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Abstract: In this work, the shallow geothermal heat-exchange potential of a coastal plain in southern
Italy, the Sant’Eufemia plain (Calabria region), was evaluated. Stratigraphic and hydrogeological
data and thermophysical properties of the main geological formations of the area have been averaged
over the first 100 m of subsoil to define the thermal conductivity, the specific heat extraction rates
of the ground and the geothermal potential of the area (MWh·y−1) for both cooling and heating
modes. The investigation revealed that the crystalline bedrock and the saturated conditions of the
sedimentary infill mainly control the heat-exchange potential. The range of the geothermal potential
in the investigated Sant’Eufemia plain is 3.61–10.56 MWh·y−1 and 3.72–11.47 MWh·y−1 for heating
and cooling purposes, respectively. The average depth drilled to supply a standard domestic power
demand of 5.0 kW is ~90 m for heating and ~81 m for cooling modes. The different depth also drives
the final drilling costs, which range from EUR 3200 to 8700 for the heating mode and from EUR 2800
to 7800 for the cooling mode. Finally, the mean values of drilling depth and costs for both heating
and cooling modes are provided for the main municipalities and strategic sites.

Keywords: borehole heat exchangers; geothermal potential; shallow geothermal energy; thermal
conductivity; specific heat extraction; Sant’Eufemia plain; Calabria region

1. Introduction

Using renewables is paramount for sustainable development and economic growth,
helping to reduce greenhouse gas emissions worldwide [1]. Among the renewable technolo-
gies accessible nowadays, geothermal systems represent one of campo’s most effective and
clean solutions [2,3]. Among the numerous geothermal utilisation (e.g., energy production,
district and greenhouse heating, aquaculture, climatisation, bathing, etc.), geothermal heat
pumps, fed by ground-source heat exchangers (GSHEs), have the most extensive geother-
mal use worldwide [4]. Contrary to the installation of e.g., geo-thermoelectric power
plants, district heating systems and thermal SPA, which usually require high geother-
mal gradients [5], the presence of hot hydrothermal fluids and thus deep drillings (up to
3000 m), GSHEs do not require any thermal anomaly of the subsoil and their depth is
usually <200 m. GSHE systems can be developed as a vertical closed-loop system (i.e.,
borehole heat exchanger, BHE) or an open-loop system (i.e., groundwater heat exchanger,
GWHE), using the ground- or surface-water as vector fluid.

These practices represent a valuable opportunity for heating and cooling systems in
urban and rural areas due to their relative easiness of installation, although GWHEs require

Geosciences 2023, 13, 110. https://doi.org/10.3390/geosciences13040110 https://www.mdpi.com/journal/geosciences

https://doi.org/10.3390/geosciences13040110
https://doi.org/10.3390/geosciences13040110
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/geosciences
https://www.mdpi.com
https://orcid.org/0000-0001-9615-9347
https://orcid.org/0000-0002-2729-9415
https://orcid.org/0000-0003-0646-4562
https://orcid.org/0000-0003-4223-1512
https://orcid.org/0000-0002-4295-1897
https://doi.org/10.3390/geosciences13040110
https://www.mdpi.com/journal/geosciences
https://www.mdpi.com/article/10.3390/geosciences13040110?type=check_update&version=1


Geosciences 2023, 13, 110 2 of 18

peculiar hydrogeological conditions. The installation of BHEs can supply a continuous
source of thermal energy use for heating and cooling new or renovated buildings, being
these systems a renewable, clean and without surface impact technological solution of high
efficiency, having an average coefficient of performance (COP) of 3.5 (i.e., for one unit of
electrical energy input, 3.5 units of thermal energy output can be produced) [4]. Although
BHE can be developed virtually anywhere [6–8], a detailed understanding of the geological,
stratigraphic, hydrogeological and thermophysical properties of the underground, coupled
with the climatic conditions and the building-climatisation requirements, are needed to
avoid poor system design (i.e., over- or under-estimation of the geothermal plant), which
can lead to high economic costs and poor efficiency [9]. Developing thematic maps of
the ground representing, e.g., the main thermophysical properties, is a powerful tool to
estimate the geothermal potential of an area [10–15], conveying all this precious information
of the subsoil and helping to address and highlight the most prone areas to be exploited for
this kind of air conditioning systems.

Calabria region represents one of the most exciting areas of the Mediterranean sector,
from the geothermal point of view, due to its peculiar geological, hydrogeological and
structural settings. The Calabria region generates about three times the electricity it con-
sumes (5.7% of national electricity) through natural gas and hydroelectric energy. However,
this element has yet to lead to savings on electricity costs, contributing significantly to the
causes that induce the lowest value of Italy’s GDP. In Calabria, the main urbanised areas
are often located along the vast coastal plains (Gioia Tauro, Sibari, Sant’Eufemia, Crotone,
Reggio Calabria), which have always been considered strategic sectors for human settle-
ment with the relative issues due to the intensive use of the territory and resources [16–23]
and the ever-increasing demand for energy. In response to this, in the frame of the PNRR
2023–2026 projects (Tech4You), a detailed reconstruction of the geothermal potential of
the Calabria region represents a needed milestone. The project aims to characterise from
the hydrogeological, thermophysical and geochemical points of view the main urbanised
areas to provide a decision-aid tool for directly using shallow low-temperature geothermal
energy for heating and cooling purposes.

In this context, this work represents the first step in the precise and reliable determina-
tion of the shallow geothermal potential for exploiting GSHEs coupled with heat pumps
in the Sant’Eufemia plain (Calabria), where about 100,000 people live (ISTAT), using the
G.POT method [9]. Compared to other areas in Italy, characterised by colder climates,
in this work, the G.POT method was used in dual mode, considering both the heating
winter season and the cooling summer season. The main aims are to map the variability
and areal distribution of the ground heat-exchange potential throughout the study area,
provide tools that might guide new investments in this air conditioning system and define
the economic conditions and environmental benefits of exploiting such potential, reduc-
ing the CO2 emissions at the local level. Our results highlight the medium-high shallow
geothermal potential of the studied area compared to other similar studies in Italy and
Europe [12,15,24–26], suggesting that these systems might play a key role in the green
energy transition of the Calabria region.

2. Geological Setting

The Sant’Eufemia plain (hereafter SEP) covers an area of ~120 km2 and is located
along the Tyrrhenian coast of the Calabria region (southern Italy). The investigated area
(Figure 1) is on the westernmost edge of a Neogene-Quaternary sedimentary basin, the so-
called “Catanzaro Trough”, placed in the middle sector of the Calabrian Arc (CA). The CA
represents a fault-bounded continental fragment within the western Mediterranean orogen,
located at the intersection of the E-W-trending Sicilian Maghrebides and NW-SE-trending
southern Apennines on the south and the north, respectively. The CA origin is linked to the
episodic Neogene roll-back of an NW-dipping subduction zone with the associated opening
of backarc basins in the western Mediterranean [27,28]. During Neogene-Quaternary, the
backarc extension has produced the progressive eastward migration of the CA, accom-
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modated by NW- and WNW-trending strike-slip faults systems, which are responsible
for the Calabrian Arc dissection into structural highs and longitudinal and transversal
sedimentary basins [29–31], as the Catanzaro Trough. The latter is confined between the
Soverato-Lamezia (southward) and Catanzaro-Amantea (northward) strike-slip NW–SE
trending fault zones [30]. During the late Miocene, the NW–SE trending fault systems had
mainly left lateral kinematics, which switched to right-lateral ones during the Piacenzian-
Lower Pleistocene [32].

Figure 1. (a) Location of the study area and (b) simplified geological map of the SEP (LCFZ = Lamezia-
Catanzaro fault zone; MF = Maida fault; SE = Serre fault).

The CA terranes crop out along the northern and southern sides of the SEP. Along the
north side, slates and metapelites (Bagni unit), and orthogneiss (Castagna unit) outcrop;
a tectonic window of the Apennines chain made by Mesozoic carbonates complex is also
present [31,33]. Along the southern side, Hercynian migmatitic paragneisses of the Serre
Massif crop out [34]. On the crystalline basement, the basin-fill succession starts with Upper
Miocene terrigenous and evaporitic deposits, outcropping along the Catanzaro Through
eastern edge [35–39] and buried in correspondence with the SEP as testified by two deep
offshore wells [40]. The basin-fill stratigraphy passes upward to ~350 m thick Pliocene mud-
stones and marls (time correlative with the Trubi Formation), paraconformably overlain by a
~200 m thick Upper Pliocene—Lower Pleistocene succession composed of weakly cemented
sandstones and mudstones [41]. The Middle–Upper Pleistocene deposits, resting directly
on Lower Pleistocene deposits and the crystalline basement, consist of continental/shallow
marine sands and conglomerates [32,41]. The northern SEP margin is characterised by
outcrops of Late Quaternary 60 m-thick alluvial fans (conglomerate and sand) deposits [32].

The northern SEP margin is bounded by the WNW–ESE to WSW–ENE trending
Lamezia-Catanzaro Fault System, some segments of which have recently been reactivated
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as normal faults, testifying by morphotectonic data [42] and they are still active [43]. Along
this tectonic lineament, a thermal spring, characterised by Ca-SO4 waters with temperatures
up to 38 ◦C, is close to the Caronte locality [44–49]. Southward, the SEP is bounded by
a minor north-dipping fault, the Maida Fault, which juxtaposes crystalline rocks with
Pliocene–Middle Pleistocene deposits. Westwards, the Maida Fault is displaced by the
active N–S-oriented Serre Fault [42].

3. Methods

The methodological approach applied in this work consisted of collecting all the
available data related to the main geological, hydrogeological, thermophysical, climate and
economic characteristics of the investigated area. Then, the retrieved data were used to
produce thematic maps, essential for the correct evaluation and mapping of the geothermal
potential of the territory. These thematic maps were constructed considering the climatic
conditions (air temperature) and the underground’s stratigraphic, hydrogeological and
thermophysical properties (thermal conductivity, volumetric heat capacity, specific heat
extraction). Moreover, the costs and potential socio-economic benefits were also considered.

All the evaluations were performed considering an average depth of the BHE of
100 m from the ground level. All the maps are georeferenced in the geographic WGS
84 coordinates system. They have been obtained through geostatistical interpolation
(Ordinary Kriging method) in the GIS environment (ESRI—ArcGIS) using suitable semi-
variogram models to describe the spatial dependence of the considered parameters [50].
The prediction standard error map for each investigated parameter is reported in the
Supplementary Materials (estimated thermal parameters, punctual geothermal potential,
etc.).

3.1. Subsoil Stratigraphy

Subsoil data were retrieved from the following: (i) archive of subsurface investigations
made accessible by the Italian Institute for Environmental Protection and Research [51],
and (ii) boreholes drilling for the Progetto Speciale 26 [52]. Each drilling point, associated
with a geographic coordinate, was reported in a geodatabase, including stratigraphic and
water table information, in the QGIS software (boreholes location and information in
Figure S1 and Table S2, respectively).

This dataset of 208 boreholes was coupled with field observations, deep stratigraphic data
(2 offshore exploration wells and two onshore seismic profiles of the “ViDEPI—Visibility of
Petroleum Exploration data in Italy” [40] and a 915 m deep borehole of the Vigor project [53])
and geological and geomorphological maps [32,42,54] to reconstruct the geological and strati-
graphic relationships between the different lithological units.

Considering that the first 100 m of the subsoil is usually interested in thermal ex-
changes using vertical closed-loop BHEs [9,15,24,55,56], each borehole was virtually ex-
tended, considering homogenous lithostratigraphic features or shortened up to this depth.
This depth was also selected to elaborate the geothermal thematic maps.

The lithological information of each borehole was inserted into the database. The
lithological units were classified following the modified “Unified Soil Classification Sys-
tem” [57], also used for the Italian Seismic Microzonation studies [58], and according to
work [24]. This classification, which distinguishes 16 types of soil [58], is based on the
dominant lithology and the hydraulic conditions and was simplified by subdividing soil
units into gravel, sand and silt/clay in dry or wet conditions. The geological bedrock was
discriminated based on lithology.

3.2. Hydrostratigraphy

The hydrogeological conditions of the alluvial aquifers must be considered when the
heat-exchange potential of the underground is evaluated [9,15,55,56]. This work recon-
structed the piezometric surface using the ISPRA [51] and CASMEZ [52] datasets.
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The subsoil stratigraphic data were used to reconstruct the hydrostratigraphic frame-
work of the SEP. In detail, the lithological information (mainly in terms of grain size)
were converted into hydrogeological units, seen as geologically homogeneous unit (but
not necessarily isotropic) with distinctive hydrodynamic properties [22,59]. Furthermore,
hydraulic conductivity values were obtained using the static and dynamic piezometric
levels data available for the 128 ISPRA boreholes. Finally, following the empirical method
proposed by [60], the following equations were used:

T =
2.43×Q× b

∆h× (2b− ∆h)
(1)

T = k× b (2)

where T is the transmissivity (m2·s−1); Q is the well discharge (m3·s−1); ∆h is the drawdown
(m) and b is the saturated aquifer thickness drilled by each well (m).

3.3. Thermophysical Properties of the Lithological Units

The main thermophysical properties of the subsoil, intended as the thermal conductiv-
ity (λ, expressed in Wm−1 K−1), volumetric heat capacity (SVC, expressed in MJ m−3 K−1)
and the specific heat extraction (SHE, expressed in Wm−1), were retrieved from [61], which
reported specific values for the Calabria region lithotypes, [15,62–64], and are summarised
in Table S1. Concerning the detailed SHE values of each lithotype, these were assigned
according to the relationship (3) found by [15] between the SHE rates of the [64], the λ of
the different lithology and the operating hours in the heating (Heq) and cooling season
(Ceq) as follows:

SHEH,C = (3.34× λ2 + 4.54× λ + 21.63)× (1 + (2400
− Heq or Ceq )× (0.2/(2400− 1800)))

(3)

The SHEH and SHEC (in W m−1) values are related to a total amount of 1244 (Heq)
and 772 (Ceq) operating hours, respectively. Therefore, the following simplified function
(4) proposed by Commission Delegated Regulation (Eu) 2022/759 (14 December 2021)
was used to define the Heq and Ceq in residential spaces as a function of the degree days
(cooling degree days: CDD, and heating degree days: HDD):

Heq or Ceq = (96 + 0.85× CDD or HDD) (4)

The HDD (1350) and CDD (795) values of the SEP, calculated based on the air tempera-
ture, were estimated using the online software degree days (https://www.degreedays.net/
(accessed on 15 January 2023)) assessing a base temperature of 19 ◦C (i.e., a conventionally
fixed temperature for an indoor environment). The data obtained are consistent with
those reported in the Presidential Decree n. 412 of 26 August 1993 defined the annual
periods the heating systems can operate for private home conditioning (see also D.M. n.383
del 6 October 2022).

All these data, divided by lithology and hydrogeological properties (i.e., saturated or
unsaturated), are summarised in Table S2.

These values were also used to define the depth to be drilled to supply a fixed energy
requirement for domestic heating and cooling. To define the unitary consumption demand
(U) of a standard house (100 m2), the following equation proposed by [10] was used (5):

U (kWh m−2 y−1) = CDD or HDD × 0.0411 + 4.677 (5)

Once the consumption U was calculated, it was multiplied by the area of a standard
house and divided by the average operating hours (1244 (Heq) and 772 (Ceq)) of the

https://www.degreedays.net/


Geosciences 2023, 13, 110 6 of 18

installation during the year. In this way, the power demand in kW can be obtained as
follows (6):

PBHE (kW) = U (kWh m−2 y−1) × 100 (m2)/(operating hours) (6)

3.4. Climate Data

Climate data have been taken from the Calabria region’s Arpacal-CFM (Multi-hazard
Functional Center). The meteorological stations of Lamezia Terme—Palazzo (24 m a.s.l.),
Tiriolo (690 m a.s.l.), Nicastro (400 m a.s.l.) and Cortale (516 m a.s.l.) located in, or nearby,
the area under investigation, were used to determine the mean monthly air temperature
(reference period 2000–2022) and define the relationship between elevation and local
mean atmospheric temperature. As the local climate conditions and altitudes affect the
undisturbed soil temperature (T0) [65], the mean annual air temperatures were used
to estimate it at each investigated point. In the absence of significant local geothermal
anomalies, as in the present study area where the average surface heat flow is in the range of
30–50 mW m−2 [66], the annual average temperature of the first 100 m of the underground
can be assumed as the annual mean air temperature [15]. Thus, following the approach
of [65], an empirical formula (7), specifically for the investigated territory, was developed
as follows:

T0 = 0.7626 × [(−0.0052 × Z +18.163) + 3.6403] (7)

where Z is the elevation (m a.s.l.) of each borehole, obtained from the digital terrain model
(DTM) 20 × 20 m (Geoportale Nazionale, n.d.).

3.5. Geothermal Potential Estimation

To estimate the geothermal potential, the following G.POT method developed by [9]
was applied:

QBHE =
a× (T0 − Tlim)× λ× L× t′c

−0.619t′c × loglog (u′s) + (0.532t′c − 0.962)× loglog (u′c)− 0.455t′c − 1.619 + 4πλ× Rb
(8)

With a = 8 or 7.01 × 10−2 if QBHE is expressed in W or MWh y−1, respectively.
(T0-Tlim) represents the maximum possible thermal alteration of the fluid, λ is the thermal
conductivity of the ground, “L” is the borehole length and Rb is the thermal resistance
of the borehole. t’c = tc/ty (ty = 365 days), u’s = r2

b/4αts (rb = borehole radius) and
u’c = r2

b/4αtc represent three nondimensional parameters depending on the simulation
time (ts = 50 years) and length of the load cycle (tc = 120 days).

This empirical method permits the definition of the mean thermal load that can
be extracted or injected in the subsoil, characterised by specific conditions during the
year, avoiding major variations of the heat transfer fluid during the operational life of
the geothermal system. This method, which is essentially based on the temperature
difference between the ground and the heat carrier fluid, has been widely used in several
studies [24,26,55,56,67,68] and relies on different variables. These latter are linked to the
thermal properties of the ground (i.e., λ, SVC and undisturbed ground temperature) and of
the borehole (depth, radius, thermal resistance), and the operational and design parameters
of the low-temperature geothermal plant (minimum or maximum temperature reached
by the fluid, clime, operational life). However, most of the works that applied the G.POT
method used it only to estimate the geothermal potential for the heating mode. In our
case, considering the climatic conditions of the study area, the G.POT method was applied
in dual mode, considering both the heating winter and the cooling summer season. The
operation in cooling mode during summer can also help, at least partially, compensate
for the heat extraction during winter, reducing the ground’s thermal drift [67]. For this
purpose, the threshold fluid temperature, one of the essential parameters of the [9] method,
has been assessed for both operating modes. The parameters used to apply the G.POT
algorithm are summarised in Table 1.
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Table 1. Input data for the thermal energy transfers are estimated according to the G.POT method [9].

Common Parameter Values

Parameter Symbol Range Values Unit

Ground thermal conductivity λ 0.69–2.90 W m−1 K−1

Ground thermal capacity (SVC) ρc 1.17–3.33 MJ m−3 K−1

Heating season period the 120 day
Threshold fluid temperature

(heating mode) TlimHe −2 ◦C

Cooling season period Tcc 120 day
Threshold fluid temperature

(cooling mode) TlimC 35 ◦C

Simulation time period ts 50 year
BHE depth L 100 meter

Borehole radius rb 0.075 meter
Borehole thermal resistance Rb 0.1 mK/W

3.6. Economic Cost Estimation

Compared to conventional and renewable thermal technologies, the cost of the BHE
installation is usually higher due to the costs associated with drilling the vertical boreholes.

For this reason, the focus was estimating the drilling costs considering the power
demand of 5 kW (values calculated by Equations (5) and (6)). The cost analysis was based
on the price list of public building works of the Calabria region (https://www.regione.
calabria.it/.../prezziariooopp/ (accessed on 15 January 2023)). In detail, non-coring drilling
and its different costs depending on the drilled terranes (sedimentary infill or crystalline
bedrock) and depth (greater or lesser than 30 m) (Table 2) were considered. Furthermore,
the costs of the provisional coatings needed to exclude hole stability problems during the
drilling were considered. The drilling in the sedimentary infill and crystalline bedrock was
considered the provisional coatings for the entire hole length and only for the segment
under the water table, respectively.

Table 2. Costs (EUR m−1) of non-coring drilling and provisional coating (obtained from the price list
of the Calabria region).

Non-Coring Drilling Cost (EUR m−1) Provisional Coatings Cost (EUR m−1)

Drilled terranes depth < 30 m depth > 30 m depth < 10 m depth > 10 m
Sedimentary infill 40.6 49.8

12.2 16.8Crystalline bedrock 49.8 59

4. Results and Discussion
4.1. Climate Parameters and Classification

Mean annual temperatures for the investigated area range between 14.8 and
18.3 ◦C, with minimum and maximum average monthly values of 7 and 25.7 ◦C, respec-
tively, outlining similar climate conditions for the study area. Based on the air temperature,
the climate classifications of all the Italian municipalities are specified by the Presiden-
tial Decree n. 412 of 26 August 1993. Six classes, from A to F, from the warmest to the
coolest (https://luceegasitalia.it/ (accessed on 15 January 2023)), are established, each
defining the annual periods that the heating systems can work for private home condi-
tioning. This classification is based on the (heating) degree day (DD) that corresponds
to a daily positive difference between 19 ◦C (i.e., a conventionally fixed temperature for
an indoor environment) and the outdoor average daily temperature. According to this
classification, the municipalities in the investigated area of the SEP show an HDD (heating
degree days) value of 1350, which corresponds to Climate Zone C, which defines a heating
season of 122 days between the 22 of November and the 23 of March (Presidential Decree.
DPR 26 August 1993, n. 412 and D.M. n.383 del 6 October 2022). However, the same

https://www.regione.calabria.it/.../prezziariooopp/
https://www.regione.calabria.it/.../prezziariooopp/
https://luceegasitalia.it/
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Italian normative does not define the CDD (cooling degree days), which were thus esti-
mated using the online software degree days (https://www.degreedays.net/ (accessed on
15 January 2023)). Additionally, a base temperature of 19 ◦C, returning a value of 795 and a
cooling season of 120 days. The heating or cooling period (in days) depends on the different
climatic zones and the area to be studied. Representative European building types are
compared using H&C load analysis by [69].

4.2. Hydrostratigraphic Reconstruction

The SEP hydrograph pattern consists of the following four main drainage systems:
(i) the Bagni River, located in correspondence with the SEP northern margin with an NS
and WE (toward the mouth) drainage direction, characterised by torrential watercourse;
(ii) the Amato River, in the middle SEP sector, is the main drainage system of the area with
a catchment of ~440 km2; (iii) the Turrina River with a torrential watercourse and a mainly
SE-NW drainage direction; (iv) the Angitola River, with the mouth in the southernmost
sector of the SEP, is characterised by a mainly SE-NW drainage direction and a catchment
of ~190 km2.

The groundwater flow direction, inferred by the piezometric map (reconstructed based
on [51,52] datasets) (Figure 2), shows a substantial similarity with the hydrography. Indeed,
an N-S-oriented prevalent groundwater flow direction can be observed in the northern
sector. On the other hand, W-E and SW-NE groundwater flow directions characterise the
middle and southern SEP sectors, respectively.

Figure 2. (a) Distribution map of hydraulic conductivity (k) of the aquifer and piezometric lines.
(b) Hydrostratigraphic sketches showing aquifer and aquitard.

https://www.degreedays.net/
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According to stratigraphic and geological data derived from the literature investiga-
tion surveys (wells, deep boreholes and seismic profiles), bibliographic sources and field
observations, two main hydrostratigraphic units in the SEP were identified. The shallowest
one, representing a phreatic aquifer, includes the sedimentary succession from Upper
Pliocene to Holocene. A complex hydrostratigraphic architecture characterises this unit
due to vertical and lateral variations in lithological units. Still, it is considered a unique
hydrostratigraphic unit at the scale of the whole SEP.

The second hydrostratigraphic unit consists of the Pliocene mudstones and marls
(~350 m thick), which act as aquitard at the bottom of the phreatic aquifer.

The simplified hydrostratigraphic framework of the SEP is characterised by a gen-
eral thickening of the aquifer toward the west due to the normal faults (southwest and
west/northwest dipping along the northern and southern SEP sectors, respectively), which
lower the aquitard (Pliocene mudstones and marls). Locally, the aquifer has a thickness of
the order of 600 m as testified in the SEP northern sector by the deep borehole Vigor [53],
which drilled the top of the Pliocene mudstones and marls at 600 m of depth.

While a porous aquifer in sedimentary rocks characterises the plain, fractured aquifers
are present along the SEP northern and southern margins, where low-grade (slates and
metapelites) and high-grade (gneiss) metamorphic rocks crop out, respectively.

The lowest hydraulic conductivity (k) values (≤10−3 m/s) are calculated in the Falerna
Scalo area (outside the SEP aquifer system), where the Miocene succession lies on the crys-
talline bedrock. Around Lamezia Terme, the k value increase from 5 × 10−3 m/s, at the
contact between crystalline bedrock and alluvial fans, to 2.5 × 10−2 m/s southward, where
the alluvial deposits are thicker. In the Amato River alluvial plain the k has values of
2.5× 10−2 m/s. Along the middle eastern margin of the SEP, where the aquifer is mainly made
by Upper Pliocene-Lower Pleistocene (including sandstones and mudstones), the calculated
k values are of the order of 5 × 10−3 m/s. The highest k values (5 × 10−3 < k < 10−2 m/s)
are calculated in the area between Curinga and Filadelfia, where the wells are mainly drilled
in the crystalline fractured and weathered bedrock. Southward, in the Angitola catchment k
has values of 5 × 10−3–5 × 10−2 m/s, reflecting the more significant number of fine-grained
sediments in the aquifer testified by the outcropping lithological unit and the well-logs.

4.3. Thermophysical Properties of the Underground

The thermal conductivity (λ) and the volumetric heat capacity (ρc) have been de-
fined for each stratigraphic unit using the lithostratigraphic information of the geog-
nostic drillings and the hydrogeological saturation level (Table S2). The results are re-
ported in the maps of Figure 3a,b. The values of λ in the SEP range between 0.69 and
2.90 W m−1 K−1, with a mean value of 1.74 W m−1 K−1. The heterogeneity in terms of gran-
ulometric characters of the sedimentary deposits, the depth of bedrock and saturation level
and the saturated thickness allowed us to define the following three main areas: (i) high,
(ii) medium and (iii) low thermal conductivity areas. The north and south boundaries of the
study area have shown the highest conductivity values (between 1.9 and 2.75 W m−1 K−1)
as they are characterised by the thin thickness of the sedimentary infill, which thus poorly
influenced the weighted λ along the first 100 m of the subsoil. The crystalline basement,
made up of slates and metapelites to the north and gneiss to the south, is found in outcrops
and/or a few meters from the surface. Some of the most important urban areas of the SEP
are located in these sectors, such as Lamezia Terme (the northern border), Curinga and
Filadelfia (Figure 3a).

The central portion of the study area is characterised by a gradual decrease in the
λ values moving from the coast, where the industrial zone, the international airport and
Sant’Eufemia town are located, to the east side (values < 1 W m−1 K−1) (Figure 3a). This
represents the portion with the highest thicknesses (up to 600 m) of the lithologically-
homogeneous sedimentary infill. In this area, the westward thickening of the saturated
portion (Figure 2a) of the 100 m considered (Table S2) contributes to an increase in the
conductivity values (up to 2 W m−1 K−1).
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Figure 3. Maps of the estimated (a) thermal conductivity (λ) and (b) volumetric heat capacity (SVC
or ρc) of the ground averaged over 100 m of depth from the surface in the SEP.

The volumetric heat capacity is moderately homogeneous throughout the investigated
area (Figure 3b). In fact, in most of the SEP, SVC values range between 1.8 and 2.3 MJ m−3 K−1.

The coastal side, where the international airport and the industrial zone are located,
differs from this range. Near the coastal area, the elevated presence of permeated deposits
(sands to clays) gives rise to SVC values generally higher than 3 MJ m−3 K−1, with a
maximum of 3.33 MJ m−3 K−1.

The lowest SVC values (i.e., <1.7 MJ m−3 K−1) are found in the correspondence of a
small portion of the southern sector (Angitola catchment) where the deepest saturation
levels (>50 m from the ground) and the increased thickness of the sedimentary fill favour
the decrease in SVC values (Figure 3b).

4.4. Specific Heat Extraction

In this work, Equation (3) proposed by [15] was used to define both the specific heat
extraction (sHE, in kW) related to the heating (Heq) and cooling seasons (Ceq). The values
for each well are reported in Table S2. As expected, in the study area, the specific heat
extraction rate (Figure 4a,b) increases with increasing thermal conductivity (Figure 3a). In
addition, by comparing the map for the heating mode and the cooling mode (Figure 4a,b),
this value increases with decreasing in the operating hours (1244 (Heq) and 772 (Ceq)).

The minimum and maximum values calculated on the verticals of investigation are
3.05 kW–8.71 kW (mean: 5.83 kW) and 3.40 kW–9.7 kW (mean: 6.49 kW) for heating
and cooling modes, respectively. The central portion of the plain shows the lowest sHE
values (between 4.4 kW and 6 kW), which tend to decrease moving inland (Figure 4a,b).
This effect is probably related, as previously discussed for the thermal conductivity, to a
gradual lowering of the piezometric level (Figure 2), given the overall homogeneity from a
lithological point of view.

The higher values of sHE are recorded in the southern and northern portions of the
studied area agreeing with the maximum λ values and the presence of crystalline basement
outcrops (sHE values between 57 and 78 W m−1). The heating and cooling modes maps
show an equal distribution of values with higher average sHE for the cooling mode given
the lower operating hours.
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Figure 4. Maps of the estimated specific heat extraction for (a) heating and (b) cooling for 100 m
depth boreholes in the SEP.

4.5. Geothermal Potential for Heating and Cooling Mode

The maximum amount of shallow geothermal energy to be annually extracted by
a BHE system with a specific length (100 m) to provide space heating (Figure 5a) and
cooling (Figure 5b) energy demand for the residential sector in SEP, is estimated according
to the G.POT method described in Section 3.5. Input data for the thermal energy transfers
are summarised in Table 1. Figure 5a,b show that a geothermal energy supply between
3.61 and 10.56 MWh can be extracted annually for heating purposes from the underground
depending on the location, with a mean value of 7.24 MWh y−1. Whereas a range of
3.72–11.47 MWh y−1, with a mean of 7.59 MWh y−1 is the thermal energy that can be
sustainably ceded for cooling purposes. The geothermal potential map defines that the
highest capacity to extract and release heat from and to the ground is found in the southern
portion of the territory, between the municipalities of Pizzo and Curinga. In this area,
values generally higher than 7 MWh y−1, for both cooling and heating purposes, with
peaks of ~10.5 MWh y−1 (cooling), are observed where the crystalline basement, with
relatively high thermal conductivity, is present (Figure 1).

Figure 5. Shallow geothermal potential map for space (a) heating and (b) cooling in Sant’Eufemia
plain with 100-m BHE length.

Moving northward, the increase in the thicknesses of the sedimentary infill (with
variable piezometric level—Figure 2a) drastically drops down the geothermal potential,
resulting in values generally <6.0 MWh y−1. The remaining part of the SEP is characterised
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by values between ~4.70 and ~7.0 MWh y−1, with the lowest potentials located in the
proximity of the Angitola catchment (southern portion of the plain to the east of Pizzo
municipality) and between the urban centres of Maida and Lamezia Terme where the high
thicknesses of the sedimentary infill and the thick unsaturated zone above the shallow
aquifer control the low potential for both heating and cooling (Figure 5a,b). Overall, the
geothermal potential is mainly controlled by the thermal conductivity of the lithotypes
and the hydrogeological conditions, considering the ground temperature as relatively
homogeneous throughout the whole area (12.5–16.6 ◦C), as well as the values of SVC
(Figure 3b). Therefore, the geothermal potential for heating purposes estimated for the
SEP can be regarded as a medium-high potential, being generally >7.2 MWh y−1, when
compared to other areas where G.POT has applied [24,26,55,56,67,68]. With respect to the
cooling potential, few works focused on this issue; thus, a reliable comparison is difficult.
Recently, [55,56] estimated the geothermal potential (for both heating and cooling modes)
for the Murcia Region (Spain), where similar climatic conditions to those of this work occur.
These authors reported that for space cooling, the potential of the Murcia Region varies
from 1.8 to 14.2 MWh y−1, with 6.7 as the mean value, outlining similar conditions to those
estimated for the SEP area.

4.6. Depth to Be Drilled for Vertical Closed-Loop BHE Systems

Following Equations (3) and (4), a mean consumption of 60 kWh m−2 y−1 and
38 kWh m−2 y−1 for domestic heating and cooling, respectively, and a power demand of
~5.0 kW for a standard domestic environment, were defined.

Considering this, the depth to be drilled to supply 5.0 kW was estimated for each
investigated point (Figure 6a,b). For heating mode, the drilling depths are in the range of
57–164 m, with an average value of 90 m. Similarly, for cooling mode, the drilling depths
are in the range between 51 and 147 m, although with a lower average value of 81 m. A
general increase in the depth is required to achieve 5.0 kW, moving from the coast to the
inner part of the investigated area (Figure 6a,b), in agreement with the general decrease in
the thermal conductivity (Figure 3a) and specific heat extraction rates (Figure 4a,b) of the
sedimentary infill.

Figure 6. Map of the estimated depth to be drilled to supply a fixed domestic energy demand of
5.0 kW for space (a) heating and (b) cooling in the SEP.

The most favourable areas (for both heating and cooling) are the southern ones
between the urban centres of Pizzo, Filadelfia and Curinga, with values below ~70 m.
The northern portions (north of the urban area of Lamezia Terme), where the crystalline
basement outcrop, are also characterised by low estimated depth with values less than
~90 m.
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Overall, as observed in the previous sections, the maps for the heating and cooling
modes show an equal distribution of values but with a general lower depth to be drilled
for the cooling mode, given the higher sHE values detected.

4.7. Economic Analysis

Considering the depth required to supply 5kW for both heating and cooling modes
(Figure 6), the costs for non-coring drilling, including those for the provisional coatings,
were analysed.

Referring to the heating mode, the minimum drilling cost of EUR ~3200.00 was
estimated in the southern sector (Figure 7a), where the depth required to supply 5kW is
lower, thanks to the presence of the high thermal conductive crystalline bedrock. The
short length of the drilling, in addition to the unnecessary provisional coatings above
the water table, allows for maintaining a low cost despite the higher cost of drilling the
crystalline rocks (Table 2). Low costs, between EUR ~4500.00 and ~5500.00, can be observed
in the northern sector (Figure 5a), where also the outcropping crystalline bedrock (Figure 1)
allows for keeping low the depth required to supply 5 kW (Figure 6a). The maximum
cost (EUR > 7500.00 €) is instead calculated in the middle eastern sector (Figure 7a) due
to the higher depth required to supply 5 kW (Figure 6a) related to the presence of thick
sedimentary infill (Figure 1) and deep piezometric level (Figure 2), which added together
create a low thermal conductivity.

Figure 7. Drilling cost maps for space (a) heating and (b) cooling. Costs are calculated based on the
BHE length required.

About the cooling mode, the spatial distribution of the drilling costs (Figure 7b) is the
same as the heating mode but with lower average values of EUR 550.00 due to the lower
depth required to supply 5kW (Figure 6b). Therefore, the minimum and maximum costs
for the cooling mode are EUR ~2800.00 and ~7800.00, respectively. Obviously, given the
reversibility of the geothermal probes that can be used in a double-modality (heating and
cooling), the costs that should be considered are those related to the deepest drillings. This
means that having a greater length available, the mode that requires less length will be
likely able to supply even higher thermal energy to the system.

To provide a useful tool for the local decision-makers, the mean values of sHE, QBHE,
drilling depth and costs for both heating and cooling modes are calculated for the main
municipalities and strategic sites (industrial areas and airport) (Table 3 and Figure 8).
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Table 3. Mean values of sHE, QBHE, drilling depth and costs, for heating and cooling modes.

Urban Area SHE-
Heating

SHE-
Cooling

QBHE
—Heating

QBHE—
Cooling

BHE Depth
Heating

BHE Depth
Cooling

Drilling Cost
Heating

Drilling Cost
Cooling

kW kW MWh y−1 MWh y−1 m m EUR EUR
Falerna Scalo 4.99 5.56 6.76 6.78 100 90 6900 6318
Gizzeria Lido 5.20 5.79 7.02 7.15 96 86 6836 6276
Santa Eufemia 5.69 6.34 7.44 7.50 91 82 6804 6248

Aeroporto 5.96 6.64 8.02 7.98 85 76 6671 6124
Industrial

Zone 5.56 6.19 7.62 7.47 90 81 6602 6025

Lamezia
Terme 5.27 5.87 6.56 6.94 96 87 6468 5899

Nocera Scalo 5.69 6.34 7.22 7.63 90 81 6349 5795
Acconia 5.46 6.08 7.36 7.22 93 84 6303 5779
Falerna 5.40 6.01 6.72 7.69 93 84 6156 5581
Maida 6.02 6.70 7.09 7.85 85 76 5933 5362

San Pietro a
Maida 6.52 7.26 7.54 8.51 81 72 5506 4956

Jacurso 6.54 7.28 7.06 8.41 85 76 5427 4877
Nocera
Terinese 6.02 6.71 7.23 8.26 86 77 5376 4795

Curinga 6.56 7.31 7.68 8.59 81 73 5246 4750
Platania 6.50 7.24 7.30 9.68 78 70 4667 4135

Pizzo 7.55 8.41 8.68 9.07 75 67 4419 3941
Francavilla 7.62 8.48 8.45 9.61 69 62 4302 3819
Filadelfia 7.67 8.54 8.39 10.09 68 61 4142 3683

Figure 8. Histograms of the mean values of sHE, QBHE, drilling depth and costs, for heating and
cooling modes, calculated for the main municipalities and strategic sites (industrial areas and airport).
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Considering a constant geothermal heat pump and its installation costs, the realisation of
the BHE system is cheaper in the Filadelfia and Francavilla towns, with costs ≤ EUR 4300
and 3800 for heating and cooling, respectively. The higher costs are instead recognised for the
Falerna Scalo and Gizzeria Lido≥ EUR 6800 and 6250 to realise a heating and cooling BHE
system, respectively, are needed.

When comparing our results and the characteristics of the study area (e.g., sHE, λ)
to those reported by [10], a payback time (i.e., the time required for the energy cost to
reach the installation one) of 7–8 years seems reasonable. Thus, this could be a feature
of paramount importance to accompany these urban centres through an effective green
energy transition, consequently lowering GHGs emissions.

5. Conclusions

In this work, a detailed study of the geological, hydrogeological and thermophysical
properties of the subsoil of the SEP has been carried out to define the heat-exchange
potential for heating and cooling uses.

The following two main zones have been identified based on the geothermal potential,
calculated using the G.POT algorithm [9]: (i) the north and south SEP margins, characterised
by fractured aquifers in the crystalline bedrock, showing the highest geothermal potential
values (generally >7 MWh y−1, with peaks of ~10.5 MWh y−1) for both cooling and heating
modes; (ii) the sedimentary aquifers in the central portion of SEP and Angitola catchment
with medium (toward the coast) to low (inland) geothermal potential values (between
~4.70 and ~7.0 MWh y−1), depending on the piezometric depth. Overall, the heating and
cooling modes show a comparable spatial distribution of all thermophysical parameters.
The cooling mode highlights higher absolute values for geothermal potential and specific
heat extraction and lower absolute values for depth and drilling costs, both related to the
lower requested operating hours.

The different geothermal energy requirements influence the depth to be drilled in the
studied area to reach a 5.0 kW domestic energy demand for a 100 m2 house (Figure 6) for
both heating (from 57 to 164 m) and cooling (from 51 to 147 m) use. The different depth
also drives the final drilling costs, which range from EUR 3200 to 8700 for the heating mode
and from EUR 2800 to 7800 for the cooling mode.

Overall, the study made it possible to identify the most suitable areas for the realisation
of BHE systems in the Filadelfia and Francavilla towns with costs ≤ EUR 4300 and 3800
for heating and cooling, respectively. On the other hand, the higher costs are instead
recognised for the Falerna Scalo and Gizzeria Lido areas, with costs ≥ EUR 6800 and 6250,
respectively.

The estimation of the shallow geothermal potential of the Sant’Eufemia plain for the
heating and cooling system and its economic evaluation corresponds to the first detailed
approach at the local scale applied to the Calabria region. This approach will be extended
to the whole region to provide a powerful tool for the energy transition.

Supplementary Materials: The following supporting information can be downloaded at: https://www.
mdpi.com/article/10.3390/geosciences13040110/s1, Figure S1: Boreholes location; Figure S2: Prediction
standard error of thermal conductivity and volumetric heat capacity; Figure S3: Prediction standard
error of specific heat extraction; Figure S4: Prediction standard error of shallow geothermal potential;
Figure S5: Prediction standard error of estimated depth for 5 kW; Figure S6: Prediction standard error
of drilling; Table S1: Thermal conductivity and volumetric heat capacity values; Table S2: Boreholes
information and calculations.
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