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Abstract: Underground geological energy and CO, storage contribute to mitigation of anthropogenic
greenhouse-gas emissions and climate change effects. The present study aims to present specific
underground energy and CO, storage sites in Greece. Thermal capacity calculations from twenty-two
studied aquifers (4 x 107425 x 1073 MJ) indicate that those of Mesohellenic Trough (Northwest Greece),
Western Thessaloniki basin and Botsara flysch (Northwestern Greece) exhibit the best performance.
Heat capacity was investigated in fourteen aquifers (throughout North and South Greece) and three
abandoned mines of Central Greece. Results indicate that aquifers present higher average total
heat energy values (up to ~6.05 x 10°® MWhy,)), whereas abandoned mines present significantly
higher average area heat energy contents (up to ~5.44 x 10 MWh,)). Estimations indicate that the
Sappes, Serres and Komotini aquifers could cover the space heating energy consumption of East
Macedonia-Thrace region. Underground gas storage was investigated in eight aquifers, four gas fields
and three evaporite sites. Results indicate that Prinos and South Kavala gas fields (North Greece) could
cover the electricity needs of households in East Macedonia and Thrace regions. Hydrogen storage
capacity of Corfu and Kefalonia islands is 53,200 MWh,). These values could cover the electricity
needs of 6770 households in the Ionian islands. Petrographical and mineralogical studies of sandstone
samples from the Mesohellenic Trough and Volos basalts (Central Greece) indicate that they could
serve as potential sites for CO, storage.

Keywords: underground; energy storage; natural gas; carbon storage; hydrogen; thermal energy; CO,

1. Introduction

The use of fossil fuels as energy sources is one of the major contributors of anthropogenic
greenhouse gas emissions that include CO, [1-3]. To mitigate the effects of global warming the
implementation of CO, Capture and Storage (CCS) practices is considered as a state-of-the-art
technology that aims to reduce emissions of CO, into our living atmosphere [4]. To achieve efficient
and sustainable energy management it is important to promote practices that aim to reduce the carbon
footprint through utilisation of renewable energy resources (wind, biomass, solar and geothermal
energy) in Greece with integration of energy storage concepts [5]. This can be achieved with gradual
transition to eco-friendly energy systems that promote energy production with the inclusion of
Renewable Energy Sources utilisation. This energy transition presents significant and important
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developments, such as the geothermal energy exploitation in Kenya [6]. However, their global
contribution in total renewable energy production is small. This is attributed to the obvious difficulties
that are linked with the supply of renewable sources. In the current stage, even more countries tend to
adapt and promote the use and research on renewable energy sources [7].

More specifically, energy storage applications as a concept aim to provide technologies that convert
energy into storable forms [8]. It also balances energy consumption with production by storing excess
energy for long and/or short periods [9]. Despite the cover of energy demands (i.e., seasonal, daily),
energy storage provides additional benefits such as: decrease of operational costs, integration of variable
energy sources (such as wind, solar, natural gas and geothermal energy) and reduction of environmental
effects (low carbon energy supply). Supplementary energy conversion processes are often required,
depending on the source type and the implemented storage technology. Energy storage systems
can be distinguished into mechanical, chemical, biological, magnetic, thermal and thermochemical
types [10]. The choice of the appropriate storage technology depends on the storage purpose,
the type of energy source the available storage capacity cost, lifetime and environmental impact [8].
Energy storage systems are distinguished into ground (ground-based ex-situ) and underground
(geological in-situ) types. Underground energy storage requires suitable geological reservoirs such as:
depleted hydrocarbon reservoirs, rock bodies with appropriate lithotypes (ultramafic rocks, basalts and
sandstones), deep saline aquifers, salt caverns and abandoned mines.

Underground Thermal energy storage systems (UTES) provide the opportunity to store thermal
energy, by utilising the heat capacity of underground soil and/or rock volumes [11]. To date,
the best-established types of seasonal UTES systems [12,13] are aquifer storage (ATES), borehole storage
(BTES), cavern storage (CTES), pit storage (PTES) and seasonal tank storage (TTES). There are many
specific localities with potential for underground energy storage in Greece [14]. Aquifers for seasonal
underground heat or natural gas storage are in sedimentary basins of the Greek mainland (such as
Thessaloniki basin; North Greece), as well as in the Aegean islands (such as Evia, Lesvos, Chios and
Rhodes). Natural gas can be sufficiently stored in depleted natural gas reservoirs that exist in Greece
(Figure 1), which are selected on the basis of a sufficiently large volume of pore space, preferably high
permeability of reservoir rocks and the absence of gas admixtures such as hydrogen sulphides.
Hydrocarbon reservoirs that could serve as potential sites for underground gas storage include those
of Epanomi (Thessaloniki, North Greece), Katakolo (South Greece) and Prinos (North Greece) [14].

Apart from the aforementioned, hydrogen is considered nowadays as an important key source
for clean, secure and affordable energy, since it can improve efficiency of power systems and reduce
environmental impact of power production [15]. Hydrogen can be stored into porous reservoir
rocks such as depleted natural gas or petroleum deposits [16] and salt caverns [16,17]. In Greece,
the most suitable formations for considering hydrogen storage (Figure 1) are the caverns in salt/evaporite
formations due to the fact that they allow higher injection and withdrawal rates compared to other means
of storage [18] thus resulting in high energy deliverability to the energy grid. Evaporite formations of
Heraklion (Crete Island; South Aegean) are suitable for underground gas storage, whereas Corfu and
Kefallonia Islands (Ionian Sea) could serve as sites for underground hydrogen storage. The abandoned
mines of Mandra and Chaidari regions (Attica; Central Greece), as well as the Aliveri mine (Evia Island;
Central Greece) could be exploited for underground heat storage purposes.
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Figure 1. Main proposed high capacity energy and CO, storage sites (hydrogen storage: 26,600 MWh};
Thermal Capacity: 2930-4651 MJ; Gas Storage Capacity: 928,097—4,826,105 MWhe]; CO, storage:
27,600 t [3] to 1350 Mt [19].

Several research studies have developed effective methods for carbon capture, by utilising
technologies such as membranes, adsorption-based separation of CO, [20]. There are many options for
Geological CO, storage such as deep saline formations [21], abandoned coal mines [22], salt caverns [23],
coal seams [24] and depleted hydrocarbon fields [25]. In many cases, CO, storage can be combined
with extraction of crude oil (CO,-Enhacned Oil Recovery [26]) or natural gas from hydrocarbon
reservoirs (CO,-Enhanced Gas Recovery). Mineralisation is an alternative option of CO, sequestration.
Several rock types have been considered as potential underground reservoirs for mineral storage of
carbon, or to withhold for a relatively short period of time specific amounts of CO,. These include:
(a) basalts with high porosity, silica undersaturated nature, abundance of plagioclase and feldspars and
low alteration grade (recent age) [3,27,28], (b) sandstones [29,30] and (c) serpentinite bodies [31,32].

The most common parameters that must be considered prior to the implementation of CO,
storage in the aforementioned formations include, the storage capacity, porosity and permeability of the
reservoir rock. In addition, the possibility of CO; leakage or defects associated with cement degradation
must be examined prior to CO, storage in cases of depleted hydrocarbon reservoirs [33]. The possibility
of migration of the injected CO; and/or brine into the drinking water zones is a major concern that must
be taken into account in the case of deep saline aquifers [21].The absence of lateral communication
with other mines and/or with the surface (to avoid gas leakage), as well as the minimum depth of
the mine top are crucial parameters for CO, storage in abandoned coal mines [34]. Regarding the
CO;-mineralisation in rocks, the abundance of Ca-Fe-Mg bearing minerals significantly affects the
amount of carbonate minerals produced during reaction of the rock with the injected CO; [3].
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At the current stage Greece has not developed and adopt significant CO, storage sites and
policies, while there are only few studies concerning the application of Carbon Capture and
Storage (CCS) technologies in this region [35]. In Greece, the regions of Volos (Figure 1) [3],
the Mesohellenic Trough [29], the Prinos oil and gas field (Kavala; North Greece) and also parts
of Western Greece [36] encompass the appropriate rock types that could serve as potential sites for
CO; storage. Preliminary estimations of CO, storage in Volos basalts indicate storage capacity of
~43,200 tons CO; at 300 m depth [3]. Calculations conducted by [37] present high storage capacity of
CO; in the Pentalofos and Eptachori sedimentary formations of the Mesohellenic Trough at 2 and 3 km
depths, respectively. Calculations of CO, storage at Klepa-Nafpaktia sandstones in Western Greece
indicate storage capacity of 18 x 10° tons of CO, at 500 m depth [36]. Additional study indicates that
ultramafic rocks from Vourinos ophiolite complex (Western Macedonia; North Greece) could be used
for CO, sequestration purposes [38].

The present study aims to present, map and investigate specific underground energy storage
sites that can be considered to potentially utilise Underground Thermal Energy Storage (UTES),
Underground Gas Storage (UGS), Hydrogen and CO, underground storage practices in Greece. For this
purpose, we considered data derived from petrological and geochemical assessments, field observations
and referenced data from extensive literature review, but also through the application of energy storage
calculations that take into consideration the physicochemical properties of the potential reservoirs.
In this framework, we aim to revise and upgrade preliminary research results provided by [39].

2. Analytical Techniques

Preliminary results of the selective surface rock samples from several parts of the Mesohellenic
Trough and the region of Volos have been examined regarding their petrographic properties.
Four sandstone samples were collected from the regions between Deskati and Doxiana near Grevena
and one sandstone sample was collected from the Lignite Center of Western Macedonia near Ptolemais.
Three basaltic rock samples were examined from the regions of Microthives and Porphyrio near Volos.
XRD analyses were conducted at CERTH’s (Centre for Research and Technology, Hellas) Laboratories,
using a Philips X'Pert Panalytical X-ray diffractometer (Malvern Panalytical, Malvern, UK) that operates
with Cu radiation at 40 kV, 30 mA, 0.020 step size and 1.0 s step time. Interpretation of XRD results,
was accomplished by deploying the DIFFRAC.EVA software v.11 (Bruker, MA, USA), which is based
on the ICDD (International Center for Diffraction Data) Powder Diffraction File (2006). Sandstone and
basaltic rock samples were examined through petrographic observations in polished thin sections
using a Zeiss Axioskop-40 (Zeiss, Oberkochen, Germany), equipped with a Jenoptik ProgRes CF Scan
microscope camera at the Laboratories of CERTH. The modal composition of pores was calculated
based upon ~1000-point counts on each thin section. Quantification of modal composition was
accomplished by using microphotography of SEM images at CERTH’s Laboratories with a SEM-EDS
(Scanning Electron Microscopy with Energy Dispersive Spectroscopy) JEOL JSM-5600 scanning electron
microscope (Jeol, Tokyo, Japan), equipped with an automated energy dispersive analysis system
Link Analytical L300 (Oxford Instruments, Abington, UK), with the following operating conditions:
20 kV accelerating voltage, 0.5 nA beam current, 20 s time of measurement, and 5 pm beam diameter.
The petrographic description of the sandstone and basaltic rock samples coupled with data provided
by extensive literature review are presented below.

3. Geological Background and Petrological Investigation of Rock Types Considered for Storage

3.1. Evaporite Formations

In the Ionian and Pre-Apulian geotectonic zones, evaporites exhibit Triassic and Triassic-Lower
Jurassic ages, respectively. The thrust boundary between the Ionian and pre-Apulian zones is marked by
intrusion of evaporite occurrences, mostly after the effects of diapirism [40,41]. In the regions of Epirus
and Akarnania (Western Greece), Triassic evaporites occur in various localities and in the central part
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of the Corfu Island [42]. These occurrences provide proof that in the External Hellenides the evaporites
represent the lowest detachment level of individual overthrust sheets [43]. Their thickness varies but in
most cases is about 2-3 km, although locally it can reach up to 4 km [44-46]. Diapiric forms are usually
observed in local scale, resulting in the deformation of the adjacent sedimentary rocks including those
of Zavrohon diapir, that has also been confirmed by drilling boreholes [44]. Evaporite formations
from Agios Sostis and Laganas regions in Zakynthos island (Western Greece) are represented by the
Messinian evaporite unit [47]. These formations consist of nodular and banded evaporate minerals
often being in contact with turbidite successions, whereas their formation is associated with present-day
active tectonics [44,47].

The principal evaporite mineral phases that have been identified in the Greek evaporite
formations are gypsum, halite and anhydrite [40,48]. On their upper stratigraphic levels,
dolomite occasionally participates in the form of breccias, which is mostly observed in the Triassic
formations. Accessory mineral phases include bassanite and celestite that are not always present.
In Northwestern Greece, the porosity of evaporitic formations ranges widely from relatively
impermeable to very permeable attributed to local karstification processes [49].

Triassic evaporites from the regions of Anthoussa and Agios loannis (West Greece) [50] indicate
that these can be distinguished into two main types (Type-23 and Type-24) of Standard Microfacies
based on the Flugel classification [51]. Both types are rich in dolomite and solution collapse breccia,
whereas calcite, gypsum and anhydrite appear in notable but lower amounts [50]. Type-23 evaporites
are laminated by layers of gypsum, anhydrite and dolomite. Dolomite ranges between 40%—60%,
evaporite crystals are often calcified and form lenses and rosettes within the mudstone groundmass,
whereas relic sparite and evaporite minerals are also observed [50]. Their secondary porosity
ranges between 20%-30%. Type-24 evaporites are classified as dolomites and dolomitic limestones.
Their depositional texture corresponds to mudstone-grainstone types [50]. Micritic cement is highly
but not totally dolomitised, whereas sparitic material usually occurs as cementitious material [50].
Dolomite is present in high amounts reaching 80% [50]. Evaporite minerals reach ~20% and usually
form rosette and lenses within the groundmass [50]. Secondary porosity ranges between 15%—40% [50].

Evaporite samples studied from different drilling depths at the region of Kristallopigi
(Igoumenitsa; Western Greece) [49] include claystones and siltstones in the upper parts and
organic rich evaporites with claystone intercalations in the lower parts. Their mineralogical
composition is distinguished into evaporitic and non-evaporitic, including the following assemblages
gypsum—-anhydriten-bassanite—celestite and quartz—feldspar—calcite—-dolomite-magnesite clays,
respectively [49]. Clay minerals are classified as kaolinite, illite, smectite and mixed phases [49].
Regarding the evaporitic minerals gypsum is stressed and deformed presenting topotactic relation with
bassanite crystals [49]. Bassanite is isolated or forms aggregates, whereas celestite is sub-idiotropic to
tabular or prismatic forming aggregates or isolated crystals [49]. Porosity measurements show high
variation between 0.31%-52.98% for the studied samples [49].

3.2. Sedimentary Basins

The Eocene-Miocene Mesohellenic Trough is an elongated sedimentary basin of 200 km length
and 30-40 km width, located in NW Greece [52,53] between the Apulian (non-metamorphic) and the
Pelagonian (metamorphic) microcontinental plates [54]. It is a back-arc sedimentary basin evolved
during the Upper Oligocene to Miocene period [52,55-57], being superimposed on the Olonos-Pindos
external and Pelagonian internal geotectonic units. It is the largest and most important molassic basin
formed during the last Alpine orogenic stage of the Hellenides, which occurred between the Mid-Upper
Eocene and the Mid-Upper Miocene, extending from Albania in the Northern parts, towards the Thessaly
region in Greece at the South. The Mesohellenic Trough comprises of the following four main formations
from downwards to surface: Eptachorio, Pentalofo, Tsotillio and Burdigalian [58]. The base of the
Eptachorio Formation consists of clastic Upper Eocene to Lower Oligocene sediments (conglomerates,
sandstones), as well as base deposits. The upper part of Eptachorio Formation (Figure 2a,b) is located
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in Taliaros Mountain (Grevena-Kastoria; West Macedonia) and appears in the form of local sedimentary
phases comprising of sandstones, marls and limestones. The sequence presents thickness varying from
1000 to 1500 m. The Upper Oligocene to Lower Miocene Pentalofos Formation (Figure 2a,b) includes
two types of clastic sedimentary rocks separated by marl-sandstone intercalations. Their thickness
ranges from 2250 to 4000 m. The Tsotillio Formation (Lower to Middle Miocene) consists of marls
accompanied by conglomerates, sandstones and limestones of variable thickness (200 to 1000 m).
The Burdigalian Formation comprises of various phases of sediments such as sandy and silty marls,
sand clays, sandstones, conglomerates and limestones [37,52,54]. These sediments are deposited in the
form of sedimentary wedges. The aforementioned formations are covered from: (a) Upper Eocene to
Middle Miocene alluvial, lacustrine and terrestrial sediments and (b) Pliocene to Lower Pleistocene,
fluvial and lacustrine clays, sands and loose conglomerates hosting lignite horizons, which in cases
were deposited locally in the Mesohellenic Trough.
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Figure 2. (a) Geological map of the Mesohellenic Trough region, WGS’84 and (b) Cross section
displaying the potential site for energy storage purposes.

The widespread distribution of Mesohellenic Trough sandstones is usually favoured by their
high permeability and geochemical characteristics that provide the potential for long-term pH buffer
capacity [59]. High volume sandstones are deformed in open anticline structures representing possible
porous reservoir rocks [60]. Sedimentary basins of comparable geological features including the
Mesohellenic Trough were considered (Table 1) in the current study. In this frame, all of the other
sights examined include a suitable geological reservoir consisting of sandstones that are overlain by
Tsotyli formation) caprock [61]. Preliminary investigations were conducted in these sights combined
with fieldwork and referenced data provided from the literature. These results showed that all the
sandstone formations exhibit comparable textural and mineralogical features, presenting restricted
variations in terms of porosity.

Their texture ranges from fine grained to medium grained, displaying variable amounts of
sub-angular to sub-rounded lithic fragments and straight to suture grain contacts. It also ranges from
poor to moderate sorted presenting high amounts of siliceous cement and local patches of calcareous
cement material. Their mineralogical assemblage is composed mainly by quartz, alkali-feldspars,
calcite (Figure 3), lithic fragments, mica (mostly muscovite and less frequently biotite) and chlorite
(Figure 4c,d). Fragments are mostly composed by quartz and feldspar, as well as by clasts of magmatic
origin. Quartz appears in the form of monocrystalline angular or polycrystalline sub-angular to
sub-round grains. Quartz contacts are straight, suture or interlocking. K-feldspar occurs in the form of
variable sized euhedral to subhedral crystals affected from different weathering degrees. Mica and
chlorite appear within the sandstone matrix in the form of scarce occurrences developed intergranular
between quartz and feldspar crystals.
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Table 1. Thermal Capacity properties of Aquifers from selected localities.

Aquifers Considered Thermal Capacity (MJ)  Productivity (m3>/day)  Heat in Place (M])
Sappes 3.370 353 3x1073
Agioi Theodoroi-Komotini 2.930 1193 3x1073
Mitrikou lake 3.009 788 9% 1074
Serres 2.435 11,169 1x 1073
W. Thessaloniki Shallow 2382 162 4% 10~
Thermal
W. Thessaloniki-Alexandria 3.577 1516 1%x1073
Mesohellenic Trough_ South 3.700 57,709 25 % 10-3
Grevena
Flysch Botsara syncline 3.822 64,304 18 x 1073
Aliveri Evia 2.703 405 1x 1073
Megalopoli 2.291 109 4x107*
Thimiana Chios 3.021 80 5x 1074
Lesbos-Thermi 2.885 445 2x1073
Kos 2.394 404 1x 1073
Samos 2.461 37.5 7 x 1074
Limnos 2.692 38.5 1x1073
Rhodes 2.249 832 9x 1074
Mesohellenic Trough_Felio 4.175 92,747 18 x 1073
W. Thessaloniki_ SG 3.93 11,082 7 %1073
W. Thessaloniki_ DG 4.651 3253 1x1073
Fili landfill_Attica 2.589 4352 1x 1073
North Mesohellenic 3.700 43,282 22 %1073
basin_ SG
North Mesohellenic
basin. DG 4.006 93,778 3x1073

(Data was collected on potential and possible locations for various underground energy storage technologies
in aquifers—see Supplementary Table S1 for more details).
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Figure 3. XRD patterns of Mesohellenic Trough sandstone sample (West Macedonia).
3.3. Pleistocene Alkaline Basalt Occurrences

In Greece, these types of rocks are mostly of Triassic age, having been formed at the stage of
oceanic rifting. Localities of these basaltic occurrences include Pindos (NW Greece) [62], Koziakas [63],
Othris [64], Argolis [65], the South Aegean [66—68], Volos [3] and Evia Island [69]. Alkaline basalt
occurrences of relatively recent age (Pleistocene) appear only in the form of scattered outcrops



Energies 2020, 13, 2707 8 of 23

mostly in the Aegean Sea (Central Greece). These occurrences outcrop between North Evoikos
and Pagasitikos gulfs (Central Greece) and were formed during Pleistocene by extensional back-arc
processes associated with the activity of Northern Anatolia Fault [70-72]. These rocks crop out in the
islands of Achilleio, Lichades and Agios Ioannis and consist of massive lavas and pyroclastic rocks [3].
In addition, extensional related basaltic rocks also crop out in the regions of Volos, Kamena Vourla and
Psathoura (Central Greece) and they are classified as basaltic trachyandesites and trachyandesites [3].
The aforementioned rock types can serve as potential sites for applications of CO; storage, which is
further enhanced by their relatively low alteration grade. These volcanic centers are not genetically
associated with those developed in the South Aegean arc, which resulted from the subduction of the
African plate beneath the Eurasia [3,73,74].

Figure 4. (a,b) Mesohellenic Trough sandstone photomicrographs including feldspar fragments (Fsp)
within quartz (Qz) rich groundmass. Calcite (Cc) and muscovite (Ms) appear in the form of accessory
minerals. (c,d) Basaltic rock samples presenting porphyritic textures composed by plagioclase (P1)
rich groundmass and clinopyroxene (Cpx) phenocrysts. Gas vesicles have been partially filled with
secondary calcite (Cc).

Basaltic rocks from the region of Volos present fine grained holocrystalline trachytic or aphanitic
groundmass, characterised from porphyritic vesicular textures (Figure 4a,b) Their mineralogial
assemblage is composed mainly by subhedral to euhedral clinopyroxene and olivine phenocrystals
(Figure 4a,b). Their groundmass is predominantly composed by needle to lath shaped plagioclase and
clinopyroxene crystals (~60%). Accessory minerals include orthopyroxene, alkali-feldspar, amphibole,
calcite within gas vesicles, pyrite and opaque oxide minerals such as ilmenite and magnetite.

Clinopyroxene is classified mainly as diopside presenting quite high FeO (FeO: 5.37-8.17 wt.%) and
variable TiO, and Al,O;3 contents [3]. Olivine is classified as forsterite presenting higher MgO contents
compared to those of FeO, whereas Mg# ranges highly [3]. Plagioclase of the basaltic groundmass is
CaO rich classified as bytownite or labradorite, whereas the glassy part is characterised by high SiO,
and Al,O3 and total alkali (Na,O + K,0O) contents [3].
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The vast majority of basaltic samples present porosity within the range of 15%-23% corresponding
to 18% average porosity of the studied suite [3]. Their porosity is highly affected from the occurrence
of gas vesicles that present variable size range and are usually filled with secondary calcite.

4. Types of Energy and CO; Storage Considered
4.1. Underground Thermal Energy Storage (UTES)

4.1.1. Thermal Capacity Properties of Aquifers

The Aquifer Thermal Energy Storage (ATES) is an open loop system that uses permeable water
rock layers as means for storing thermal energy and water. Energy can be transferred into or extracted
from aquifers using one or more injection and production wells connected with hydraulic pumps and
heat exchangers [75]. This technology also can be combined with Geothermal Heat Pumps (GHP).
ATES presents the highest energy efficiency compared to other geothermal technologies but strongly
depends on the physical properties of the aquifer (thickness, heat capacity). It is also favourable for
large-scale energy storage, such as seasonal storage.

In cases where they are overlain by impermeable sedimentary cap rocks (such as siltstones
and shales), aquifers can serve as appropriate formations for thermal storage purposes due to their
high porosity. In the current study twenty-two geological formations that present the necessary
geological, petrological, mineralogical and textural features have been considered for implementation
of underground thermal energy storage (Table 1). Thermal capacity, productivity and heat in place are
parameters strongly associated with the pore volume and the physicochemical properties of an aquifer
media (Table 1). Thermal energy capacity calculations in the studied aquifers was based on the
following equation [76] (see Appendix A Table Al):

q= (Cp thO)rock - (1 — @) + (Cp - tho)water - @ 1)

Based on referenced data specifications [76] a heat capacity value of 0.19 m (mineral matrix) and
an average density of 1.41 kg/m?® were considered as appropriate values for the sandstone aquifers.
Results of the current research study indicate that porosity ranges from 8% to 22%, with an average
value of 14%. Therefore, the specific thermal capacity per cubic meter for the aquifers considered in
the current study is calculated as follows: q = 2.36 x 107> MJ/m3-°C.

The parameters that have been taken into consideration in order to make our energy storage
calculations are transmissivity (Table 2), productivity, porosity, aquifer thickness and permeability.
In particular, transmissivity is the product of the aquifer thickness (D) and the average value of
hydraulic conductivity (K). It is expressed in m?/day of aquifer thickness [77]. Transmissivity describes
an aquifer’s capacity to transmit water.

T=K-D 2)

The productivity of an aquifer depends on its ability to store and transmit water, as well as on the
physicochemical characteristics of the geological formation [78]. Productivity is significantly associated
with the porosity type, which is classified into primary and secondary [78,79]. In the first case, water is
stored within the interstices between grains, whereas secondary porosity refers to the water stored
and/or flowing through fractures. Estimation of productivity provides a way to compare the quality of
wells from reservoirs with similar properties. Simplified versions of the equations are listed below [80]
(see Appendix A Table Al):

Qo =KV1 - Kh - (PF - PS)/VISO ®)

Qg = KV2 - Kh - ((PF - PS)*)/(T + KT2) (4)

Heat in place refers to the assessment of the stored heat within a geothermal reservoir. The heat
pump potential of geothermal systems can be assessed by estimating the recoverable heat from the total
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thermal energy stored in a significant volume of porous and permeable reservoir [81-83]. The thermal
extraction rate of a specific reservoir is highly associated with its heat transfer properties affected from
the fracture network of the rock mass, as well as the flow regime for heat transfer. The energy stored
within a geothermal reservoir is calculated by the following equation [84]:

E=p-c- V(TR — Tres) ®)

An alternative calculation for the available heat in place (H) expressed in Joule is provided
according to the following equation [85]:

H = Viock * Prock - Cprock - (Tz - Tr) (6)

Heat injection temperature is associated with the amounts of Underground Thermal Energy
storage, as well as with the heat and thermal energy recovery [86]. In the current study, a scenario of
injecting 70 °C was considered. The decrease rate of the initially achieved temperature was controlled
by two major factors. The first factor includes the temperature distribution in association with the
ratio distance of the media, whereas the second concerns the heat loss resulted from the thermal
conduction [86,87]. The latter strongly depends on the time period and the initial temperature of the
aquifer within the sandstone reservoir. Taking these into consideration, a 70 °C temperature scenario
was implemented in every case. The average temperature parameters were applied in Equation (6)
also considering the local aquifer and injection temperatures. The expected temperature of an aquifer
after the injection of 70 °C is estimated to be ~10 °C warmer. In the case of the “Sappes” aquifer the
temperature is 33 °C (Supplementary Table S1). Thus, the temperature to be applied in Equation (1) is
estimated 43 °C, which equals to 3.370 MJ thermal capacity.

Table 2. Transmissivity properties of the studied aquifers (see Supplementary Table S1 for
more properties).

Aquifers Considered Transmissivity (m?)
Aquifer Sappes 6.9 x 10714
Aquifer Agioi Theodoroi-Komotinis 221x10713
Aquifer Mitrikou lake 1.77 x 10713
Aquifer Serres 414 %x 10713
Aquifer Western Thessaloniki_Shallow Thermal 592 x 10714
Aquifer_Western Thessaloniki_Alexandria 1.18 x 10713
Aquifer_Mesohellenic Trough_South Grevena 1.97 x 10712
Aquifer Flysch Botsara syncline 2.96 x 10713
Aquifer Aliveri Evia 3.45 x 10713
Aquifer Megalopoli 7.89 x 10714
Aquifer Thimiana Chios 7.4 x 10714
Aquifer Lesbos-Thermi island 5.92 x 1071
Aquifer Kos island 6.9 x 10713
Aquifer Samos island 2.96 x 10714
Aquifer Limnos island 296 x 10714
Aquifer Rhodes 1.18x 10713
Aquifer_Mesohellenic Trough_Felio 1.48 x 10712
Aquifer_Western Thessaloniki_SG 2.96 x 10713
Aquifer_Western Thessaloniki_DG 8.29 x 10714
Aquifer_Fili landfill_Attica 2.24 x 10713
North Mesohellenic basin_SG 1.97 x 10712
North Mesohellenic basin_DG 1.48 x 10712

A storage system can potentially include more than one reservoir rocks characterised from
different physicochemical properties. The content of a reservoir rock can be estimated through direct or
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indirect techniques. This can be accomplished via laboratory measurements on core rock samples [88].
The assessment of an explored rock reservoir strongly depends on its mineralogical and chemical
composition, coupled with its morphological and sedimentological properties [89].

The studied aquifers of the current research, present thermal capacity values that range between
2.249 and 4.651 MJ. Aquifers of Mesohellenic Trough, Western Thessaloniki basin, as well as the aquifer
of Botsara flysch display the best performance regarding their thermal capacity properties (Figure 5).
In particular, Mesohellenic Trough aquifers present thermal capacity contents ranging from 3.7 MJ to
4.175 M]J (Table 1). Similar values correspond to the studied aquifers of North Mesohellenic Trough
ranging from 3.7 to 4.006 M]. The aforementioned results indicate that Mesohellenic Trough aquifers
exhibit homogeneity regarding their thermal energy properties throughout their whole geographic
distribution. On the other hand, aquifers of Western Thessaloniki basin (Figure 5), exhibit a wide range
of thermal capacity contents from 2.382 to 4.651 MJ (Table 1).
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Figure 5. Thermal capacity column chart of the studied Greek aquifers.
4.1.2. UTES Heat Capacity Properties

Underground thermal energy storage (UTES) systems cover a wide range of different technologies
including: (a) sensible heat storage that transfers heat to the storage medium or liquid, (b) latent heat
storage, where heat is absorbed or released by a phase transition and (c) thermo-chemical storage,
in which energy is stored or released through thermochemical reactions.

Assessment of the stored heat is based on numerical-simulation models, providing the potential
to address the dynamic changes to the thermal energy as they are affected by recharge and injection
processes [90]. The resource volume can change as it shrinks or expands by injection or hot/cold
recharge [90]. To quantify these resources it is necessary to determine the amount of the available
heat and physicochemical properties of the geothermal rock reservoir [91]. Geothermal resources
assessment is based on a volumetric heat content model for porous reservoirs. The heat stored within
the rock matrix (index m) and pore water (index w) is calculated by the following equation [92] (see
Appendix A Table Al).

H=[(1-P) pp-Cn+P py Cyl (Tt — To)-A-Az @)
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The Area Heat Energy Capacity is calculated by dividing the amount of the Total Heat Energy
Capacity with the surface area according to the following equation:

Total Heat Energy Capacity (MWh[th})
Total Area (kmz)

Area Heat Energy Capacity (MWh[th] / kmz) = (8)

Research results of the current study indicate that the Serres, Komotini and Sappers aquifers
exhibit the highest average values of total heat energy (Figure 6). In particular, the Serrese aquifer
exhibits the highest potential of 6,052,932 MJ, followed by the Komitini (Agioi Theodoroi) and Sappes
aquifers with 4,076,831 and 2,172,617 M]J, respectively (Table 3). Comparison between aquifers and
abandoned mines in the studied regions indicates that in general aquifers present significantly higher
total heat energy capacity compared to that of the abandoned mines. The abandoned coal mine
of Aliver (Evia Island; Central Greece) shows the highest potential for underground heat storage
(723,255 M]) compared to that of Chaidari and Mandra in Attica (Central Greece).
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Figure 6. Average total heat energy column chart of the studied Greek aquifers and abandoned mines.

Considering the area average heat values of the studied regions (Table 3), the aquifers tend to
exhibit lower values compared to those of abandoned mines, which are significantly higher (Figure 7).
In particular, the aquifer average area heat energy ranges from 227,864 to 1,365,479 M]J. The highest
values in the studied aquifers correspond to those of Sappes and Komotini (Agioi Theodoroi) regions.
Regarding the abandoned mines their average area heat energy ranges from 1,181,993 to 5,440,280 M]J,
with the Aliveri abandoned coal mine presenting the highest potential.

The aforementioned results (Table 3) indicate that Aquifer Thermal Energy Storage is one of the
most promising technological options that provides large storage capacities [93,94]. By utilising the
subsurface space in these sites, Underground Thermal Energy Storage systems potentially provide
sustainable heating and cooling energy for different building types. Thus the ATES integration in
a district or urban level can be more efficient compared to a conventional separate heating and cooling
generation technology [94,95].

The East Macedonia-Thrace region consumes 3765 kWh per household for electricity needs [96].
In Greece 40% of the total energy consumption corresponds to electricity needs, whereas the 60%
corresponds to space heating [97]. Thus, in East Macedonia-Thrace the thermal energy consumption
is 5647.5 kWh. Taking these into consideration, it is suggested that the Sappes, Serres and Komotini
(Agioi Theodoroi) aquifers (Table 3) could cover the space heating energy consumption of this region.
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Table 3. Underground Thermal energy storage systems (UTES) Capacity in selected sites (see
Supplementary Table S2 for additional details).

Sites Considered (* Aquifer, Avgerage Total Heat Energy Average Area Heat Energy

** Abandoned Mine) Storage Capacity (MWhyy,)) Storage Capacity (MWhyy,)
Sappes * 2,172,617 1,284,404
Agioi Theodoroi Komotinis * 4,076,831 1,365,479
Mitrikou lake * 1,335,808 448,048
Serres * 6,052,932 793,685
W. Thessaloniki Shallow 13,232 249,200
Thermal *
Aliveri Evia * 723,255 691,274
Megalopoli * 384,557 227,864
Thimiana Chios * 9599 256,027
Lesbos-Thermi * 509,167 1,024,109
Kos * 847,815 836,356
Samos * 21,801 384,041
Limnos * 767,700 473,650
Rhodes * 162,278 477918
Fili landfill_Attica * 673,119 621,720
Mandra Attica ** 34,543 2,997,653
Aliveri ** 936,938 5,440,280
Chaidari ** 65,198 1,181,993
610°
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Figure 7. Average area heat energy column chart of the studied Greek aquifers and abandoned mines.

4.2. Underground Gas Storage Potential

Underground gas storage is currently regarded as a mature and widely implemented technology
in a global scale. The choice of the appropriate gas reservoir strongly depends on many factors
such as [98]: (a) porosity, permeability and storage capacity of the host rock, (b) cap rock occurrence,
(c) depth of capture and (d) the physicochemical properties of the underground water.

There are three types of underground natural gas storage at the current stage and these include
depleted oil and gas reservoirs, salt-caves and aquifers. Natural gas is injected into the storage regions
during the slack season of gas usage (mainly summer) and is produced during the busy season (mainly
winter) from storage reservoirs [99]. In depleted natural gas and oil reservoirs conversion of gas/oil field
(from production to storage stage) benefits from the existing infrastructure (wells, gathering systems,
and pipeline connections), as well as on the massive societal acceptance. These are the most commonly
used underground storage types due to their wide availability [100]. The amount of the stored natural
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gas strongly depends on the formation porosity and permeability, which affect the natural gas flow
rate. The flow rate subsequently affects the rate of injection and withdrawal of working gas [101].

Predictions suggest an increasing energy demand within the following years.
Therefore, planned infrastructure projects, in which Greece involves as a transit country, will be
developed. These projects include the Trans Adriatic Pipeline (TAP) [102-104] the IGB (Interconnector
Greece Bulgaria) gas interconnector between Greece-Bulgaria [103,104] and the EastMed gas
pipelines [103] to improve security and diversity of Europe’s energy.

Results of the current study (Table 4) indicate that potential sites for implementation of
underground gas storage technologies in Greece include gas fields, aquifers and evaporites. In particular,
the Prinos and South Kavala gas fields present significantly higher storage capacities compared to
the other types presented (aquifers and evaporites; Figure 8). These results further confirm the high
storage potential of South Kavala gas field for natural gas storage purposes. The South Kavala Gas
field (North Greece) is a promising case for underground gas storage in Greece (Table 4). It is a site
with proven feasibility and is expected to be deployed in the following years. The available data show
that the cumulative gas production to date is approximately 847 Mm? (million m3) (Recovery Factor
RF 85%) and the estimated remaining gas volume is 148 Mm?, respectively [105]. Evaporite formations
are the second most important types presenting storage capacity values ranging from 649,668 to
757,327 MWh(). Regarding the studied aquifers, those included in the sedimentary formations of
Western Thessaloniki basin and Mesohellenic Trough exhibit the highest potential for underground
gas storage.

Taking into consideration that the electricity consumption per household is 3765 kWh for East
Macedonia and Thrace [96], it is concluded that the Prinos and S. Kavala gas fields (Table 4) could
cover the electricity needs for the households in this region.

Table 4. Underground gas storage (UGS) Capacity in selected sites (see Supplementary Table S3 for
additional details).

Sltes‘ Con51dered. Total Gas Working Gas Cushion Gas Energy St.orage
(* Gas Field, ™* Aquifer, Volume (Mm®)  Volume (Mm3)  Volume (Mm?) Capacity
**%* Salt Structure) (MWh)
South Kavala * 847 720 127 2,672,920
Epanomi * 500 250 250 928,097
Katakolo * 300 150 150 556,858
Prinos * 2280 1300 980 4,826,105
Western
Thessaloniki_ Alexandria ** 3 1 2 3712
Mesohellenic
Trough_ South Grevena ** 44 13 31 48,261
Flysch Botsara syncline ** 33 10 23 37,123
Mazarakia *** 281 175 106 649,668
Heraklion *** 328 204 124 757,327
Mesohellenic Trough Filio ** 25 8 17 29,699
Western Thessaloniki SG ** 136 41 95 152,208
Western Thessaloniki DG ** 29 93 20 345,252
North Messoclﬁilemc basin 130 39 91 144783
North Mess)ge*liemc basin 214 64 150 237,593

Delvinaki *** 218 175 106 649,668
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Figure 8. Average energy storage capacity (MWhpe]) column chart of the studied Greek aquifers,
evaporites and abandoned mines.

4.3. Hydrogen Storage Potential

According to the geological data considered, the potential sites for the development of underground
hydrogen storage practices are those of Trifos, Achira (Aitoloakarnania Central-Western Greece),
as well as the Kefalonia and Corfu islands. These locations have been already deployed for
on-shore wind energy production, whose excess energy can be used to produce hydrogen within
an environmentally friendly framework. In order to modelise the potential of storing hydrogen within
the aforementioned storage sites a capsule-shaped cavern is assumed as a case scenario. This particular
shape is proposed because research studies have shown that these are more stable in terms of stress
risks compared to other shapes considered for cavern development [106]. A capsule cavern of elliptical
shape was assumed [106]. The cavern volume is 550,000 m3, with diameter of 60 and 300 m height,
at a depth of 650 m. The average temperature of hydrogen stored in such evaporite cavern is calculated
using Equation (9) [17]:

Taverage = 288 + 0.025 X (depth — cavern height/2) )

which is calculated at 27 °C, taking into consideration the geothermal gradient. In this equation,
Taverage stands for average gas temperature of 15 °C, depth in meters and cavern height in meters.

Based on reference data considerations [17,106], an amount of 367,000 m? as the average working
hydrogen volume and an amount of 183,000 m? for cushion volume were estimated. The working
volume refers to the maximum usable storage capacity expressed in energy content. The storage
capacity can also be expressed in energy terms and significantly by calculating it in MWh). Our case
scenario presents comparable features with an already existing hydrogen storage site in Chevron,
Texas (USA), which enables the storage of 580,000 m® hydrogen volume, at 83,300 MWhy, energy
storage capacity and ~850-1150 m depth [106]. Based on this site specifications it is estimated that
our case study presents the potential for 80,000 MWhy,) energy storage capacity for 650 m depth and
550,000 m3 hydrogen volume Considering that 1 MWhe) = 1/3 MW 4, [107], the aforementioned value
corresponds to 26,600 MWhy,). This scenario applies for all the above-mentioned sites (Trifos, Achira,
Kefalonia and Corfu) that could potentially be deployed.

Taking into consideration that the average electricity consumption of Ionian islands is 3929 kWh
per household [96] and the islands of Kefalonia and Corfu can store up to 53,200 MWh,), it is concluded
that hydrogen could cover the electricity needs of 6770 households.
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4.4. Recommended CO, Storage Sites

Geological CO, storage within permeable rock types such as basalts (CarbFix project,
Iceland) [27,28] and sandstones [29,30,108] is one of the most efficient technologies for mitigating
anthropogenic CO, emissions. Enhanced oil recovery provides a crucial option for secure CO, storage
in oil fields. In this framework several high impact EOR (Enhanced Oil Recovery) projects have been
implemented [26,109]. Specific rock types (basalts, sandstones and evaporites) from many Greek
regions were considered in the current study regarding their potential for CO; storage.

There is a detailed literature regarding the potential of selected Greek regions. Pleistocenic alkaline
basaltic outcrops in the region of Volos is considered as a promising site to apply carbon storage [3].
Their abundance in Ca-bearing minerals, low alteration grade and high porosity provide the
appropriate physicochemical properties for the implementation of CO, storage via mineralisation.
Preliminary calculations indicate a storage potential of 82,800 and 27,600 tons of CO, maximum
mass [3]. The aforementioned indications for implementation of carbon storage are further supported
by the indications of enhanced heat based on calculations of groundwater temperatures from irrigation
wells. Similar elevated temperatures have been calculated in adjacent regions of Kamena Vourla
(Central Greece; East Thessaly) and Lichades Islands (Central Greece; North Evoikos Gulf) [110].

Based on geochemical simulations conducted by [29], presenting reactions within the sandstone
brine system of the Mesohellenic Trough it is concluded that the Pentalofos and Tsotyli sedimentary
formations could serve as potential sites for long term CO, storage produced by the adjacent
power plants [29]. The potential of CO, storage within sandstone formations is highly affected
from the abundance of feldspars and plagioclase crystals [36,111]. Research studies indicate that
K-feldspars react with the injected CO, producing clay minerals (kaolinite, illite), NaAICO3(OH),
and K,COj3 [36]. Kaolinite precipitation is further enhanced from plagioclase dissolution which also
produces considerable amounts of calcite [36]. Further estimations on CO; capacity in the Mesohellenic
Trough indicate that Pentalofos formation is a geological reservoir formation capped by Tsotylli
formation which serves as a cap-rock [37].

Additional sites with potential of CO; storage in Greece include the Miocene sandstones of
the Prinos and South Kavala regions, at ~1600 m depth with 35 Mt CO, storage capacity [19].
The offshore-Prinos basin can host 30 Mt CO, within oil reservoirs, as well as 1350 Mt CO, in deep
saline Miocene aquifers at 2400 m depth [19]. The Epanomi gas field (Figure 1) presents 2 Mt CO,
capacity within limestones at 2600 m depth, whereas the deep saline aquifers within sedimentary
formations of Thessaloniki basin present 640 Mt CO, storage capacity at 900-2400 m depth [19].
In South Greece the Katakolo oil and gas field could serve as potential site for CO, storage purposes
within the Cretaceous-Eocene limestones presenting 3.2 Mt CO, capacity [19].

Based on the aforementioned literature data, in combination with additional key parameters
guidelines are proposed suggesting which perspective sites are most suitable for CO, storage:
(a) Mesohellenic Trough sandstones, (b) Volos basalts, (c) Western Thessaloniki saline aquifers and
(d) depleted gas field of Prinos. These parameters include the geographical distribution of the
regions, the CO; storage techniques that can be implemented, as well as the possibility to develop
cost-effective scenarios.

The Volos basalts, the Mesohellenic Trough and the Western Thessaloniki basin are located close
to industrial regions, indicating that CO, storage can be favoured by reduced costs of transport.
These industrial regions include the cities of (a) Volos (10 km distance from the corresponding basalt
occurrences), (b) Grevena, Ptolemais, Kozani (which lie close to the Mesohellenic Trough sandstones)
and (c) Thessaloniki (which is located at the geographical boundaries of Western Thessaloniki basin).
The implementation of CO, storage within Mesohellenic Trough sandstones through combination of
geological storage (within the permeable Tsotilli and Pentalofos formations), or carbon mineralisation,
provides significant advantages compared to the other regions.

Concerning the case of the depleted oil reservoir in the off-shore Prinos basin, the relatively high
storage capacity coupled with the use of existing infrastructures, suggests that storage of CO, can
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be implemented in a cost-effective framework. In addition, the capability of such reservoirs to host
hydrocarbons deposits for long time periods minimises risks for safety hazards associated with CO,
containment compared to other sites [112]. Deep saline aquifers often include water of unsuitable
quality for agricultural and drinking water usage [21]. Thus, the aquifers of Western Thessaloniki
basin present significant advantage to be exploited for CO, storage.

5. Conclusions

This study presents, maps and investigates several Greek regions regarding their capacity on
underground thermal energy storage (UTES), underground gas storage (UGS), hydrogen storage
and CO; storage. To achieve that preliminary results and petrographical data were presented and
compared with literature data. The main concluding remarks are:

e  Thermal energy capacity was examined in 22 sandstone aquifers throughout several regions
of Northern, Central Greece and Aegean islands. Research results indicate that the aquifers of
Mesohellenic Trough, Western Thessaloniki basin and those of Botsara flysch exhibit the highest
thermal capacity values, which can reach up to 4175 MJ.

e  Heat capacity was investigated in 14 aquifers throughout the Northern and Southern Greece,
as well as on three abandoned mines from Attica region and Aliveri regions (Central Greece).
In general, the aquifers tend to present higher average total heat energy values that reach up
to ~6.05 X 10° MWhy,) compared to those of the abandoned mines. In particular, the Sappes,
Serres and Komotini (Agioi Theodoroi) aquifers could cover the space heating energy consumption
of East Macedonia-Thrace region.

e  Underground gas storage technologies present better performance in the gas fields of South Kavala
and Prinos basins compare to the studied evaporite formations and aquifers. These two gas fields
could cover the electricity needs of the households in the region of East Macedonia and Thrace.

e Hydrogen storage capacity was based on a capsule-shaped cavern scenario in Trifos and Achira
regions (Central-Western Greece), as well as in Kefalonia and Corfu islands. Calculations indicate
storage capacity of 26,600 MWh) for each of the studied regions. These calculated hydrogen
capacity values for Corfu and Kefalonia islands, could efficiently cover the electricity needs of
6770 households in the Ionian Sea region.

e  Petrological studies of the Mesohellenic trough sandstones coupled with basaltic rocks from Volos
region (Central Greece) indicate that these rocks could serve as potential sites for CO, storage via
CO;,-mineralisation. This is attributed to their high porosity, low alteration grade and abundance
on Fe-Mg—Ca—K silicate minerals.

e Based on CO; capacity data provided by the literature, geographical distribution criteria,
potential for implementation of CO, storage techniques and cost-considerations, we recommend
the: (a) Volos basalts, (b) Mesohellenic trough sandstones, (c) saline aquifers of Western
Thessaloniki basin and (d) the oil reservoir of Prinos basin, as the most promising sites for
CO, storage in Greece.
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Appendix A

Table A1l. Symbology, description of symbols and units used in equations presented in this study.

Symbol Description Unit
Cp heat capacity MJ/kg-°C
rho dry bulk density kg/m?
phi porosity %

T transmissivity m?/day
K hydraulic conductivity m/day
D aquifer thickness m
Kh permeability-thickness product m?%-m

PFa average formation pressure Pa

T temperature °C
VISO oil viscosity mm?/s
Qg productivity gas m3/day

c volumetric specific heat of the reservoir rock MJ/kg-°C
\% volume of the reservoir m3
TR the characteristic reservoir temperature °C

TREF the reference temperature °C
H heat in place MJ

Vrock the denoting rock volume m3

Prock the rock density kg/m?

H total heat energy storage capacity M]

P effective porosity %
pm density of the rock matrix kg/m3
pw density of water kg/m?
cm specific heat capacity of the rock matrix MJ/kg-°C
w specific heat capacity of water MJ/kg-°C
Tt mean temperature of the compartment °C
A surface area under consideration m?
Az aquifer thickness m

Taverage average temperature of stored hydrogen °C

depth depth m
cavernHeight height of the cavern m

KV1 =75 x 107° m3/day
KV2 =1 x 1075 m®/day
Density of water: 997 kg/m3
Density of rock matrix (e.g., sandstone): 2323 kg/m3
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