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Abstract: Hydrogen is a key energy carrier that could play a crucial role in the transition to a low-
carbon economy. Hydrogen-related technologies are considered flexible solutions to support the
large-scale implementation of intermittent energy supply from renewable sources by using renewable
energy to generate green hydrogen during periods of low demand. Therefore, a short-term increase
in demand for hydrogen as an energy carrier and an increase in hydrogen production are expected
to drive demand for large-scale storage facilities to ensure continuous availability. Owing to the
large potential available storage space, underground hydrogen storage offers a viable solution for the
long-term storage of large amounts of energy. This study presents the results of a survey of potential
underground hydrogen storage sites in Italy, carried out within the H2020 EU Hystories “Hydrogen
Storage In European Subsurface” project. The objective of this work was to clarify the feasibility
of the implementation of large-scale storage of green hydrogen in depleted hydrocarbon fields and
saline aquifers. By analysing publicly available data, mainly well stratigraphy and logs, we were able
to identify onshore and offshore storage sites in Italy. The hydrogen storage capacity in depleted gas
fields currently used for natural gas storage was estimated to be around 69.2 TWh.

Keywords: hydrogen underground storage; decarbonisation; Italy; aquifers; depleted hydrocarbon fields

1. Introduction

The European Union and the Intergovernmental Panel on Climate Change [1] have
set a target of limiting global warming to 1.5 °C by 2050, as stated in the Paris Agreement
(Conference of the Parties COP21) and the European Green Deal [2]. Against this back-
drop, hydrogen-related technologies have steadily gained interest from both industry and
academia owing to their versatile role in low-carbon energy ([3] and references therein).
As a substitute for carbon-based energy, the demand for low-carbon hydrogen is steadily
increasing [4-6]. Owing to its chemical properties, hydrogen is rarely present in nature
as a single element (pure Hj); there is a natural hydrogen reservoir in Mali [7] and some
hydrogen deposits in cratons and along ocean ridges [8]. Therefore, hydrogen must be
extracted from the molecule in which it naturally occurs (usually water or hydrocarbons)
and stored in its pure form to be used for energy processes.

Depending on the production process, different colours are assigned to hydrogen,
with grey, blue and green being the most common. Grey hydrogen, which is currently
the most commonly used, is produced from natural gas, producing carbon dioxide (CO;)
as a by-product, which is released into the atmosphere. According to the World Energy
Council (2019) [9], 96% of the hydrogen produced is grey hydrogen. When the CO,
produced is captured and stored underground (e.g., through Carbon Capture and Storage-
CCS), the hydrogen is referred to as blue. Green hydrogen, also referred to as “clean
hydrogen”, is produced by electrolysis of water by splitting it into hydrogen and oxygen
(O) from renewable electricity sources, making it a highly beneficial option in terms of
clean energy [4,10]. Green hydrogen accounts for about 0.1% of total hydrogen production,
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but this share is expected to increase in the near future as costs decrease and renewable
energy becomes more widespread [11]. However, the production of green hydrogen is still
very expensive owing to the high cost of electrolysers and the currently insufficient surplus
capacity of renewable energy to meet the large demand for hydrogen.

One of the main issues faced by renewable energy operators is the intermittent nature
of production, leading to energy surpluses or deficits, and geographical constraints [4].
One of the ways to compensate for this energy gap is to convert surplus energy into
hydrogen that can be readily stored and made available on demand [12-14]. Pipelines
or tanks commonly used for surface storage can only meet hydrogen demand for hours
or days [15]. Underground hydrogen storage (UHS) is attracting increasing interest as it
enables the provision of sufficient storage capacity to contain potentially large quantities
of hydrogen [4,16]. Salt caverns, saline aquifers and depleted hydrocarbon fields are
geological media characterised by large volumes, thus offering potential storage for large
quantities of hydrogen, mainly through structural/stratigraphic trapping mechanisms.
As with underground storage of natural gas, i.e., methane, it must be possible to extract
sufficiently pure hydrogen from the store in order to be useful for power generation. In
addition, the geological media being considered for UHS must have properties suitable for
the storage of Hy molecules. Hydrogen is a very small molecule and is highly reactive with
biological and chemical components. Moreover, Hj has a very low density (for example,
it is eight times less dense than CHy and 22 times less dense than CO;) [17]. Thus the
overburden layer must have a very low permeability to minimise H, dispersion. Storage of
H2 will require larger reservoirs and potentially higher pressures to store the same volume
of H, compared with CHy and CO;. The biological and geochemical reactions that can
occur in a reservoir are also an important aspect to consider, as reactions can consume H2,
thereby reducing the amount of Hj that can be retrieved [4,14,18,19]

There are examples where hydrogen is stored in salt caverns, usually as a component
of a gas mixture, with methane forming the larger portion [20-23]. However, although
salt caverns are considered most favourable for UHS due to their physical, chemical,
economic and mechanical properties, which allow secure and efficient storage even at
high pressure [22], salt deposits of suitable quality are not evenly distributed worldwide.
There has been Hj storage in three caverns in Teesside, UK, since 1977 and in the US since
1983 ([3,24,25] and references therein). A review of the feedback from the operation of
the six salt caverns that have been used for hydrogen storage, and of the recent technical
developments related to pure hydrogen storage in salt caverns, can be found in [26].

Other geological media potentially suitable for UHS include aquifers [4,27-29] and
depleted hydrocarbon fields [4,10,14-16,30]. Aquifers are porous and permeable media
in which the pore space is filled with fresh or salt water. The first tests of UHS in these
geological media have been carried out in France (Beynes), the Czech Republic (Lobodice)
and Germany (Engelbostel, Bad Lauchstédt), through the storage of town gas, i.e., gas ob-
tained by the gasification of coal, which has a hydrogen content of about 50-60%. Marcogaz
(2017) [31] lists seven sites, both depleted gas fields and aquifers now decommissioned or
used for natural gas storage, that stored such town gas.

However, several concerns have been raised about UHS in porous geological media,
mainly related to changes in the composition of the stored gas due to biogeochemical
reactions between the injected fluids and the storage complex [19,30,32-36]. These reactions
could affect both the petrophysical properties of the reservoir and of the caprock, e.g., the
caprock porosity can be increased by the chemical dissolution of the clay minerals, and the
conversion of Hy to H,S, formate and methane owing to microbial activity, even after less
than three months after H; injection, reducing the available H, volume [19,37]. Another
issue is related to the extraction phase, when a release of water into the environment can
occur [16,27,38].

Depleted hydrocarbon reservoirs, and depleted gas fields in particular, offer a strong
opportunity for large-scale UHS owing to their known geological structure, the presence of
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surface and subsurface facilities and, most importantly, their proven gas containment over
geological time.

A recent review by [10] highlights both pros and cons of hydrogen storage in such a
geological media. In the first instance, site-specific analyses and fluid-dynamic, geochemical
and geomechanical modelling need to be performed in depleted hydrocarbon reservoirs
chosen for being converted into hydrogen reservoirs, since the gas/oil still in place could
react with the injected hydrogen-producing methane [36,39]. Avoiding hydrogen loss is the
main challenge UHS in depleted hydrocarbon fields is facing. It can occur through various
mechanisms, which rely on different H, properties, e.g., density, viscosity, diffusivity and
solubility strongly influence hydrodynamics, whereas geochemical and microbial effects
are mostly related to the petrophysical properties of the storage complex.

Hj losses through different kinds of mechanisms, such as diffusivity, fingering and
gravity segregation, together with micro-bio-geochemical reactions within the reservoir,
are the major challenges UHS in depleted hydrocarbon fields is facing. However, these
media appear to be the most viable option from the economical point of view: compared to
aquifers, site characterization costs can be strongly abated or even absent here, because the
storage complex characteristics are already known, thus reducing the total capital costs [40].

Well integrity plays a crucial role in all the geological media suitable for UHS, especially
concerning the quality of hydrogen during the withdrawal phases. One of the factors that
can strongly affect well integrity is H, embrittlement or hydrogen-assisted cracking, which
mostly occurs in steel and consists of a reduction in the ductility of a metal due to absorbed
hydrogen ([10] and references therein).

There is a recent experience of pilot injection of hydrogen gas blends in porous reser-
voirs. As part of the Sun-Storage Project, a mixture of 10% hydrogen and natural gas
blend has been injected in a small isolated depleted gas field in Lehen, Austria [41]. In the
Underground Sun Conversion follow-up project, batch injections of 10% or 20% hydrogen
and 2.5% CO, and natural gas were carried out in the same Lehen field [36]. A plan for pure
hydrogen injection in a porous reservoir has also been announced by RAG (Renewable and
Gas) Austria, but no results are publicly available to date [42]. In Argentina, the HyChico
pilot project also considered a hydrogen blend injection in a depleted gas field [43].

The increasing demand for hydrogen is driving in-depth studies of the possibilities for
geological media to ensure secure long-term storage and to establish technical guidelines.
The H2020 FCH-02-5-2020 Hystories project (Underground storage of renewable hydrogen
in depleted gas fields and other geological stores—https:/ /hystories.eu [44], accessed on
16 March 2023) was launched in this context, aiming to identify and characterise poten-
tially suitable sites for the storage of green hydrogen in European aquifers and depleted
hydrocarbon fields, and to define the technical and economic feasibility of storage. The
project involved 19 countries in Europe, drawing together universities, research institutes
and natural gas storage companies. The National Institute of Oceanography and Applied
Geophysics—OGS was involved in assessing the potential of hydrogen storage in the
Italian subsurface.

In this study, carried out in the framework of the EU Hystories project, we provide
the first national assessment of the suitability of the Italian subsurface for Underground
Hydrogen Storage (UHS) from a geological and stratigraphic point of view, i.e., the first
fundamental step for all future targeted projects. Through the Hystories project, the first
maps of sites potentially suitable for UHS both onshore and offshore in aquifer formations
and in depleted hydrocarbon fields. In this paper, we also provide a first estimate of
hydrogen storage capacity.

2. Materials and Methods

The first objective of the EU Hystories project was to identify potential opportunities
for underground pure hydrogen storage (UHS) in European saline aquifers and depleted
hydrocarbon fields (Table 1). For this purpose, a unified database was populated with the
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latest publicly available information on regions and sites that might be suitable, from a
geological point of view, for the development of hydrogen storage.

Table 1. Potential UHS reservoirs subdivided by type and location.

Reservoir Type Quantity Onshore Offshore
Shallow aquifers 13 11 2
(500-800 m) !

Deep Carbonate aquifers 14 11 3
(>800 m)

Deep Terrigenous aquifers 14 11 3
(>800 m) !

Depleted hydrocarbon fields 25 25 0

Total 66 58 8

1 For details about Deep Carbonate aquifers, see [45]. For details about Deep Terrigenous aquifers, see [46].
Information concerning shallow aquifers is provided in Table 2. Details about depleted hydrocarbon fields are
provided in Table 3.

Table 2. Main parameters of potential reservoirs for H2 storage in shallow aquifers and asso-
ciated caprock.

Reservoir Reservoir Reservoir Top Area Caprock Minimum Caprock
Reservoir Stratigraphic Litholo Thickness  Reservoir (km?) Litl?olo Caprock Stratigraphic
Unit 8y (m) Depth (m) &Y Thickness Unit
Abruzzi 1 Conglomerate with
SHALLOW Neogene sand intercalations 65-167 585 24 Marly clay 97 Neogene
Emilia 1 Sand with
SHALLOW-1 Neogene clayey levels 102-363 580 5 Clay 172 Neogene
. Sand with clayey
Emilia 1 Santerno
SHALLOW-2 Neogene level_s (_Porto 200 490 6 dlay 35 Neogene
Corsini Fm.)
Lombardia 2 N S 1 77-216 715 226 Marlycl 75 N
SHALLOW eogene ergnano grave arly clay eogene
Marche 1 Alternance of sand,
SHALLOW Neogene quartz sand and 40-76 509 35 Clay 122 Neogene
clayey sand
Molise 2 Sand with clay .
SHALLOW-1 Neogene intercalations 55-199 710 7 Clay 24 Upper Pliocene
Molise 2 Alternance of sand, Upper
SHALLOW-2 Neogene quartz sand and 119-575 608 1 Clay 15 m?dium
clayey sand Pliocene
Molise Sand and gravel
SHALLOW-1 Quaternary and sand with clay 52-208 605-676 76 Clay 270 Quaternary
layers
Molise Sand and fine sand Santerno
SHALLOW-2 Neogene with clayey layers 62-74 659 36 clay 38 Neogene
Northern Sand and fine sand
Bradanic Trough Neogene @ th al 1e sa 42-128 585 26 Clay 14 Neogene
SHALLOW with clayey layers
Sicily Channel
SH}IIALLOW Neogene Quartz sand 38-138 450 613 Clay 73 Neogene
Southern
Adriatic_SU Neogene Limestone 48-252 547 16 Silty clay 105 Neogene
SHALLOW
Southern Sand and
Bradanic Trough Quaternary conglomerate with 48-252 424 77 Clay 100 Pleistocene

SHALLOW clay layers
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Table 3. Main parameters of the potential reservoirs for H, storage in depleted gas and/or oil fields

and the related caprocks.

Reservoir

Reservoir

Reservoir

. . . . . Area Caprock Caprock
Reservoir Stratlgrfxphlc Reservoir Lithology Remarks Thickness Depth (km?) Lithology Thickness
Unit (m) (m)
Depleted gas, presently Clay and
Alfonsine Neogene Sanc! (Porto used as natural 150 1450 85.88 silt (Porto 110
Corsini Fm.) X .
gas storage Garibaldi Fm.)
. Depleted gas, presently
Bagnolo Mella Neogene Gravel and sand with used as natural - 1160 24.07 Santerno -
clay levels clays Fm.
gas storage
Sand and Depleted gas, presently Santerno
Bordolano Neogene conglomerates used as natural - 1700 62.97 -
i clays Fm.
(Caviaga sand Fm.) gas storage
Lower Depleted gas and oil Santerno
Brugherio . Gravel and sand field, presently used as - 1050-1100 57.85 300
Pliocene clays Fm.
natural gas storage
Depleted gas or
Cellino Pliocene Sand hydrocarbon field, - 1100 30.38 -
presently used as
natural gas storage
Depleted gas, presently
Collalto Neogene Dolomitic sand used as natural - 1500 89 clay 100
gas storage
Sand and Depleted gas, presently
Cornegliano Neogene conglomerates used as natural 400 1300 24.23 Santerno clays 179
(Caviaga sand Fm.) gas storage
Sand with hydrocarbon fod
Cortemaggiore Messinian silty-clayey levels 4 4 - 1500 81.61 Santerno clays 200
: presently used as
(Cortemaggiore sans)
natural gas storage
Depleted gas or
Cugno le Plio- Sand levels of the hydrocarbon field,
Macine Pleistocene santerno clays Fm) presently used as ) 1100 48.16 Santerno clays )
natural gas storage
Flle.tFol- Neogene Sand Depleted hyc!rocarbon 188 1250 79.8 Limestone -
Emilia 2 or gas field
Depleted gas or
Fiume Treste Neogene Sand and hydrocarbon field, - 1200 76.79 Allocton 50
conglomerate sand presently used as
natural gas storage
Depleted gas, presently
Minerbio Neogene Sand with clay levels used as natural 300 1300 68.61 Santerno clays 130
gas storage
Pandino Depleted hydrocarbon
1-Lombardia 2 Neogene Sand or gas field 621-621 1400 16 clay -
Piadena est Depleted hydrocarbon B B 15 B
or gas field
Depleted gas field,
Poggiofiorito Neogene Calcareous sands request for natural 50 - 10.18 clay 80
gas storage
Depleted gas or
RlpaltaA Neogene Sand (Caviaga hydrocarbon field, B 1400 62.96 Santerno clays B
stoccaggio sand Fm.) presently used as
natural gas storage
Sand (Caviaga sand
Romanengo Neogene Fm.) and Gravel Depleted hyd.rocarbon 120 1500 6.5 Santerno clays -
or gas field
(Sergano Gravel)
Depleted gas or
Sém Potlto- Neogene Sand hydrocarbon field, ) 1400 50 Santerno 70
otignola presently used as Clays
natural gas storage
Depleted gas or
Upper- ]
Sabbioncello medium Sand hydrocarbon field, - 1100 Santerno clays 75
. presently used as
Pliocene
natural gas storage
Sand and day sand Depleted hydrocarbon
San Benedetto Neogene Y or gas field, request for 20-42 2550 15 Santerno clays 171

(Carassai Fm.)

Natural gas storage
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Table 3. Cont.
Reservoir Reservoir Reservoir Area Caprock Caprock
Reservoir Stratigraphic Reservoir Lithology Remarks Thickness Depth 2 -aP P
. (km?) Lithology Thickness
Unit (m) (m)
Depleted gas or
Gravel hydrocarbon field,
Sergnano Neogene (Sergnano Gravel) presently used as - 1300 42.31 Santerno clays -
natural gas storage
Serra Pizzuta Plio- Sand (Santerno Fm.) Depleted hqucarbon - 1200 113 Santerno clays -
Quaternary or gas field
Depleted gas, presently
Settala Neogene Sand (Santerno Fm.) used as natural 150 1150 50.73 -
gas storage
Sinarca Depleted gas field,
. Neogene Sand request for natural 13-16 - 20.43 clay 8
stoccaggio
gas storage
Treviso Neogene Sand Gas field 163-289 1500 372 Sandona marls 287

Currently, there is no established procedure for screening or ranking aquifers or
depleted oil or gas fields for their suitability for pure hydrogen storage. In principle,
hydrogen storage in porous media is similar to natural gas storage, so the well-established
industry of underground natural gas storage (UGS) offers important insights. Therefore, in
the first phase of the Hystories project, a set of selection criteria for geological hydrogen
stores was established, largely based on experience from natural gas and town gas storage
in porous media. These criteria included depth to the top of the reservoir usually between
500 and 2500 m, net reservoir thickness of between 3 and 100 m, a minimum reservoir areal
extent of 0.3 km? and a maximum areal extent of 60 km?. These initial criteria are outlined
in the Hystories report by Geostock [47]. Additional criteria were then added to take into
account the specific properties of hydrogen. These additional criteria included the presence
of minerals and fluids, which could enable geochemical or microbiological reactions, for
example, CO,, sulphureous or iron-rich fluids.

2.1. Data Collection and Mapping

The Hystories database is built on primary basic reservoir data collected in two
previous projects: Energy Storage Mapping and Planning (ESTMAP) [48] and CO; Storage
Potential in Europe (CO2StoP) [49], both on CCS. During Hystories, this dataset was
significantly improved and extended by checking the previously collated data and adding
new data according to the Hystories selection criteria for hydrogen storage. For Italy,
newly available information on the terrigenous and carbonate saline aquifer formations
from two related scientific publications [45,46] was added. Data on hydrocarbon fields
released since the CO2StoP and ESTMAP projects were also reviewed and added to the
Hystories database. Since shallower saline aquifers could potentially be used for UHS
than are suitable for CO, storage, well stratigraphy and well logs available in the national
Italian database were analysed by OGS. This analysis identified saline aquifers at depths
of 500-800 m (i.e., potential stores shallower than those identified through CO2StoP and
ESTMAP) [45,46]. The national Italian dataset comprises 2305 well logs acquired since
1957 from several oil companies for on- and offshore hydrocarbon exploration and is
provided by the Italian Ministry of Environment and Energy Security in the framework of
the “Visibility of Petroleum Exploration Data in Italy (ViDEPI)” project [50]. The ViDEPI
database (licence CC BY 3.0 IT) also contains approximately 55,000 km of multi-channel
seismic lines collected from onshore and offshore hydrocarbon exploitation concessions.

These old data have been recovered from the raster files available in the ViDEPI
database by OGS, which now makes them available according to internationally accepted
standards on the web portal Seismic dataNetwork Access Point (SNAP) [51]. SNAP also
contains other seismic datasets collected in other research projects and is fully interop-
erable with the main data exchange initiatives at the national and international levels
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(SeaDataNet [52], European Marine Observation and Data Network—EMODnet [53], Na-
tional Antarctic Data Center—NADC [54] and similar).

The available well data comprises composite logs containing the following information:
(1) lithology derived from cuttings; (2) geological formation name; (3) age of formation;
(4) depth; (5) litho-stratigraphy; (6) presence of fluids; (7) depositional environment; (8) bio-
stratigraphy; (9) geophysical logs (usually resistivity, spontaneous potential, sonic, gamma
ray). In some cases, pressure and temperature values are also given. This information
is available mainly for non-productive wells, while few data are publicly available for
hydrocarbon-bearing boreholes. We did not use seismic data in our study (see Section 4.
Discussion and Conclusions), thus the criteria we chose to define the areal extent of the
shallow aquifer reservoirs were based on well log interpretation of lithology, thickness,
depth and age. The same approach was used for the overlying caprock formations. The
criteria used by OGS to identify potential storage opportunities for UHS was a minimum
thickness of 50 m for the reservoirs and 30 m for caprocks, to provide sufficient potential
storage volume and to ensure sealing capacity, respectively. To identify the presence of
reservoirs in saline aquifers at depths of 500 m or more, at least two wells with comparable
characteristics in terms of lithology, age, thickness and fluid contents were considered for
each potential store. The list of these aquifers is shown in Table 2.

OGS reviewed data on depleted hydrocarbon fields in the Italian CO2StoP database
and then populated the Hystories database with these data and newly available national
data. The information on depleted hydrocarbon fields is publicly available on the website
of the Ministry of Environment and Energy Security (https://unmig.mite.gov.it, accessed
on 16 March 2023), as Italian regulations require oil companies to continuously submit
technical reports to the Ministry on the activities carried out under their permits and
concessions (Table 3). Although information on these geological media is often scarce,
in some cases these technical reports contain key data for UHS assessments, such as the
storage capacity and volumes of the oil or gas produced. Some depleted hydrocarbon fields
are currently used for gas storage and are being evaluated for future UHS purposes. As of
31 December 2021, 15 storage concessions were in force and 499 wells were connected to
these concessions, 376 of which were used for natural gas storage.

In a final step, the identified aquifers and depleted hydrocarbon fields were uploaded
to a Geographical Information System (GIS) map, where we also plotted the location of
potential sources of earthquakes larger than Magnitude 5.5 included in the Database of
Individual Seismogenic Sources (DISS) of the Istituto Nazionale di Geofisica e Vulcanologia
(INGV) [55]. Two studies that addressed the anti-correlation between the occurrence of gas
reservoirs and large seismogenic faults in Italy [56,57] found that large earthquakes cause
large slips over large faults compared to smaller events where the associated slip is too
small to potentially affect reservoir integrity. Therefore, sites located over or near these
larger seismogenic sources were not considered as favourable for UHS.

The shapes of the shallower aquifers were designed based on the location of the well
encountering a suitable aquifer and thus do not represent the actual extent of the aquifer
itself. The shape of the deep carbonate and terrigenous aquifers were adopted from [45,46],
respectively. The depleted hydrocarbon and gas fields, on the other hand, have a geometric
shape, taken from the extension of the government concession, which usually extends
beyond the reservoir itself.

2.2. Storage Capacity Estimation

The information available for depleted hydrocarbon fields enabled estimation of their
hydrogen storage capacity. We used a volumetric approach that extends the approach
developed for CO, storage to account for some of the specifics of hydrogen storage. A
similar methodology has been recently applied in other literature sources [58,59]. The
estimates of storage efficiency are based on previous work [60]. The proposed approach
was benchmarked [61] with respect to an analytical approach [62]. As concluded in the
International Energy Agency (IEA) benchmark study [61], the analytical approach is consis-
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tent with approaches to similar problems. To extend the methodology to hydrogen storage,
the densities and viscosities of hydrogen, brine and hydrocarbons are calculated for each
trap at the storage site conditions.

The volumetric capacity ranges are obtained by combining the porous volume and
considering appropriate estimated uncertainties for the various parameters from the Hys-
tories database. Consequently, the hydrogen capacity, Vy, (Sm®), is estimated with the
following equation:

Vi, = A* NT x ¢ x Eyy, / Bp, €))]

where A is the area of the trap (km?), NT is the net thickness (m) of the porous and per-
meable formation, ¢ is the average porosity of the trap, Ep, is the storage efficiency of
hydrogen, and By, (Rm3/Sm?3) is the volume factor for hydrogen (the volume change
between storage pressure and temperature conditions, and surface conditions). The hydro-
gen volume factor is a function of pressure and temperature. The storage efficiency factor
describes the efficiency of hydrogen in displacing the in situ fluid, which is hydrocarbons
for depleted gas fields and depleted oil fields (or brine for deep saline formation). This
storage efficiency is estimated from an analytical approach [62] (for details refer to [63]).

The different types of porous media used for underground hydrogen storage have
varying degrees of confidence in their readiness and suitability for the geological storage
of hydrogen. The reservoirs identified in the Hystories database include underground
gas storage sites, depleted gas fields, depleted oil/gas fields and deep saline formations.
Different amounts of data are available for these potential hydrogen storage sites, so
different levels of effort and lead-in times would be required to develop these potential
storage sites into active storage sites. These potential stores were therefore classified using
the Storage Resources Management System [64] approach to convey the level of confidence
in the storage assessment:

e  Underground gas stores could be considered as offering commercially viable Storage
Capacity for hydrogen as confidence in the storage resource is high, ranging from
‘possible’ to “‘proven’;

e  Depleted oil and gas fields could be considered as Contingent Storage Resources since
they would require additional investment to be considered commercially viable stores
(e.g., wells, operating facilities);

e  Deep saline formations could be considered Prospective Storage Resources since the
development of the storage resources would require significant additional work from
site characterisation to development plans.

For existing underground gas stores, the hydrogen volumetric capacity was computed
from the Gas Infrastructure Europe (GIE) database [65] which considers 29 underground
gas storages in Italy. This storage capacity is reported in Table 4. The GIE database does
not provide detailed information about all the sites. Frequently, the working gas volumes
of different stores are grouped together within Virtual Storage Groups, which must then
be interpolated to the individual gas store. In cases without any external information, the
working gas volume is arbitrarily split equally between the storage sites of a given Virtual
Storage Group, as indicated in Table 4.
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Table 4. Parameters of the analysed fields from Gas Infrastructure Europe database.

Workine Gas Working Gas Working Gas Iniection Injection Withdrawal Withdrawal

. Reservoir Reservoir Reservoir & Third-Party No Third-Party Ject Third-Party . Third-Party Access

Reservoir N . (Technical) Technical Technical .
Pressure Permeability Porosity TWh Access Access GWh/Da Access GWh/Da Access Regime

TWh TWh y GWh/Day y GWh/Day

Alfonsine 84.4 20-120 0.2-0.28 1.55 1.55 n. a. 25.86 25.86 25.86 25.86 rTPA 2
Bagnolo Mella 123.5 33 0.24 7.22 7.22 n. a. n. a. n. a. n. a. n. a. rTPA 2
Bordolano n. a.? n. a. n. a. 2.58 2.58 n. a. n. a. n. a. 20.69 20.69 rTPA 2
Brugherio n a. n a. n a. 1831 1341 4381 1591 1591 268 1 2681 rTPA 2
Collalto n. a. 11 0.05-0.2 3.61 36! n a. 2581 2581 31.21 3121 rTPA 2
Cornegliano n. a. n. a. n. a. 1.58 1.58 n. a. 15.12 15.12 21.60 21.60 rTPA 2
Cortemaggiore n a. n. a. n a. 18.31 1341 481 159 1 1591 2681 2681 rTPA 2
Cug(g‘;éftgfj)cme n a na. n a. 441 441 n a. 551 551 551 551 FTPA 2
C‘h%gf’f;gﬁ;;“e na. na. na. 441 141 na 551 551 551 551 ITPA 2
Fiume Treste n. a. n. a. n. a. 2.07 2.07 n. a. n. a. n. a. 41.38 41.38 rTPA 2
Minerbio 140 250 0.13-0.37 4.35 4.35 n. a. n. a. n. a. n. a. n. a. rTPA 2
Poggiofiorito 83 n. a. n. a. 1.83 1.22 0.61 18.70 18.70 18.70 18.70 rTPA 2
Ripalta stoccaggio n. a. n. a. n. a. 3.72 3.72 n. a. 20.69 20.69 n. a. n. a. rTPA 2
Romanengo n a. n a. 6.5 361 361 n. a. 2581 2581 3121 3121 rTPA 2
S'P‘(’gg;(g:r‘l’:g‘(’h na. n a. n a. 361 361 na 2581 2581 3121 3121 FTPA 2
Sabbioncello n. a. n. a. n. a. 1.66 1.66 n. a. n. a. n. a. 62.07 62.07 rTPA 2
San Benedetto 297 n. a. 0.14-0.19 5.74 3.83 191 65.34 65.34 65.34 65.34 rTPA 2
Sergnano 140 500-800 0.1-0.2 1.66 1.66 n. a. n. a. n. a. n. a. n. a. rTPA 2
Settala n. a. n. a. n. a. 3.62 3.62 n. a. n. a. n. a. n. a. n. a. rTPA 2
Sinarca stoccaggio n. a. n. a. n. a. 3.56 2.38 1.19 35.20 35.20 35.20 35.20 rTPA 2

! Estimated from storage group. % rTPA = regulated Third-Party Access. 3 not available.
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3. Results
3.1. Aquifer Formations and Depleted Gas Fields Potentially Suitable for UHS

Like the results of the studies on Italy’s potentiality for CCS [45,46,66,67], our analyses
carried out in the frame of the Hystories project show that there are areas in both onshore
and offshore aquifers and depleted hydrocarbon and gas fields that are potentially suitable
for UHS from a geological perspective (Figure 1 and Table 1).
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Figure 1. Map of the distribution of the potential UHS site in Italy. The box (a) show the location
of the Figures 2 and 6, the box (b) of Figures 4 and 7 and box (c) of Figures 5 and 8. The red
dots show the location of the two wells of Figure 3. The Deep aquifers have been adapted with
permission from [46], copyright 2011, Clearance Center’s RightsLink®, license number 5531860610147
and from [45] copyright 2013, Clearance Center’s RightsLink®, license number 5531860461515. The
depleted hydrocarbon fields location derive from public database available at https://unmig.mite.
gov.it/stoccaggio-del-gas-naturale/ (accessed on 12 February 2023) except from “Treviso” adapted
from [18], copyright 2023, Clearance Center’s RightsLink®, license number 5531860261161.

In considering saline aquifers, the review of sites already identified for CCS purposes
in CO2SToP [49] and in studies [45,46] confirms the presence of deep reservoir—caprock
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systems, but also shows the occurrence of shallower storage systems with reservoir tops
between 500 and 800 m deep, in both onshore and offshore geological formations (Table 2).

As the map in Figure 1 shows, the Apennine foredeep has proven to be the most
promising depositional basin for both CCS and temporary gas storage. Thus, saline aquifer
formations at depths suitable for hydrogen storage, i.e., at least 500 m, are widespread
throughout the Italian peninsula, both onshore and offshore, especially in the Apennine
foredeep, and along the southern coast of Sicily. We mapped a total of 132 saline aquifers
in terrigenous and carbonate formations at depths ranging from about 420 m to 5300 m.
Locally, multiple reservoir—caprock systems were identified at the same site, which are
therefore particularly promising for further investigation. The boxes in Figure 1 show the
location of the areas detailed below. For the deep aquifers, see [42,43]. For DISS—Database
of Individual Seismogenic Sources, see [47].

We identified 11 aquifers in the Po Valley, northern Italy (Figures 1a and 2). In the west-
ern sector, there is a very promising area (highlighted by a yellow circle in Figure 2) consist-
ing of the two overlying deep carbonate saline aquifers of “Malossa-San Bartolomeo” [45]
at a depth of 5300 m to 6000 m and 5000 to 5100 m, overlain by a terrigenous aquifer
(“Lombardia 2”) with an average depth of 1100 m [46]. Above these strata, at a depth of
about 740 to 900 m, there is a shallower gravel aquifer, which we refer to as “Lombardia
2_shallow” (see Table 2), which dates from the Middle to Upper Pliocene and is overlain by
a clayey caprock about 75 m thick. In the southern part of the Po Valley the terrigenous
“Emilia 1” aquifer, located at an average depth of 1100 m [46], is overlain by two shallow
aquifers (red circle in Figure 2), “Emilia 1_shallow-1" and “Emilia 1_shallow-2". The first
aquifer consists of sandy sediments of Middle to Upper Pliocene age with an upper reser-
voir depth of 550 m to about 600 m and a variable thickness of about 100 m to 360 m. The
second aquifer consists of sandy sediments of Middle to Upper Pliocene age. This double
aquifer system is highlighted in the stratigraphy of the Montalbano_021 well (Figure 3).
“Emilia 1_shallow-2" is located in quartz sands, has an upper reservoir depth of 470 to
575 m and is Lower Pliocene in age.
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Figure 2. Detailed map of the aquifers identified in northern Italy. The red dot is the well Mon-
talbano_021 (Figure 3). The yellow and red ellipses indicate the areas detailed in the text. The
Deep aquifers have been adapted with permission from [46], copyright 2011, Clearance Center’s
RightsLink®, license number 5531860610147 and from [45] copyright 2013, Clearance Center’s
RightsLink®, license number 5531860461515.
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Figure 3. Stratigraphy logs of the wells Montalbano_021 and Piera_001. Modified after VIDEPI
database (license CC BY 3.0 IT) [50]. The location is reported in Figure 1, Figure 2 (Montalbano_021)
and Figure 5 (Piera_001).

Figure 4 illustrates the distribution of saline aquifers in central Italy (Figure 1b). Here,
all identified reservoirs are located in the Apennine foreland, both onshore and offshore. In
this area, 13 aquifers potentially suitable for UHS have been identified. Among them, the
coastal area of the Abruzzo region (yellow circle in Figure 4) shows promising potential,
both onshore and offshore, as there are overlapping aquifers. Offshore there are three
large aquifers: the double system in carbonate sediments Abruzzi offshore [45] covering an
estimated area of 500 km? and the terrigenous saline aquifer called “Abruzzi mare” with
an area of 1800 km? and an average thickness of 210 m [46]. There are smaller aquifers
located along the coastline. As well as the deep terrigenous aquifer “Abruzzi 1” [46] and
the deep carbonate aquifers “Abruzzo” and “Molise” [45], we identified three shallow
aquifers: (a) “Abruzzi 1_shallow”, lying on the terrigenous “Abruzzi 1”, with an extension
of 24 km? and an upper reservoir depth of about 580 to 750 m, represented by Upper
Pliocene conglomerate deposits; (b) “Abruzzo_shallow”, lying above the deep carbonate
aquifer “Abruzzo”, with an extension of 77 km? and an upper reservoir depth of about
600 to 690 m, hosted by Pleistocene sand deposits; (c) “Molise_shallow”, lying above the
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carbonate aquifer “Molise”, with an area of 36 km? and a depth of about 660 to 850 m,
represented by Upper Pliocene sand deposits.
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Figure 4. Detailed map of the aquifers identified in central Italy. The yellow ellipse indicates the
area detailed in the text. The Deep aquifers have been adapted with permission from [46], copyright
2011, Clearance Center’s RightsLink®, license number 5531860610147 and from [45] copyright 2013,
Clearance Center’s RightsLink®, license number 5531860461515.

In southern Italy (Figure 5), we identified 15 aquifers potentially suitable for UHS.
Among them, three areas are of particular interest: (a) the broad, deep offshore carbonate
aquifer in the southern Adriatic Sea, called “Southern Adriatic” [45], with an estimated
area of about 7780 km? and a variable thickness of 10 to 100 m, overlain by a smaller aquifer
of 23 km?, an average depth of about 600 m and a thickness of ca. 65 m, called “Southern
Adriatic_shallow”, in the Miocene limestones; (b) on the coast, in the Basilicata region,
the composite system of the deep terrigenous aquifer “Bradanica” [46] and the Southern
Bradanic system, consisting of the deep carbonate aquifer “Southern Bradanic Trough”
with an area of 530 km? and a depth of 1000 m to 2800 m [45] and the aquifer “Southern
Bradanic Trough_shallow” with an area of 140 km? and a depth of approx. 420 m to 250 m,
comprising Pleistocene sands and conglomerates; (c) the deep offshore carbonate aquifer
“Sicily Channel” [45], which extends along the southwestern coast of Sicily, with two deep
aquifers at 1500 to 3400 m and 850 to 2000 m depth and a smaller shallow aquifer (“Sicily
Channel_shallow”) at 450 to 650 m depth, composed of Miocene quartz sands, as shown
in the stratigraphy of the Piera_001 well in Figure 3, where the concurrent presence of the
middle and shallow systems is demonstrated.

Although the entire Italian peninsula is one of the richest hydrocarbon-producing re-
gions in southern Europe and therefore has a large number of sites that could be considered
for UHS, we focused our analysis only on fields that could be used for hydrogen storage
in the near future, i.e., depleted gas fields currently used or considered for natural gas
storage (blue in Figure 1 and Tables 3 and 4). We mapped 25 depleted hydrocarbon fields,
15 of which are currently being used for natural gas storage, while 4 of them have formally
applied to the Ministry of Environment and Energy Security to become underground gas
storage sites. For 20 of the mapped depleted fields, the publicly available information was
sufficient to make an initial estimate of storage capacity (see next section).
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Figure 5. Detailed map of the aquifers identified in southern Italy. The red dot is the location of the
well Piera_001 (Figure 3). The Deep aquifers have been adapted with permission from [46], copyright
2011, Clearance Center’s RightsLink®, license number 5531860610147 and from [45] copyright 2013,
Clearance Center’s RightsLink®, license number 5531860461515.

In northern Italy, the depleted hydrocarbon fields are mainly located in the Po Valley
(Figure 6), where 18 of the 25 mapped depleted gas fields are located. All these fields are
of Neogene age and are located at depths of 1200 to 1500 m. Thirteen of these fields are
currently used as natural gas storage sites (see Tables 3 and 4 for more details).

Of particular interest is the “Treviso” storage complex in north-eastern Italy (Figure 6)
near the currently operating “Collalto” storage site, which is characterised by the simul-
taneous presence of aquifer formations and depleted gas fields at a depth of 1500 m to
2500 m, which have recently been identified and characterised by [18].

In central Italy, there are five depleted gas fields that could potentially be used for UHS
onshore (Figure 7); all are of Neogene age and located along the Adriatic coast. “Cellino”
and “Fiume Treste” are currently used as natural gas storage facilities. “Cellino” has five
active wells and the storage depth is about 850 m, while “Fiume Treste” has 84 storage
wells and a storage depth of 1200 m.

For the depleted fields “Poggiofiorito”, “San Benedetto” and “Sinarca”, an application
for natural gas storage has been officially submitted to the Ministry of Environment and
Energy Security. For all these fields, with the exception of “Cellino”, an estimate of the
hydrogen storage capacity has been made during the Hystories project (see next section).

In southern Italy, the depleted hydrocarbon fields potentially suitable for UHS are
located in the Basilicata region, i.e., in the same area where the aquifer formations were
mapped (Figure 8). In this region, the depleted field “Cugno le Macine”, with an area of
48 km?, is currently used as a natural gas storage in two different reservoirs, “Grottole”
and “Ferrandina” (see next section for details), whereas the depleted hydrocarbon field of
“Serra Pizzuta has been abandoned but included in our study.
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Figure 6. Detailed map of the depleted hydrocarbon fields identified in northern Italy. The depleted
hydrocarbon fields location derive from public database available at https://unmig.mite.gov.it/
stoccaggio-del-gas-naturale/ (accessed on 12 February 2023) except from “Treviso” adapted from [18],
copyright 2023, Clearance Center’s RightsLink®, license number 5531860261161.
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Figure 7. Detailed map of the depleted hydrocarbon fields identified in central Italy. The depleted
hydrocarbon fields location derive from public database available at https://unmig.mite.gov.it/
stoccaggio-del-gas-naturale/ (accessed on 12 February 2023).


https://unmig.mite.gov.it/stoccaggio-del-gas-naturale/
https://unmig.mite.gov.it/stoccaggio-del-gas-naturale/
https://unmig.mite.gov.it/stoccaggio-del-gas-naturale/
https://unmig.mite.gov.it/stoccaggio-del-gas-naturale/

Sustainability 2023, 15, 6886

16 of 21

3.2. Estimation of the Storage Capacity

Owing to limited data availability, the volumetric hydrogen storage capacity was only
calculated for the existing underground gas stores, using the methodology and with the
caveats stated in Section 2. The volumetric capacities calculated for hydrogen (Table 5)
aim to estimate the total gas capacity of a given site. Therefore, the capacities estimated
here cannot be directly compared to the working gas volume for natural gas storage
shown in Table 3. The estimated capacities prepared for the Hystories project are based
on an idealised structural trap with a minimal set of information. To assess the working
gas capacity of hydrogen, detailed site modelling should be undertaken to consider the
geological heterogeneities and operating conditions during storage cycles, as injection and
withdrawal rates can vary significantly depending on site properties and hydrogen market
conditions. Depending on the local conditions for hydrogen production and consumption
and the future development of the hydrogen transport network, different options may be
suitable for the development of underground hydrogen storage sites. The development
strategy may result in either several of the smallest structures being developed first or only
one large structure.
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Figure 8. Detailed map of the depleted hydrocarbon fields identified in southern Italy. The depleted
hydrocarbon fields location derive from public database available at https://unmig.mite.gov.it/
stoccaggio-del-gas-naturale/ (accessed on 12 February 2023).

At the national level, the volumetric storage capacity is 47% larger than the previously
calculated capacity [68], which refers to working gas capacity. This difference between the
two estimates is in line with the usual ratio between working and total gas in natural gas
storage sites. However, part of the natural gas from the cushion gas may remain during
the conversion to hydrogen storage, since some fluid will not be extractable owing to the
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location of the well and perforations, or as a result of economic or strategic decisions, as
recently suggested by [69].

Table 5. Estimated capacity of the analysed fields.

Reservoir Hydrogen Static Volume Hydrogen Static Volume
(MMSm?) (TWh) !
Ripalta stoccaggio 2073 6.6
Sergnano 1878 59
Cugno le Macine (Grottole) 800 2.5
Romanengo 340 1.1
Alfonsine 1868 59
Bordolano 1966 6.2
Bagnolo Mella 679 2.2
Cornegliano 149 0.5
Minerbio 2132 6.7
Settala 2063 6.5
S. Potito-Cotignola 340 1.1
(Cotignola)
Collalto 340 1.1
San Benedetto 541 1.7
Poggiofiorito 172 0.5
Sinarca stoccaggio 336 1.1
Cugno le Macine (Ferrandina) 828 2.6
Fiume Treste 195 0.6
Sabbioncello 1722 55
Brugherio 1722 5.5
Cortemaggiore 1722 55
Italian Capacity 21,876 69.2

1 TWh =TeraWatt-hour (10" Watt-hour) assuming low heating value for hydrogen equals 33.33 KWh/Kg, i.e.,
3.0 x 1073 TWh/MMSm?

4. Discussion and Conclusions

Our study represents the first insight into the geological and stratigraphic suitability
of Italian onshore and offshore aquifers and depleted gas fields for Underground Hydrogen
Storage (UHS). Aquifers and depleted hydrocarbon reservoirs have the advantage of being
widely distributed around the globe and therefore may offer potential for the storage of
large volumes of hydrogen.

Previous studies focused on the identification of sites potentially suitable for CO,
geological storage [45,46]. Our study also indicated the Apennine foredeep as hosting the
most identified potential storage sites. This region represents the main depositional basin
at the country level.

e The maps presented in this study show for the first time the presence of reservoir—
caprock systems at depths of less than 800 m, complementing the previously identified
systems and thus providing an almost complete overview of the potential of aquifer
formations for UHS.

e  The identification of the shallow systems was based solely on borehole data and
is therefore subject to uncertainties, mainly related to the occurrence of local het-
erogeneities that may influence the behaviour of the injected hydrogen within the
reservoir formations. We would therefore like to emphasise that the newly identified
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shallow systems mentioned above need to be further characterised by analysing the
seismic data. Borehole seismic correlation would then allow a better definition of
these potential shallow reservoir complexes, as well as the identification of significant
tectonic features that could compromise the integrity of the reservoir.

e In some areas, e.g., the Po Valley, the southern coast of Sicily and north-eastern
Italy [18], deep and shallow systems that could offer ‘stacked storage” are present, and
locally there are also overlying depleted gas fields, as in north-western Italy.

These areas require additional site-specific investigations, such as well-log correlation
and comprehensive petrophysical characterisation, integrated with geophysical data, such
as seismic lines, to define the extension of the reservoirs and understand their true hydrogen
storage potential.

e Regarding depleted gas fields, the estimate of their potential storage capacity calcu-
lated here is very conservative and consistent with previous estimates for underground
storage. These estimated capacities are affected by the lack of detailed information
on potential reservoirs and caprock formations, especially for those sites that are not
currently used for gas storage. The reason for the lack of information is twofold:
(1) there are very few publications on hydrocarbon resources, and most of them are on
a basin scale. Data on individual oil and gas reservoirs, for both active and depleted
fields, are scarce in the public literature and often insufficient for adequate site-specific
investigation; (2) most of the available well data relate to uneconomic or dry fields, i.e.,
sites that are not of commercial interest to oil companies, but which provide important
information on aquifer formations, as described in the Materials and Methods section
(Section 2).

Despite the uncertainties mentioned above, this is the first study demonstrating that
there are potentially favourable conditions for UHS in Italy, both in aquifers and in depleted
gas fields, both onshore and offshore. This study thus provides the basis for further site-
specific analysis.
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