in their different application (including offshore)
than their technical readiness.

3. Conversion Philosophy

The project philosophy is a set of general principles guiding the platform conversion
and reservoir reuse, the evaluation of its technical feasibility, and the sustainability of the
project during its entire lifecycle. The pillars of the philosophy, based on which the project
criteria are declined and, consequently, the case studies are defined, are the usefulness of
its installation, the minimization of its environmental impact, its potential hazards, and the
costs of decommissioning operations.

When preparing the infrastructure to receive the new components and processes
required by the selected conversion option, the following criteria should be applied to
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minimize operations, hence, costs and, under certain conditions, environmental impact
and safety issues:

• The components of the pre-conversion configuration are decommissioned only if their
removal is necessary to gain space for the new systems;

• All subsea interventions (on the jacket, on the connection pipeline, and umbilicals,
etc.) are limited to the strictly necessary ones to avoid potential damage to the
marine ecosystem;

• The decommissioning and removal of components shall be carried out in a way that
minimizes the environmental impacts and risks associated with the operations.

To achieve the sustainability objectives that inspire the entire project, the design of
the system has to be optimized so that the system can exploit renewable energy during its
operational life, avoids wasting energy (e.g., using heat recovery in between the different
steps of the process), and minimizes environmental impact.

To guarantee the fulfillment of the objectives of safety, environmental protection, and
asset integrity, a Health, Safety, and Environment (HSE) philosophy is defined, guiding
the design and operation of the post-conversion installations. Generally speaking, the
management of these HSE aspects is imposed by the current national and international
regulatory framework, but more restrictive solutions can be applied if they are technically
feasible and their cost is not disproportionate with respect to the provided benefits.

An environmental analysis is suggested for the selected conversion option to identify
the most significant environmental aspects characterizing the post-conversion process and
to drive successive design and technological improvements. The analysis should refer
to the entire lifecycle of the plant, including the decommissioning of the pre-conversion
equipment, the installation of the components necessary to the new process, the operation
of the post-conversion installation, the inspection and maintenance phases, and the final
decommissioning. Several environmentally crucial aspects are considered worthy of being
investigated, given their potential impacts on the surrounding biota, such as possible
emissions of gases and vapors into the atmosphere or liquids into the sea, waste, noise and
vibrations, and light pollution. These aspects must be evaluated considering the limits of
the current legislation, their impact on public opinion, their recurrence over time, their
potential economic impact, and the extent of these effects.

In addition, a safety analysis is recommended to identify and coherently manage
the characteristic risks of the new system (including process deviations, onboard human
presence, external events, and software errors) and their potential damage to people, the
environment, and assets. A qualitative hazard identification is considered to be the most
appropriate first step for the safety evaluation of these preliminarily designed plants;
nonetheless, a more detailed quantitative or semi-quantitative analysis can be applied to
investigate the most severe identified scenarios.

4. Platform Conversion Case Studies

To ensure the general nature of the approach (non-specific for a pre-determined plat-
form), the selected object of the study is a “typical platform”, GREEN1, the characteristics
of which are defined to be representative of most Italian installations, but specific to none
of them. On the one hand, the choice of selecting an Italian infrastructure is due to two
reasons: first, the Italian seas host 138 offshore platforms, approximately 40 of which are
more than 30 years old; and second, the project aimed at identifying sustainable options
for end-of-life platforms is supported by the Italian Ministry of Environment and Energy
Security (formerly Ministry of Economic Development). On the other hand, the choice
of selecting fictious infrastructure is related to the final goal of the project, which is the
development of guidelines for selecting the most appropriate conversion solution for each
platform based on its specific features. Currently, the preparation of these guidelines
is ongoing.

In the northern Adriatic Sea (Italy), 60% of its plants produce gas, 50% of these are
characterized by four decks in addition to the boat landing, and 66% are equipped with
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4–6 wells. GREEN1 is supposed to be intended for natural gas production and is located
at a distance of 18 km from the coast in the Adriatic Sea, where the seabed is 25 m below
water level. The platform is considered to be 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.

For the reservoir, the typical properties of Italian reservoirs are considered. The chosen
depth value was 2000 m below the seabed. For the GREEN1 reservoir, an original pressure
of 20 MPa and a minimum pressure of 7.9 MPa were chosen.

4.1. Option 1—On-Board Installation of a Photovoltaic System Feeding a Desalination Unit for
Freshwater Production

In the Adriatic Sea, photovoltaic (PV) systems are the most promising renewable
technology for energy production, considering that the intensity of the winds is not very
high and other systems, such as the exploitation of the wave motion, are still under
development. Thus, the purpose of this first case study is to use renewable energy from a
PV system to feed a desalination unit and produce fresh water. The freshwater is delivered
to the surrounding platforms belonging to the same cluster, with the objective of reducing
the environmental pollution due to drinking water transportation by vessels. Freshwater
production also allowed us to investigate the extraction of rare materials from the residual
brine of desalination [19,20].

From a design point of view, the PV system needs to be installed on the highest deck
of the platform (the weather deck). The criterion is to maximize the available area on
top in order to produce the largest amount of electricity that can feed the desalination
unit. As a consequence, the available surface on the top deck is a constraint for the
size of the desalination unit, hence, for the flow rate of the produced freshwater. High-
efficiency monocrystalline solar panels are considered to be suitable for high-salinity and
high-humidity environmental conditions and their orientation has to optimize the solar
exposition. At the moment, the investigation is based on the energy that can be produced
onboard, but new projects are going on to install floating PV fields in the Adriatic Sea, which
could contribute to increasing the size of the desalination unit (e.g., the AGNES project).
More details on the design dimensioning, tools, and background (e.g., solar irradiation) for
option 1 are provided in a dedicated paper [21].

Due to the aleatory nature of the solar source, connection to the national electrical
grid is considered to be necessary as a buffer to guarantee constant daily water production:
in fact, when the PV production is higher than the desalination unit demand, the excess
electricity is fed into the grid; contrariwise, when the PV production cannot match the
demand of the desalination unit, the national grid can satisfy the electrical request. For this
design option, the area of the weather deck to be dedicated to the installation of the panels
is one of the dimensioning parameters for the system; hence, the most impactful decom-
missioning activities are foreseen for the removal of the equipment installed on the highest
deck. At the end of decommissioning phase, the GREEN1 free surface is approximately
132 m2, hence, the system can produce approximately 33 MWh/year, depending on the
panel degradation. The expected monthly production of the system is shown in Figure 2.

The produced PV energy is used to feed the desalination package. A pump sucks
up the salt water, which is pre-treated to meet the appropriate chemical and physical
requirements for passing through the osmotic membranes; then, water flows in the post-
treatment unit, where the pH is adjusted to reach a value of 7.5 and the remaining traces of
organic bacterial species and inorganic chemical compounds are eliminated. Eventually, the
drinking water is transported to the neighboring platforms with a flow rate of 7.5 m3/day,
ensuring water supply. Brine is the main waste product of the desalination package and, in
accordance with the current environmental regulations, is directly disposed into the sea
with a turbulence sufficient to ensure its efficient mixing with seawater and avoid impacts
on the marine biota.
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Some of the crucial aspects that emerged during the analysis of this system are briefly
summarized in the following. From a design point of view, connection to the electrical
national grid is essential. Moreover, the size of the highest deck of the platform and
the possible presence of shading components are two of the dimensioning parameters
for the entire system and, in certain cases, can prevent the deployment of this option or
involve relevant decommissioning costs. From a structural perspective, the static and
dynamic solicitations are considered to be smaller than those of the pre-conversion system;
nonetheless, a detailed load analysis is required, with a particular focus on the effect of age
on the structures.

4.1.1. Linking Fresh Water and Green-H2 Production

Green H2 can be produced by a water-splitting process, electrochemically driven by
the hydrogen evolution (HER) and oxygen evolution (OER) half-reactions powered by
renewable energy sources [22,23]. In this context, significant efforts are dedicated to the
advancement of catalysts and membranes designed for use in purified water sources, even
though 96.5% of the world’s water reserves consist of brackish water and seawater [24].
Considering this and the forecasts of an expected decreased availability of potable water
sources, the development of electrolyzers capable of operating with seawater/wastewater
is a target of primary importance. Nevertheless, Direct Seawater Splitting (DSS) is still
considered to be a demanding process due to the presence of specific dissolved ions, organic
molecules, microorganisms, bio-compounds, and particulates. The former are the most
hampering, due to the production of insoluble Mg2+ and Ca2+ hydroxides together with
Cl2 and ClO− evolution, coming from the Cl− oxidation, which deteriorates the electrodes
and membranes, completely inhibiting the electrolyzer within one hour. This makes the
current technology unfeasible for possible industrial scale-up [25].

Several technological approaches are commonly employed to obtain purified water
from a saline solution, and they can be divided into thermal methods and membrane-based
methods [26]. All desalination processes, no matter the employed methodology, generate
distilled water ready to be used and brine, an extremely high-concentration solution of
salts in water, which requires proper treatment and disposal.

Traditionally, brine has been considered to be a waste product with limited economic
value [19,20,27,28]. Its management varies depending on specific circumstances and local
regulations. The common methods for managing brine can be divided into:

• Underground injection. Brine is often injected into disposal wells. This method aims
at isolating the brine from surface water and preventing contamination. However, the
long-term consequences of underground injection, such as formation clogging, raise
feasibility concerns.
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• Evaporation ponds. Brine is sometimes directed to evaporation ponds, where it
is left to evaporate naturally over time. As the water evaporates, salts and other
dissolved components become concentrated and can be harvested. Evaporation
ponds require large land areas, are not available on platforms, and this process can
be time-consuming.

• Treatment and disposal. Depending on the specific characteristics of the brine, treat-
ment processes could be employed to reduce its salinity or remove contaminants.
Treated brine could then be discharged in compliance with regulatory standards or
directed to suitable disposal facilities.

• Discharge into water bodies. The large volume of water bodies helps to dilute brine
and disperse it, reducing its potential environmental impact. However, this practice
raises concerns about salinity levels and its effect on aquatic ecosystems. Disposal
into seas and oceans is the cheapest option, although strict regulations apply, since
brine’s salinity is 1.6–2 times higher compared to that of seawater (35 g/L) [29].
This salinity variation should not be underestimated, because several studies have
evidenced how even a slight salinity increase could alter the balance of the marine life
species, disrupting their osmotic balance. Some species seem to be sensitive to salinity
variations of only 0.2–0.3%, while others start to suffer only if higher values (10%) are
reached [18]. This translates into a specific evaluation that should be performed for
each scenario, considering the number of platforms and their geographical placement,
since regions characterized by strong marine currents could represent an optimal
solution for mitigating salinity gradients.

It is worth noting that these traditional management methods focus primarily on
disposal rather than valorization. However, with an increasing emphasis on sustainability
and resource recovery, there is growing interest in exploring technologies and strategies
for extracting value from brine, by recovering valuable components such as lithium or
utilizing it for energy production, as discussed earlier. Modern approaches aim to transform
brine from a waste product into a resource, promoting circular economy principles and
minimizing environmental impacts. By implementing innovative technologies, it is now
possible to extract valuable resources from brine, reduce waste, and improve the overall
sustainability in the management of brine byproducts.

Thermal methods are advantageous in terms of the versatility and stability of their
reactors; nevertheless, they are characterized by an extremely high-energy demand re-
quired for water evaporation. Thus they are a valid solution only when combined with
a tremendously large energy availability, such as nuclear desalination [30] or solar de-
salination [29]. Far more promising technologies are membrane-based ones. The main
driving forces, depending on the specific technique used, are the osmotic gradient, the
concentration gradient, and the thermal gradient. Membrane-based methods become even
more promising once rethought as being interconnected to electrolyzers for H2 produc-
tion. Indeed, the desalinization main goal is the complete extraction of the water content;
however, this aspect can be reformulated to extract only the amount of water required by
the electrolyzer, thus avoiding reaching highly salty brines while continuously recharging
the seawater. We can summarize two possible schemes: an independent approach, in
which pure water is obtained via desalination independently from the electrolyzer, and a
synergic approach, in which the electrolyzer is continuously fed by pure water extracted
from seawater through membrane-based processes. The benefits of the latter are huge
considering the possibility of working directly on offshore platforms and simultaneously
preventing brine formation and disposal. With this perspective, different approaches have
been reported in the literature. The easiest approach is the one involving the realization of
electrolyzers tolerant to saline water conditions, in order to effectively work directly with
seawater. For this purpose, most efforts target the stability of the anode catalyst to obtain
materials able to prevent corrosion by ClO- species coming from the competitive Chlorine
Evolution Reaction (CER) in the anolyte, meanwhile being more selective to the OER than
the CER. This strategy involves the employment of seawater only as the anolyte, since it
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does not prevent hydroxide precipitation in the catholyte and, in the current state of the art,
only modest results have been achieved, far from any sort of industrialization [31]. The first
configuration taking a real advantage of the membrane-based process is the one involving
a Forward Osmosis Membrane (FOM) placed between the electrolyzer and seawater tank.
The osmotic gradient is the driving force for the spontaneous diffusion of the water from the
saline solution to the more concentrated electrolyte in the electrolyzer. The FOM prevents
seawater ions diffusion while permitting water diffusion. However, mutual ion diffusion
between the two solutions is registered just after a 24 h lifetime. Moreover, the FOM forces
the electrolyzer to operate with a neutral solution to prevent membrane damage, and this is
possible only for electrolyzers with an extremely low performance and not comparable to
industrial requirements [32]. The parallel approach is the exploitation of a Reverse Osmosis
Membrane (ROM), which separates the anode (filled with common electrolyte) from the
cathode (filled with seawater). In the absence of an applied force between the two solutions,
the ROM acts merely as a separator permeable to small ions, i.e., allowing proton migration
from the anode to cathode, while preventing chloride anion migration and consequent
oxidation. Compared to FOM electrolyzers, the limits of this scheme are more pronounced:
the real seawater composition is not considered, i.e., insoluble hydroxide precipitation,
and the seawater would be exploited only partially in a half-cell. Finally, the stability
of the membrane is restricted to a pH range of 2–11, thus excluding high-performance
electrolyzers [33]. The intrinsic limits for membrane-based technologies are thus restricted
to their ion retention performance and are related to their chemical stability for the harsh
conditions of industrial electrolyzers, which commonly employ acidic or deeply basic solu-
tions. To overcome such problems, the design of polymer membranes with a great stability
in such solutions is mandatory for the realization of DSS devices to be installed on offshore
platforms. The closest solution to the realization of a DSS device is the one proposed by
Shao et al. [25], in which the electrolyzer is fed by a Membrane Distillation (MD) process. In
the MD process, a micro-porous hydrophobic membrane separates two aqueous solutions
at different temperatures. A hydrophobic membrane prevents the mass transfer of the
liquids, thus inhibiting the ions’ mutual diffusion, whereby a gas–liquid interface is created.
The peculiarity of the MD is that the driving force is the difference in vapor tension for the
two solutions, a chemical–physical characteristic primarily affected by thermal gradient,
but also influenced by the difference in salinity. As reported in the work of Shao et al., an
alkaline electrolyzer was able to operate for 3200 h at 250 mA/cm2 without any variation
in the electrolyte inside the electrolyzer. The MD process takes advantage of the great
difference in salinity between the two solutions, since alkaline electrolyzers commonly
employ a solution of 20–40% of KOH w/w [34], and the average seawater composition
has around 0.5 M of NaCl as its primary salt [35]. Such a great difference in concentration
makes it possible for the alkaline electrolyzer to work indirectly with seawater. The actual
scale-up limits of this approach are the cost of the membranes employed for the MD, the
cost of the electrolyzer components, and the cost of energy.

As discussed, membrane-based processes can be suitable for building infrastructure
operating directly with seawater. For this purpose, the conversion of offshore sites is
incredibly interesting. In order to prevent brine formation and its consequent disposal, a
system able to continuously take advantage of fresh seawater would be beneficial. In a
holistic conversion vision, the ideal approach would be the implementation of local green
energy production systems, such as a photovoltaic system, that would directly supply
energy to the platform, where green H2 is produced by DSS.

4.2. Option 2—Reuse of the Platform and Depleted Reservoir for Underground Storage of a CH4
and H2 Mixture

The purpose of the second case study is the underground storage of a mixture of CH4
and H2 in a depleted reservoir connected to the platform. There are at least a couple of
reasons for considering this option: the need for an increased storage capacity to ensure
energy security and the role of hydrogen in the energy transition [12]. The gas blend is
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the first step to introducing hydrogen into the existing energy system: hydrogen provides
some positive contributions, linked to the sustainable way it can be produced (i.e., from
renewable sources) and the relevant specific energy it carries to the mix. If the hydrogen
percentage is small enough, no significant changes in terms of material degradation are
expected; conversely, since a fraction of the natural gas is substituted by green hydrogen,
carbon dioxide emissions will be reduced when the mixture is burnt.

From an operational perspective, the plant has to be able to work in two modes,
depending on the season:

• Injection phase: The injection of the gaseous mixture from the national grid into the
reservoir during the summer period, when the demand is expected to be low (1 April
to 30 September);

• Withdrawal phase: The production of the gaseous mixture from the reservoir to the
national grid during the winter period, when the demand is expected to be high (1
October to 31 March).

For this case study, the driving design criteria are the reservoir characteristics. A con-
ventional reservoir was selected, because carbonate formations are highly heterogeneous
and not deemed adequate for gas storage [36]. In particular, the target was to maximize
the quantity of gas mixture that can be temporarily stored in safe conditions. The original
pressure of the reservoir is a threshold that cannot be exceeded: in fact, in agreement with
the current regulations [37], the maximum bottomhole pressure has to be equal to or lower
than the original formation pressure, except in some special cases, subject to the acceptance
of regional and national authorities. Along with the maximum and minimum bottomhole
pressure, the reservoir extension, thickness, petrophysical properties, and production mech-
anism (i.e., the presence of an active aquifer) contribute to defining the maximum storable
gas volume and gas injection/withdrawal flow rates. The pressure limits and flow rate
ranges provide the dimensioning parameters for the compression unit. Thus, the design,
operation, and safety of the system require a detailed reservoir study, similar to what is
typical for natural gas storage [16]. However, specific aspects have to be addressed in an
underground hydrogen storage study, the most relevant of which are hydrogen diffusion
through the caprock for gas confinement and the presence of active microorganisms able to
feed on the hydrogen, should nutrients be available (hydrogen is one of the most important
electron donors that can be used in subsurface microbial community respiration [38]).
Hydrogen residual trapping, gravitational segregation, and fingering phenomena [39] due
to the low hydrogen density and viscosity can also be relevant. Conversely, the chemical
reactivity of hydrogen with common subsurface minerals is kinetically limited due to the
strong binding energy of the molecular hydrogen bond [40]. Due to the very limited field
experience, currently, we mainly rely on lab experiments and advanced reservoir modeling
capabilities to address these key issues while simulating the storage performance and
forecasting the optimal operational conditions.

During the injection period, the gas that reaches the platform through the existing
sealine is compressed onboard by two centrifugal turbo-compressors and injected into the
reservoir. During the summer months, the reservoir pressure varies from the minimum
well bottom pressure that is expected at the beginning of the injection period to the original
formation pressure that is expected at the end of the injection period. Thus, the turbo-
compressors will have to deal with a variable flow rate: in our example, based on a
preliminary reservoir study, the flow rate was estimated to range from a maximum of
36,000 m3/h to a minimum of 26,500 m3/h, and the bottomhole pressure was estimated to
range from a maximum 145 bar to a minimum of 80 bar. It is important to emphasize that
the gas does not require any special treatment before its storage, as it is taken directly from
the national gas network; as an alternative, it might be produced on the same platform
using Direct Seawater Splitting technology—as discussed in Section 4.1.1.

During the withdrawal period, the gas is produced from the reservoir through the four
wells, it is processed to guarantee the pressure, temperature, composition, and humidity
conditions compatible with the onshore transfer, and it is injected into the network. To
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obtain these characteristics, the produced mixture passes through a separator, in which most
of the water entrained by gas is removed. Then, a mono-ethylene glycol (MEG) solution
is injected to absorb the remaining traces of water and prevent the formation of hydrates
inside the sealine. A demister is also installed to remove the glycol-water droplets from
the gas stream. In the end, the gaseous mixture flows through the dehydration package,
which is composed of a heater and a dehydration column to lower the gas humidity to the
prescribed value, making it ready for injection into the national grid.

Some of the crucial aspects that emerged during the analysis of this system are briefly
summarized in the following. This option allows for the re-use of the sealine and wells,
which represents a major added value; at the same time, their presence is a necessary
condition for the technical feasibility of this project. After the intervention, the total weight
of the new equipment is less than half of the original load, which implies lower stress on
the structure. From a design point of view, modeling the fluid dynamics aspects of the
reservoir is essential to defining both the storage capacity and the injection/withdrawal
rates. From a safety point of view, the presence of hydrogen, with its high volatility,
low minimum ignition energy, and high detonation probability, can generate accidental
scenarios evolution, different from the ones of the pure natural gas case; however, a
preliminary CFD dedicated assessment has shown that no significant additional burden is
brought to the evolution of the gas cloud dispersion onboard.

4.3. Option 3—Basic Design for the Reuse of the Platform for CO2 Geological Sequestration

The purpose of the third case study is the geological sequestration of CO2 in a de-
pleted reservoir. However, the possibility of future recovery should not be disregarded,
as nowadays, the market for carbon dioxide as a raw material is expanding in various
industrial sectors, such as the production of fertilizers, the food and beverage industry, the
pharmaceutical sector, and the construction sector.

Technical aspects and safety conditions need to be investigated with respect to CO2
sequestration in the reservoir, typically achieved with the use of advanced numerical
simulators, and the CO2 management and compression on the platform.

During and after the injection, the monitoring phase plays a crucial role in assessing
the storage site integrity and it is globally regulated [41,42]. Geophysical monitoring
and satellite-based remote sensing are key techniques for identifying deviations from the
predicted storage behavior and possible leak pathways or any geological disturbance where
the carbon dioxide is stored [43]. Geochemical monitoring can also help with the early
detection of a potential leak by sampling rock, soil, groundwater, and gas at the monitoring
wells. Most importantly, well monitoring must be addressed, because leakage through
abandoned wells represents the main threat to CO2 trapping underground [44].

4.3.1. CO2 Geological Sequestration Modeling

To be suited for carbon storage, a subsurface formation must fulfill the following
conditions: the capacity to store a good volume of CO2; the ability to be supplied by CO2
at an adequate rate, also known as injectivity; and finally, to be stable from a seismic and
geomechanical point of view [45,46]. As a “rule of thumb”, formations with a permeability
greater than 500 mD and thickness greater than 50 m are the ideal geological spot for carbon
sequestration [47]. The desirable depth ranges between a minimum of 800 m to guarantee
the CO2 critical pressure (7.38 MPa) and critical temperature (31 ◦C), and a maximum of
3000 m, since depth is associated with economic costs [48].

The dynamic simulation of carbon dioxide underground storage is more complex than
the numerical simulation of a gas and/or oil reservoir. This complexity is given by the
fact that CO2 injection into the subsurface triggers many coupled processes, which involve
different phenomena [49]:

• Hydrodynamic processes, induced by the pressure gradients in the reservoir due to
the CO2 injection and the interplay with buoyancy and capillary forces.



J. Mar. Sci. Eng. 2023, 11, 1544 11 of 20

• Geomechanical processes, induced by the stress change in both the reservoir and the
caprock due to the injection, involving rock deformation and the potential (re)activation
of existing faults, if any [50].

• Geochemical processes, due to carbon dioxide dissolution into the formation water
(also referred to as brine), which, in turn, might trigger the dissolution/precipitation of
carbonate minerals. These effects affect the formation mechanical resistance, porosity,
and/or permeability [51]. In addition, water dry-out or brine vaporization into the
free-phase CO2 plume is a phenomenon commonly occurring in the near-wellbore
area, leading to salt precipitation and accumulation, which may modify the porosity
and permeability as well [52–54].

• Thermal processes, due to the lower temperature of the injected CO2 compared to the
fluids in place and the Joule–Thompson effect, particularly when CO2 is injected into
depleted reservoirs [55,56]. This could not only alter the permeability of the rock, but
also its geomechanical properties, potentially weakening them [57].

• Biological processes, which represent the interaction between the carbon dioxide and
the existing microbial community, involving CO2 transformation or usage as a feed-
stock. This may cause the production of other substances, which may be dangerous
(hydrogen, methane, or sulfuric acid) or modify the rock permeability due to clogging
(biofilm) [58].

Coupled hydrological and geochemical phenomena at the thermodynamic conditions
of the storage site are responsible for the development of different trapping mechanisms
able to avoid CO2 upward migration, and can be summarized as follows [59,60].

• Structural/stratigraphic trapping refers to the buoyant CO2 that remains in a mobile
phase, but is prevented from flowing back to the surface by an impermeable caprock.

• Residual or capillary trapping is the disconnection of the CO2 phase into an immobile
(trapped) fraction. Relative permeability hysteresis is a key factor in the assessment of
CO2 residual trapping.

• Solubility trapping refers to the dissolution and hydration of CO2 in the brine to form
carbonic acid. The CO2 solubility in water increases with an increasing pressure and
decreases with an increasing temperature and water salinity.

• Ionic trapping refers to the reactions due to the ion exchange between the carbonic
acid and the formation liquid. It is a preliminary step towards mineralization, which
takes place if Ca, Fe, and Mg cations are available.

• Mineral trapping involves the reactions between the dissolved CO2 and the formation
minerals with the geochemical binding to the rock due to mineral precipitation. The
CO2–brine–rock interaction enables both mineral dissolution and the generation of
secondary minerals from precipitation.

A way of evaluating the feasibility and safety of a CO2 storage project, including the
effects of each trapping mechanism under the conditions of interest, is the use of numerical
models. The minimum requirements for modeling CO2 sequestration processes involve
the solution of the component transport equations, the equations for the thermodynamic
equilibrium between the gas and aqueous phases, and the equations for geochemistry. The
resulting system of equations coupling the transport and reactions is highly non-linear
and computationally demanding. Two different approaches exist for solving this coupled
system of equations: the sequential method and the fully coupled method. The sequential
method solves the flow equations and chemical equilibrium equations separately and
sequentially, iterating them until convergence is achieved. Conversely, the fully coupled
method solves the flow equations and chemical equilibrium equations simultaneously with
Newton’s method and is acknowledged as the most stable approach [61].

The solubility of CO2 into brine is modeled through the use of models based on
Henry’s law, reaching a thermodynamic equilibrium imposing the equality of fugacities:

gi = fig − fiw = 0, i = 1, 2, . . ., n (1)
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where fig is the fugacity of component i in the gas (or supercritical) phase, calculated
from Peng–Robinson [62], Soave–Redlich–Kwong [63], or the user’s input Equations of
State; fiw is the fugacity of component i in the aqueous phase, calculated from Henry’s
law; and n is the number of gaseous components. Henry’s law coefficient is a function of
temperature, pressure, and salinity and is calculated using the Li–Nghiem [64] formulation,
Harvey’s [65], or user input correlations.

The phase properties are updated, taking into consideration temperature, pressure,
and salinity as follows: the CO2 density is calculated with the Equation of State and the CO2
viscosity is estimated from the Jossi, Stiel, and Thodos [66] or Pedersen [67] correlation. The
brine density and viscosity are calculated by the Rowe and Chou [68] and the Kestin [69]
correlations, respectively.

Chemical equilibrium between aqueous species is achieved through the chemical
activity constant, which is calculated through the Ideal, Debye–Hückel, B-dot, or Pitzer [70]
models. Mineral dissolution and precipitation are then controlled by a Transition State
Theory based on mineral activity coefficients. The parameters used by these models are
taken from internal libraries (Wolery (1992) [71] and Parkhurst et al. (2013) [72]), or can be
defined by the user. The porosity is updated by default as a consequence of the mineral
dissolution/precipitation, while the permeability can be optionally rescaled.

Furthermore, water dry-out needs to be modeled. Water dry-out refers to the fact
that the brine in the reservoir is partially vaporized when dry CO2 is injected into the
reservoir. Then, salt precipitation due to water over-saturation is computed and the
porosity and permeability are rescaled. Eventually, the caprock geomechanics are modeled
using stress/strain relations to assess the caprock integrity as a function of the pressure
disturbance induced by the CO2 injection.

Despite their complexity, numerical reservoir simulators are essential tools for assess-
ing a system’s suitability for CO2 geological sequestration and calculating the total storage
capacity, the optimal injection rates, and the pressure evolution in the reservoir and at the
wells [60], based on the constraints given by the surface facilities—and vice versa.

4.3.2. CO2 Compression

In this case study, the main design criteria for the compression unit (its power was
close to 1 MW) are the quantity of CO2 to be stored in the reservoir, the CO2 injection rate,
and the maximum formation pressure.

From an operational perspective, the gaseous CO2 is transported offshore through the
already present sealine or it is captured on-site and is then compressed by two centrifugal
electric compressors up to a pressure sufficient for its injection into the reservoir. In the
case study, the compression package guarantees outlet pressure values, ranging from
48.4 bar (in the initial phase of the storage) to 66.8 bar (in the final phase of the storage),
thus corresponding to a pressure range within the reservoir from 79 up to 145 bar. Since
it is recommended that CO2 is stored in supercritical conditions to maximize the storage
capacity, during injection, the transition from the gas to supercritical phase occurs in the
well. Figure 3 shows the pressure profiles along the well in three different moments of the
injection phases. The change of slope in each curve represents a change of phase; it can be
noted that, over time, the phase change (gas–supercritical) occurs at a deeper depth. It is
crucial to avoid the passage at the liquid phase, because it would produce a water hammer
on the well structure and the liquid head would exceed the original reservoir pressure.
During its 5-year life cycle, the plant can inject and store 2.6 million tons of CO2 into the
reservoir. This amount corresponds to the production of CO2 by a gas-fired power plant of
275 MWth operating for 5 years.

Some of the crucial aspects that emerged during the analysis of this system are briefly
summarized in the following. From a design point of view, the correct management of
the carbon dioxide change of phase is strongly dependent on the maximum pressure
in the reservoir and the suitability of the infrastructure (sealines and wells, etc.) for
dealing with liquids or supercritical fluids. From a safety perspective, the evolution of an
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accidental release of CO2 has to be investigated, because CO2 is not classified as a toxic
substance, yet it is classified as “Harmful if inhaled” (H332) and “May cause respiratory
irritation” (H335), and can involve hazards related to asphyxia and hypoxia. Hence, the
LC50 (100,000 ppm) and IDLH (40,000 ppm) were considered as the concentrations of
interest onboard.
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The conversion reduces the loads onboard the platform by around 70 t, with a shift
of the loads from the upper floors towards the lower deck, which would house the CO2
storage buffers to guarantee process continuity.

4.4. Option 4—Deployment of Electrochemical Techniques for CO2 Capture and Valorization

Electrochemical methods have emerged as compelling options for both carbon capture
and valorization [73,74]. Indeed, electrochemical approaches offer several advantages over
other technologies, including their repeatability and controllability, mild operating condi-
tions, use of environmentally friendly reagents, and compact and easily scalable reactor
designs [75]. Additionally, the electrochemical nature of both capture and valorization
processes facilitates their integration, providing further benefits. Another intriguing aspect
of electrochemical systems is their ability to be powered by renewable energy sources,
especially solar power [76]. Research in this field has predominantly focused on the funda-
mental and mechanistic aspects of electrocatalytic CO2 reduction (CO2R), the process by
which carbon dioxide is transformed into molecules of a higher value, typically occurring
in aqueous electrolytes. With catalyst development already reaching a mature stage, the
current research emphasis has shifted towards scaling up CO2 electrolyzers. For all these
reasons, it could be a smart idea to reconvert decommissioned offshore platforms into
networks where CO2 is electrochemically captured and/or converted, and the transport
of CO2R products is managed by the existing pipelines. As an additional benefit, the
environmental conditions surrounding offshore platforms present a favorable opportunity
for powering devices for CO2 valorization with renewable energy sources, e.g., solar cells
or wind turbines [6].

In the following, we present a selection of electrochemical technologies that may be
suitable for installation on a decommissioned platform.

4.4.1. Gas-Fed Electrolyzer for CO2 Reduction Reaction

Gas-phase CO2 electroreduction has recently emerged as a promising approach for
the conversion of CO2 into valuable products, such as carbon monoxide, methane, acids,
alcohols, and olefins [77]. The use of membrane electrode assemblies (MEAs), incorpo-
rating anion exchange membranes (AEMs), offers several advantages, including a high
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selectivity and energy efficiency. AEMs have demonstrated an excellent performance in
CO2 Reduction Reaction (CO2RR), effectively suppressing the competing HER [78].

Among the numerous works, some have distinguished themselves in terms of their
performance and scalability. Zheng et al. [79] were able to achieve a reaction current
of 8.3 A and a CO selectivity of 99% on an electrode area of 100 cm2 at a cell potential
of 2.8 V during 6 h of continuous operation. Li et al. [80] employed a Cu-SiOx catalyst
to ensure a CO2-to-ethylene Faradaic efficiency of up to 65% at high current densities
for over 50 h. Nevertheless, the long-term stability of CO2R in large-scale MEA-type
electrolyzers is a challenge for industrialization. The main reason for performance decline
is catalyst deactivation due to the deposition of inorganic salts [81]. To address this issue,
Endrődi et al. [82] developed an operando activation and regeneration process, in which
the cathode was periodically infused with alkali cation-containing solutions. This approach
resulted in the production of CO at high current densities for more than 200 h. Xu et al. [83]
demonstrated with their work a CO2-to-methane selectivity of 62% at 136 mA/cm2 for
over 110 h, flushing DI water every 2 h to prevent salt accumulation.

The prospect of converting offshore platforms to host these technologies is a promising
opportunity. In fact, existing pipelines could be used to transport the CO2RR products
(e.g., methane) onshore. Moreover, the CO2 stored in a depleted reservoir could be used to
feed these devices. However, further improvements are necessary to make this technology
definitively scalable at the industrial level. It should be capable of maintaining stable
operation for at least 80,000 h at high currents (>300 mA/cm2) [84].

4.4.2. CO2 Extraction from Seawater

Anthropogenic CO2 in the atmosphere is absorbed by the ocean, leading to an equi-
librium between CO2 and carbonic acid. Carbonate and bicarbonate species in the ocean
buffer and regulate its pH. At a seawater pH of less than or equal to 6, dissolved bicarbonate
and carbonate re-equilibrate to CO2 gas. Due to this mechanism, the oceans are about
175 times better than the atmosphere as a total carbon reservoir [85]. Efficient processes ex-
tracting and utilizing the high concentration of CO2 in seawater would be environmentally
beneficial. They would indirectly remove CO2 from the atmosphere and generate effluent
seawater capable of absorbing more CO2 without further impacting the ocean alkalinity.

In the past decade, many studies have focused on finding an electrochemical process
to take advantage of the equilibrium mechanism described earlier. Specifically, creating an
electrochemical cell capable of reducing the pH in one of its compartments makes it possible
to release the CO2 from seawater [73]. Eisaman et al. [86] introduced an electrochemical
process consisting of bipolar membrane electrodialysis to extract 59% of the total dissolved
inorganic carbon from seawater as CO2 gas, with an energy consumption of 242 kJ mol−1

CO2
.

Willauer et al. [87] built up an electrochemical acidification cell employing cation exchange
membranes to degas 92% of the CO2 from natural seawater. Very recently, Yan et al. [88]
drastically reduced the energy demand for achieving a CO2 capture efficiency of 91%.
This result was accomplished by exploiting the oxidation and evolution of hydrogen,
respectively, at the anode and cathode of the electrochemical cell.

The technologies here reported to extract CO2 have the potential for deployment on
offshore platforms. Renewable energy sources that harness offshore environments could be
utilized to power these electrochemical cells. The captured CO2 can be stored in a depleted
reservoir or directly delivered to the CO2R technologies discussed in Section 4.4.1 [89]. Nev-
ertheless, the high energy requirement of these systems still poses a significant challenge to
their implementation at an industrial scale.

4.4.3. Integrated CO2 Capture and Valorization

Bicarbonate electrolyzers have gained attention due to their potential for reducing
the energy demands of electrochemical CCU platforms, which require significant amounts
of energy. In fact, bicarbonate electrolyzers can integrate both the capture and conver-
sion of CO2 [90]. This device is fed by the capture medium, containing carbon dioxide



J. Mar. Sci. Eng. 2023, 11, 1544 15 of 20

in (bi)carbonate form, originated from the interaction of gaseous CO2 with an alkaline
solution [91]. Inside this electrolyzer, CO2 is released in situ by a pH gradient caused by
the employment of bipolar membrane ion exchange. The release occurs in proximity to the
CO2R catalyst that immediately converts the CO2 into the desired product.

Among the works on bicarbonate electrolyzers, Zhang et al. [92] showed how it is
possible to obtain a CO Faradaic Efficiency of 60% at 100 mA/cm2 using a porous silver
foam as a catalyst. In their work, Lee et al. [93] introduced an Ag/Cu bilayer catalyst to
convert CO2 into multicarbon products (e.g., methane, ethylene, and methanol).

As stated in Section 4.4.2, seawater naturally contains CO2 in the form of (bi)carbonate,
with an approximate concentration of 2 mM [94]. Therefore, it is feasible to consider
feeding a bicarbonate electrolyzer with seawater. However, the concentration of the CO2
in seawater is significantly lower compared to that of a (bi)carbonate solution generated
through CO2 capture. This highlights the need for further improvements to enhance the in
situ CO2 release efficiency within electrolyzers.

These technologies, powered by renewable energy sources, would be well-suited for
installation on offshore platforms, as CO2R products can be transported onshore through
existing pipelines or stored in a depleted reservoir.

5. Discussion of Results and Final Remarks

The type of conversion that can be deployed is conditioned by the characteristics
of the platform and the reservoir to which it is connected. For example, if the option
under consideration is the re-utilization of the platform and reservoir for fluid storage
(options 2 and 3), one of the critical issues is the number and condition of the available
wells, because well drilling and completion are very expensive. Furthermore, the choice
among these different options is also guided by the dimension of the depleted reservoir: a
small reservoir might be suitable for the storage of a mixture of CH4 and H2, compensating
for the seasonal variation in gas demand, while a large reservoir is a better fit for CO2
geological sequestration. Based on the analysis of public technical reports, scientific papers,
and the data available on the UNMIG (VIDEPI project) website [95], depleted gas reservoirs
are considered to be small if they produce up to 100 × 106 m3

sc, medium if this production
ranges between 1000 × 106 and 10,000 × 106 m3

sc, and large if this production exceeds
10,000 × 106 m3

sc. Other examples of issues that might prevent the choice of installing a
photovoltaic system (option 1) are the dimensions of the highest deck of the platform and
the distance of the platform from the coast. As in the case of the wells for fluid storage,
these issues are economical rather than technical, as there is a minimum surface needed for
a photovoltaic system to be economically convenient, and a maximum distance from the
coast to limit the cost of the electrical connection between the platform and the national
grid in terms of installation, maintenance, and loss of efficiency. Even if less relevant, the
distance of the platform from the coast also has an influence on the energy necessary for
the transport of the CH4-H2 mixture or the CO2, unless the H2 is generated on the platform
from seawater and the CO2 is captured directly offshore using industry-ready technologies
(option 4).

From the reservoir point of view, extensive knowledge has been gained to safely deal
with the geological storage of CO2 and advanced research is being undertaken to tackle
the H2 storage in porous reservoirs. Numerical models able to capture the complexity of
underground systems are the main tool for simulating fluid and pressure distributions and
forecasting the storage performance under different operational scenarios.

From the structural point of view, the examined case studies highlight that there
are no constraints in terms of the involved weights and available space; nonetheless, a
detailed mechanical inspection of the infrastructure is required before proceeding with
decommissioning and conversion activities.

From the regulatory point of view, two aspects can be identified: one related to
decommissioning and one related to conversion. The European Regulation 2021/1119 [96]
fosters the (re)use of geological formations for CO2 sequestration in view of fulfilling the
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challenging targets of emission reduction that the European Union has set. The regulations
for the conversion for CO2 injection do not impose construction or design limits for plants,
but suggest guidelines [37,97] to be followed during the design of the process and good
measures for monitoring the geological formations that will store the CO2. In addition,
no regulation specifically mentions the possibility of converting existing platforms into
injection stations, even though there are many projects under development in this direction.
In Italy, a Ministerial Decree [98] requires that companies communicate the list of structures
that will stop production and can undergo decommissioning. The Ministry can select
those that are suitable for conversion, imposing timely decommission and the removal of
the remaining platforms on these companies. Conversely, the regulatory framework of
the conversion process is less straightforward. For example, offshore wind installations
have dedicated standards and regulations regarding electricity production and national
grid feeding; at the same time, other relevant technical solutions, such as floating and
offshore photovoltaic installations, are not yet completely regulated by legislation, so
energy production is for self-consumption and it can hardly be considered as a supply for
the grid. This is obviously a limitation to the commercial appeal of these solutions.

6. Conclusions

Green H2, coming from renewable sources, can be the protagonist of decarbonization,
while being the means of energy storage. Creating new industrial processes is mandatory
for achieving this energy transition, decreasing waste products, and reducing CO2 emis-
sions into the atmosphere. To reach this target, the implementation of a production chain
able to exploit already existing infrastructure, in order to reduce capital costs and revalorize
the territory, would be the ideal scenario. Offshore platforms and their connecting pipelines,
together with depleted reservoirs, represent a great economic opportunity that should be
exploited for H2 generation and storage and CO2 capture and geological sequestration.

Our study, mainly referring to the Italian panorama, was carried out to evaluate
the technical feasibility of converting offshore platforms. Different possible options were
considered: the on-board installation of a photovoltaic field to feed the production unit
of desalinated water; the reuse of the platform and depleted reservoir for the seasonal
underground storage of CH4 and H2 mixtures; the reuse of the platform and depleted
reservoir for CO2 and storage; and the deployment of electrochemical techniques for CO2
capture and valorization.

The results are very encouraging and did not reveal any specific critical issues, as
long as the selection of the conversion option deployed is designed taking into account
the characteristics of the whole system, which comprises the platform and the depleted
reservoir to which it is connected. Guidelines for the identification of the best conversion
option for a specific platform and connected reservoir are in preparation. These guidelines
aim at supporting the implementation of the European Green Deal in Italy.
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