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ARTICLE INFO ABSTRACT
Keywords: Geothermal energy plays a key role in the green energy transition since it represents a low-carbon alternative to
Geothermal energy traditional fuels, but the high exploration costs and mining risks still hinder its use. Therefore, the reuse of pre-

geothermal reservoir
green energy transition
3D geological modeling
Numerical modeling

existing subsurface geological data can represent a way to counteract these limiting factors and promote the use
of geothermal resources.

We reconstructed a 3D geological model of the Guardia Lombardi area (Campania Region, southern Italy) and
evaluated its geothermal potential interpreting vintage oil and gas subsurface data (i.e., seismic reflection pro-
files and well data). The exploitation potential of the geothermal resource and the related costs were also
evaluated.

The study revealed the presence of a geothermal reservoir with 125 °C at just 2300 m depth and an exploi-
tation potential of about 70 kg/s, employable for residential heating and/or cooling and for electricity pro-
duction in the nearby Grottaminarda town, with an appreciable economic benefit.

These results demonstrate how the reuse of pre-existing subsurface geological data provided by past oil & gas
exploration can considerably reduce costs and mining risks associated with geothermal resource exploration,
contributing to a faster and considerable reduction in CO3 emissions.

exploration activities have generated a huge amount of valuable sub-
surface data such as 2D and 3D seismic reflection data and detailed well
information (e.g., reservoirs poro-perm properties, pressure, tempera-
ture, and geofluid composition), even in areas where no exploitable oil
and gas (hereinafter O&G) fields were discovered. In the new context of
energy system decarbonization and to contain data acquisition costs and
mining risks, it becomes possible to take advantage of these pre-existing
data for the exploration, characterization, and evaluation of the
geothermal resource as already successfully done, for instance, in Ger-
many [13] or in the Nederland [14].

Italy is one of the major geothermal energy producers in the world
[15]. The potentially extractable and exploitable geothermal energy is
estimated to be between 5800 and 116,000 TWh of energy, against an
annual demand slightly above 300 TWh [16]. However, the geothermal
resource exploitation in Italy is negligible compared to its potential; just
under 2 percent of the national energy needs are produced from

1. Introduction

To date, the pressing necessity to reduce the greenhouse gas emis-
sions and achieve the carbon neutrality by 2050 [1-3] against the global
warming-related phenomena [4-9] requires the adoption of urgent
countermeasures, first of all the green energy transition.

In this context, geothermal energy seems very promising [10]
because it can significantly contribute to the diffusion of low-carbon
technologies for electricity generation and building heating/cooling
[11,12]. However, up to now, geothermal energy use was limited due to
various factors, among which: i) the high costs of geothermal explora-
tion for well drilling and data acquisition [11], and ii) the mining risks,
primarily the exploration failure. As a matter of fact, almost all the
world’s major sedimentary basins have been explored for various pur-
poses, especially for hydrocarbon exploration and production. These
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Abbreviations

Al Artificial Intelligence

ARERA  Autorita di Regolazione per Energia Reti e Ambiente
BHT Bottom-Hole Temperature

CAPEX CApital EXpenditure

COP COnference of the Parties

DH Down Hole

DST Drill Stem Test

EGEC European Geothermal Energy Council
GLE Ground Level Elevation
IRR Internal Rate of Return

K eff Effective permeability
LCCA life cycle cost assessment

LCOH  Levelized COst of Heat

MD Measured depth

NPV Net Present Value

0&G Oil and Gas

OPEX OPerational EXpenditure

ORC Organic Rankine Cycle

PBT PayBack Time

Phi Porosity

RTE Rotary Table Elevation

SBHT Static Bottom-Hole Temperature

TD Total depth

TVDSSL: True Vertical Depth Sub Sea Level

VIiDEPI  Visibilita dei Dati afferenti all’attivita di Esplorazione
Petrolifera in Italia

geothermal energy source [15]. In addition to its great geothermal po-
tential, Italy has an extensive history of hydrocarbon exploration, which
has resulted in the availability of numerous geological and geophysical
subsurface data.

In this contribution, we demonstrate how the assessment of the
geothermal resources may take advantage of the previous O&G explo-
ration activities focusing on a case study in Italy. Our case study is the
Guardia Lombardi area (Campania Region, southern Italy; Fig. 1), which
was intensively explored for hydrocarbon exploration purposes during
the 1950s-1970s [17-19] making available a relevant amount of sub-
surface data, including seismic reflection profiles and well data [20,21]
(Fig. 1). The Guardia Lombardi area has been analyzed within the
framework of VIGOR project, aimed at the evaluation of the geothermal
potential of Campania, Calabria, Puglia and Sicily regions, in southern
Italy [22-24], while other subsequent numerical simulations of the
reservoir behavior have confirmed the geothermal potential of this area
[25,26].

500000

The published and available geophysical, geothermal, geochemical
and hydrogeological data provide several evidences of the presence of a
subsurface thermal anomaly in the Guardia Lombardi area, such as: i)
high heat flow up to 90 mW,/m? (Fig. 1) [27]; ii) temperatures in deep
wells higher than 100 °C [27-29] (Fig. 1); iii) presence of thermal
springs with temperature of about 27°-29 °C (e.g., the San Teodoro
hypothermal spring Fig. 1) [30]; iv) Springs with high CO; concentra-
tion in water (e.g., Mefitiniella) and natural emission of low temperature
COq, rich gasses (e.g., Mefite d’Ansanto with a total gas flux 23.1 kg/s;
Fig. 1) [31-34]; v) geothermal reservoir temperature of 124 °C based on
geothermometers on water samples collected from thermal springs [35].

The critical analysis of the available wealth of data allowed an ac-
curate 3D definition of the geothermal reservoir and the development of
numerical simulations of the reservoir behavior that demonstrated the
feasibility of the exploitation of the geothermal resources in the Guardia
Lombardi area. Finally, a possible use of the detected geothermal
resource and its cost-benefit evaluation was proposed.
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Fig. 1. Study area location map. The isotherms at —3000 m sub sea level, the hydrothermal springs, the locations of used data, the boundaries of the 3D geological

and the numerical models, and the main cities are shown.
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The case study proposed in this paper highlights how the explora-
tion, evaluation and characterization of geothermal resources by using
pre-existing subsurface data (mostly O&G), is not only possible, but also
reduces costs, risks and technical timing, encouraging the harvesting of
the geothermal resource. This represents a non-negligible factor in an
era in which the adoption of measures aimed at containing CO5 emis-
sions is rather urgent.

2. Geological setting

The Guardia Lombardi area is located in the southern segment of the
Apennines orogen [36,37]. This region is a fold-and-thrust belt devel-
oped in Neogene and Quaternary times along the eastward-retreating
west-directed subduction of the Adria lithosphere [38-40].

The development of the Southern Apennines orogen occurred
through the off-scraping and incorporation at the subduction zone of the
Meso-Cenozoic sedimentary covers (essentially pelagic units and
shallow water carbonates) located along the Adria passive margin and
overlying active margin deposits [e.g., 17,20]. Different, and sometimes
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conflicting, palaeogeographical reconstruction have been elaborated for
the passive margin of the Adriatic plate [41-46]. The main paleogeo-
graphic domains considered in this work are described in the following,
in an order which corresponds to a west to east transect in the original
paleogeography and from top to bottom in the cross-section in Fig. 2¢
(see Scrocca, 2010 [47] and references therein for details).

e Liguride-Sicilide nappes. These nappes derived from internal basinal
units associated with the Ligurian-Piedmont branch of the Neo-
tethyan Ocean. This group of units is composed by: i) the Early
Cretaceous to Early Miocene Liguride units [48-51], which incor-
porated ophiolitic suites and which also comprises some meta-
morphic units (Frido Unit) and ii) the Late Cretaceous — Early
Miocene basinal deposits of the Sicilide units [48].

e Apennine carbonate platform, made up of a thick pile (up to 5000 m)
of shallow-water carbonates Late Triassic-Early Miocene in age
[52-54] All the thrust sheets derived from Apennine Carbonate
Platform are generally detached along an intra-Triassic décollement
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Fig. 2. Study area geological setting. (a) Simplified geological map of the southern Apennines. (b) stratigraphic scheme (c) and regional geological cross-section

along the deep seismic profile CROP-04 (modified after Scrocca [47]).
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from their Paleozoic substratum, which has never been reached by
exploratory wells.
Lagonegro-Sannio and Molise units. The Lagonegro unit is made up
of Middle Triassic-Early Cretaceous basinal formations [55,56] and a
still debated Late Cretaceous-Cenozoic section. The so-called Sannio
Unit likely represents the Late Cretaceous-Early Miocene upper
portion of the Lagonegro units, which was detached from the un-
derlying Mesozoic portion and transported farther east [20,57,58].
The Molise basinal units, which outcrop along the eastern side of the
Southern Apennines, are made up by Cenozoic deposits that have
been detached from their original substratum and may be considered
the remaining easternmost portion of the Lagonegro-Molise basin
[42,44,59].
e Apulian carbonate platform. This unit crops out in the Apulia region
foreland area [60]. It is made up of Upper Triassic-Miocene shal-
low-water carbonates, approximately 5000-7000 m thick (Fig. 2).

Mesozoic extensional tectonics dominated the regional paleogeog-
raphy, resulting in the opening of the East Mediterranean and Ligurian-
Piedmont (also known as Alpine Tethys) oceanic domains. According to
the adopted model, the Apennine and Apulian carbonate platforms, as
well as the intervening Lagonegro-Molise basin, evolved along the Adria
passive continental margin, while the Liguride-Sicilide nappes are
considered relics of the Ligurian-Piedmont oceanic domain. The Meso-
zoic Lagonegro-Molise basin may have represented the northern mar-
ginal region of the East-Mediterranean portion of the Neotethyan ocean
[61,62], likely situated on thinning continental crust.

In the Southern Apennines, contractional deformation progressively
propagated eastwards towards the foreland, incorporating slices of the
Meso-Cenozoic sedimentary cover with well-documented thrusting
events [38,63]. Since the middle Miocene, tectonic accretion within the
thrust belt was followed by extensional backarc tectonics which crosscut
the thrust pile, causing a thinning of the internal sectors of the belt [38,
42,64,65].

The resulting overall structural setting of the Southern Apennines,
shown in Fig. 2, is quite well defined by the available surface and sub-
surface dataset down to a depth of about 10 km [17,18,20,42,46,59,66,
67,68]. Several significant differences exist, however, regarding the
possible reconstructions of the deeper portion of the thrust belt which
consider both thin-skinned and thick-skinned tectonic styles [47,
69-72].

In this regional context, the local structural setting of the “Guardia
Lombardi” area is characterized by the emplacement of thrust sheets,
made up by slices of the Lagonegro-Molise basinal units, over a buried
antiformal stack, developed within the Apulian carbonates in Pliocene
times. The thrust pile was then offset by mainly extensional faults during
Pleistocene times [20,30,49,50,68,73-76] (Fig. 2).

3. Data and methodology
3.1. Available datasets

This study is based on the integration, analysis and interpretation of
subsurface data (i.e., well data and seismic reflection profiles) acquired
in the study area for O&G exploration purposes and deriving from both
public and confidential databases. Public data, consisting of some
composite well logs and seismic reflection profiles in low quality raster
format, derive mostly from the public ViDEPI database [77] and in part
from some published papers and technical reports [27-35]. Confidential
data, consisting of some composite well logs, well-core data, seismic
reflection profiles in raster and/or SEG-Y digital format, were made
available under a confidentiality agreement between the Italian Na-
tional Research Council (CNR) and the ENI S.p.A. oil company.

The available public data were mainly used in the preliminary phases
of our work and allowed us to define the geothermal potential of the
study area subsurface, while confidential data, more numerous and
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detailed, were used in the subsequent phases to better define and
characterize the geothermal reservoir and to perform a numerical
simulation for evaluating its exploitation potential.

Data from deep wells (Fig. 3; Table 1), including geophysical logs (e.
g., Spontaneous Potential, Resistivity, Sonic logs, etc.), stratigraphies,
temperatures, drilling mud losses, cuttings, geo-fluid characteristics,
well test (i.e., drill stem test, DST) results and some technical reports on
the results of some well data analysis (e.g., chemical and geochemical
analyses of gas, water and/or hydrocarbons) were analyzed. Four wells,
such as Monte Forcuso 1, Monte Forcuso 2, Bonito 1 Dir and Ciccone 1,
reach the geothermal reservoir and for three of them (i.e., Monte For-
cuso 1, Monte Forcuso 2 and Bonito 1 Dir) the ENI company also pro-
vided the associated well-cores.

The reservoir 3D modeling, instead, is based on the analysis, elabo-
ration and interpretation of 58 seismic reflection profiles acquired from
1976 to 1996 (Fig. 3) and made available by the ENI company. Most of
them (30 profiles) are both in stacked and migrated version, the
remaining seismic profiles are in stacked (23 profiles) or migrated (5
profiles) version. All profiles were provided in vectorial (SEG-Y) format
and 7 of them were also provided in paper copy format. Since the seismic
reflection profiles derive from different survey campaigns, they are
characterized by different quality (from low to medium) and different
datum plane elevation values (i.e., 400 and 500 m a.s.1.).

Once collected, all data were first quality-checked, homogenized in
terms of graphical quality, as much as possible, and geo-referenced to a
common spatial reference system (i.e., WGS 84/UTM zone 33N;
EPSG:32633) using GIS software. Finally, seismic reflection profiles and
well data were uploaded into a 3D environment using geological and
geophysical modelling software (Fig. 3).

Since the datum plane elevation of most of the collected data was at
400 m a.s.l., the reference plane elevation of well and seismic data was
set at this elevation.

As previously described, the data used in this study derives from pre-
existing sources of different quality. While efforts were made to select
the most reliable data, it is important to acknowledge that differences in
acquisition parameters, processing techniques, data resolution, and
original data formats (SEG-Y or paper copy formats) may have intro-
duced biases in the seismic interpretation and in the characterization of
geothermal parameters derived from well data. For example, seismic
reflection profiles with lower resolution may obscure small-scale
geological features, potentially affecting the accuracy of structural
reconstruction. Similarly, well data with limited or inconsistent logging
intervals could lead to some degree of uncertainties. To address these
challenges, we integrated data from multiple sources and applied cross-
validation techniques to enhance the robustness of our conclusions.
However, we recognize that some assumptions were necessary during
the analysis, and these could influence certain aspects of the results.
Future studies could further reduce potential biases, in particular by
incorporating more consistent well data.

3.2. Well data analysis

Well data analysis was essential to calibrate the seismic dataset with
well stratigraphy information, to define the subsurface stratigraphic
setting and to assess relevant rock properties (e.g., temperatures, pres-
ence of fracture systems and faults, fluid composition and pressure, etc.).
These parameters are fundamental for evaluating the geothermal po-
tential of the study area. For this purpose, in addition to the well location
(e.g., well head coordinates, rotary table elevation, total depth, devia-
tion survey, etc.) and stratigraphy (i.e., formation tops and lithologies)
information, the main rock properties (e.g., temperatures, geo-fluid
composition and pressure, etc.) were also incorporated into our data-
base. The main results of the well data analyses are described below.

At first, as it represents the primary condition in choosing the
investigation site, an accurate well stratigraphy analysis was carried out
to identify the presence of potential reservoir rocks underlying possible
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Fig. 3. Used dataset. (a) 3D view of the used seismic reflection profiles and wells; (b) Interpreted seismic reflection profile through the Monte Forcuso 1 and Monte
Forcuso 2 wells (location in figure a). The geothermal reservoir top (green lines), the main thrusts (red lines) and some normal faults (fuchsia lines), as well as the
well positions and the intercepted formation tops, are shown. Data locations in Fig. 1. Detailed well data in Table 1. (For interpretation of the references to colour in

this figure legend, the reader is referred to the Web version of this article.)

Table 1

Available wells in the study area. Location map in Fig. 1.
Well name Drilling year ~ Easting WGS84 UTM 33N Northing WGS84 UTM 33N  Status RTE(m) TD(m) Top Apulareservoir (MDinm)  Source
Bonito 1 Dir 1979 501849 4546998 Dry 566 3107 2565 ViDEPI
Ciccone 1 1979-1982 513278 4531037 Dry 731 2673 2497 [771/ENI
M.te Forcuso 1 1961 514298 4535510 Dry 879 1800 1128
M.te Forcuso 2 1963 517530 4537768 Dry 533 1690 1366
Serroni 1 1957-1958 526260 4540384 Dry 849 2486
Serroni 2 1958 526260 4540370 Gas 848 802
Taurasil 1989 496373 4539245 Dry 339,8 3476 3367
Trevico 1 1960 520075 4542864 Dry 989 1561

cap rocks (Fig. 4). The analyzed well stratigraphy information mainly
derives from the well composite logs and, for some of them (Monte
Forcuso 1, Monte Forcuso 2, Bonito 1 Dir and Ciccone 1), also from the
study of the available well-cores.

For those wells in which potential reservoir and cap rocks were
identified (i.e., Monte Forcuso 1, Monte Forcuso 2, Bonito 1 Dir and
Ciccone 1), an updated correlation scheme was finally created (Fig. S2 in
supplementary material).

To estimate the geothermal potential of the study area subsurface,
the well temperatures reported in composite well logs and technical
reports were analyzed. Since the available bottom-hole temperatures

(BHTs) were recorded soon after cessation of drilling (dynamic condi-
tions), as in most of the hydrocarbon exploration wells, they reflect the
thermal conditions of the drilling mud, which generally cools the rocks
around the borehole walls. Therefore, a correction was applied to
extrapolate these temperatures to static conditions (static bottom-hole
temperature, SBHT). Given the quality and the quantity of the avail-
able data, we applied an empirical approach for temperature correction,
using a linear equation that considers the geothermal gradient of the
area, which is of about 15-17 °C/km (for more details see Della Vedova
et al. [27] and Forster et al. [78]). The used correction method is
affected by an error of around 10 % and its reliability was verified by
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Fig. 4. Stratigraphic profile of Monte Forcuso 1 well. The stratigraphic intervals constituting the main geothermal reservoir (fractured carbonate rocks of the Apulian
Platform; green colour) and the cap rocks (yellow and grey colours) are highlighted. Information about lithology, well-cores, well tests, temperatures and mining
results are also reported. For more details on the carbonate interval see Fig. S1 in supplementary material. (For interpretation of the references to colour in this figure
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Fig. 5. Corrected temperatures. Graph of the static bottom-hole temperatures
(SBHTs) extrapolated for some wells drilling the geothermal reservoir in the
investigated area (i.e., Bonito 1 Dir, Ciccone 1, and Taurasi 1). Green dashes
represent the position of the geothermal reservoir top within wells. Depths are
expressed in meters below sea level (True Vertical Depth Sub Sea Level,
TVDSSL). Well location in Fig. 1; well temperature data in Table 2. (For
interpretation of the references to colour in this figure legend, the reader is
referred to the Web version of this article.)

comparing the extrapolated SBHTs (Fig. 5; Table 2) with temperature
values determined on thermal waters using geothermometers [35].

For Monte Forcuso 1, Monte Forcuso 2, Ciccone 1 and Bonito 1 Dir
wells, we analyzed the mud loss values recorded in their deeper por-
tions, within the Apulian carbonate rocks, to detect possible fracture
systems and faults relevant for fluid circulation.

The interpretation of mud loss values was carried out using a stan-
dard mud viscosity of 25 cP; this value is also reported in some well logs.
As an example, Fig. 6 shows the mud loss values, together with the well-
core and the hydraulic well test (Drill Steam Test, DST) positions, at the
bottom portion of Monte Forcuso 1, Monte Forcuso 2 and Bonito 1 Dir
wells.

This analysis, combined with the DST results, also allowed us to
determine the permeability (K eff) values of the fractured intervals
within the carbonate units. It is important to note that, since both dril-
ling speed and thermal correction data were not available, permeability
values derived from mud losses are not highly accurate. It should be

Renewable Energy 242 (2025) 122401

specified that, due to the drilling mud high viscosity, the permeability
values derived from the mud loss values are generally lower than the
permeability values derived from DSTs (Fig. 7; Table 3).

The analysis of well-cores from Monte Forcuso 1, Monte Forcuso 2
and Bonito 1 Dir wells provided further qualitative information on the
fracture systems, faults, and lithologies (Fig. 8, Table 4). They consist of
both whole portions (maximum length about 30 cm) and incoherent and
considerably fragmented material (Fig. 8). Since well-cores are not
oriented and often fragmented, it was not possible to define the orien-
tation of the observed discontinuity structures, either sedimentary (e.g.,
laminations, layer surface, etc.) or structural (e.g., joints, PSS, faults).
For these reasons, we defined the geometry of the main fault systems
only by means of the seismic profile interpretation.

The core plugs were used by ENI lab to calculate the rocks porosity
(Phi in Table 4), but since the recovery factor of well-cores in the
reservoir is very low, for assigning the properties of permeable zones, we
relied on hydraulic testing and estimation from mud losses. In our
approach, we used a Darcy integrated equation whose results are re-
ported in Table 3 for the most reliable tests, with major uncertainties on
viscosity values. This is due to a basically unknown temperature of the
fluid during the hydraulic tests, salinity correction of viscosity and
presence of drilling mud in the fluids.

Regarding to porosity, what generally is accepted is 1-5% porosity
for a compact limestone with a percentage ranging from 0.5 up to 3 %
for micro fracturing. In the core plugs, however, far higher values were
observed without considering the not-recovered samples. In a relatively
optimistic assumption, we may safely assign the average of the
maximum porosity values observed as porosity of the damage zone in
the reservoir (nearly 5 %).

3.3. Seismic interpretation and 3D geological modelling

The 3D geological reconstruction of the potential geothermal reser-
voir is based on the seismic dataset interpretation, constrained with well
data. In detail, we first interpreted the faults and correlated them to
identify the various sub-volumes into which they divide the model
volume. After, the Apulian Carbonate Platform top was interpreted.

The interpreted seismic horizon was identified by calibrating the
seismic profiles with the well stratigraphy data (Fig. 3b) and by
observing the different seismic facies, where allowed by the quality of
the seismic profiles. Given its high acoustic impedance contrast, the top
of the Apulian Carbonate Platform was interpreted in the whole study
area. Finally, the interpreted reservoir top horizon was joined with the
related well tops and gridded using a “convergent interpolation” algo-
rithm. In this way, we obtained a 3D surface in two-way times separating
the cap rock and the reservoir units (Fig. 9a).

Afterwards, the 3D model in two-way times was depth-converted
applying a 3D interval velocity model derived from the well data
(Fig. 9b) and 3D model in depth of the study area subsurface (Fig. 9c and
d) was obtained.

4. Characterization of geothermal resources

By means of the analysis of well stratigraphies the area subsurface
can be subdivided into two main lithological intervals, such as: the
carbonate rocks (Cretaceous-Eocene time), belonging to the Carbonate
Apulian Platform, and the marly-clayey rocks, belonging to the
allochthonous (i.e., from bottom to top: Irpinia Unit, Daunia Unit,
Lagonegro Unit, Sannio Unit and Torrente Calaggio Unit) and the
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Table 2

Available well temperatures. In this table the following information are shown: well name, rotary table elevation (RTE), ground level elevation (GLE), well total depth
(TD), true vertical depth sub sea level (TVDSSL) of the top Apula reservoir, lithology where the measurement point falls, TVDSSL of the measurement point, measured
temperature, corrected temperature (SBHT), temperature correction method and source data. All the elevation and depth data are expressed in metres.

Well RTE GLE TD(m) Top Apula Lithology Measurement depth ~ Measured Corrected Temperature Data
name (m) (m) reservoir TVDSSL (m) temperature (°C) temperature (°C) correction method source
TVDSSL (m)
Bonito 1 566.2 560 3107 —1918,9 Cap rock 537.8 57 61.4 Della Vedova [27] ENEL
Dir Cap rock 1806.8 105 115.4 15-17 °C/km [28]
Cap rock 1881.8 106 116.5
Apula 2440,8 118 126.2
reservoir
M.te 879 875 1800 —249 Apula 899 75 83
Forcuso reservoir
1
M.te 533 529 1690.5  —832 Apula 1155 87 96
Forcuso reservoir
2
Ciccone 1 731 725 2673 —1894 Cap rock 199 67,5 74.9 ENI S.p.
Cap rock 1660 95 104.6 A.
Apula 1940 94 103.6
reservoir
Serroni 1 848.8 845 2486 Cap rock 394.25 41 46.3 ENEL
Cap rock 1635.25 65 72.2 [28]
Taurasi 1 339.8 331 3476 —2978.2 Cap rock 1846.2 60 66.8 ViDEPI
Cap rock 2837.2 89 98.2 [771
Apula 3136.2 96 101 Horner Plots
reservoir
Trevico 1 988.7 985 1561 Cap rock 115.3 40 45.2 Della Vedova [27] ENEL
15-17 °C/km [28]
' Bonito 1Dir
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Fig. 6. Drilling mud losses. Drilling mud losses of Monte Forcuso 1, Monte Forcuso 2 and Bonito 1 Dir wells. The position of well-cores and well tests (DST) are also
reported in the graphs.
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Fig. 7. Poro-permeability data. Permeability (K eff) estimates (in millidarcy,
mD) in (a) Monte Forcuso 1 and (b) Bonito 1 Dir wells deriving from the values
of the drilling mud losses (purple dots) and DST results (other variously colored
symbols; Table 3). The dots are centered on the tested levels. The top reservoir
position (green line) is also shown. (For interpretation of the references to
colour in this figure legend, the reader is referred to the Web version of
this article.)
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Pliocene units (Fig. 4).

The interpretation of the seismic dataset and the 3D geological
modeling of the carbonate unit top revealed the presence in the study
area subsurface of a wide anticline affecting the carbonate rocks and set
above NE-verging thrusts belonging to the southern Apennine orogenic
wedge (Fig. 10). These thrusts consist of several NW-SE-oriented splays
converging at depth while the highest one shows an arched front sepa-
rating two different structural culminations (Fig. 10a). The higher and
wider structural culmination is intercepted by Monte Forcuso 1 well at a
depth of 1125 m below the ground level (—250 m sub sea level), while
the smaller and deeper one is intercepted by Bonito 1 dir well at 2315 m
below the ground level (—1750 m sub sea level). The backlimb of the
Monte Forcuso structural culmination and the overlying allochthonous
units are dislocated by three NW-SE-oriented and SW-dipping high-
angle normal faults, the innermost of which, known as Mefite D’ Ansanto
Fault System, intercepts the CO5 accumulation that occupies the Monte
Forcuso structural culmination (Fig. 10b).

In correspondence with the Monte Forcuso culmination, the

Fig. 8. Some examples of available reservoir well-cores provided by ENI. Cores
consist of both blocks and incoherent material, due to the intense state of
fracturing in the interval in which the core was taken. In the intact blocks, the
circular holes correspond to the core plugs on which porosity and permeability
measurements were performed.

Table 3
DST results. Evaluation of the results of the most reliable DSTs done by using integrated Darcy equation.
Well Top Bottom Produced Produced Static Pressure (kg/ Delta Pressure Timespan Diameter K eff Flow (1/
name (MD (MD m) Fluid (m®) Fluid (type) cm?) Before or after for Testing (kg/ (minutes) (in) (mD) min)
m) Hydraulic testing cm?)
M.te 1682 1710 6.16 Water 196 88 30 11 158.2 205.33
Forcuso
1
M.te 1538 1572,5 2.72 Mud firstand  nd 57 35 5 165.08 77.71
Forcuso water
2
Bonito 1 2996 3107 5.25 Muddy water 174,2 37.8 523 5 99.9 10.04
Dir
Ciccone 1 2403 2456 330 Water 194,4 187.4 3465 5 40.1 95.24
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Table 4
Core plugs data. Available porosity (Phi) and permeability (K eff) data from core plugs within the geothermal reservoir, courtesy by ENIL.
Well Name Core Number Top (MD m) Bottom (MD m) Formation/Age Phi Min (%) Phi Max (%) K eff (mD) Source
M.te Forcuso 2 1 1497.5 1500 Apulian Platform/Lower Cretaceous 7.6 8.8 <0.1 ENI
Bonito 1 Dir 2 2646 2655 Apulian Platform/Middle Eocene 0.38 1.74 2,33 ENI
3 2755 2764 1.01 10.29 1.86
4 2813 2818 0.33 9.79 0.1
5 3030 3037 Apulian Platform/Lower Senonian 0.21 0.92 0.3
6 3102 3107 Apulian Platform/Turonian-Senonian 0.24 4 <0.1
Ciccone 1 5 2495 2504 Brecce di Lavello/Upper Paleocene 0.52 1.83 0.3 ENI
8 2664 2664.7 Calcare di Cupello/Cenomanian 0.47 2.34 <0.1

Model base

Fig. 9. 3D geological model. (a) 3D view in time domain of the Apulian Carbonate Platform top (Apula top) and the fault surfaces (high-angle variously colored
surfaces). A seismic reflection profile (in grey colour), the traces of the interpreted seismic profiles (yellow lines) and the well positions are also shown. (b) 3D
Velocity model used for the dept-conversion. The well positions (white symbols) are shown. (c) 3D view in depth domain of the Apulian Carbonate Platform top
(Apula top) and the fault surfaces. The depth-converted model base is also represented. (d) 3D view of the geothermal reservoir top (Apula top). The isobaths are
expressed in meters above sea level. The main wells with the associated geophysical logs (resistivity on the right and spontaneous potential on the left), the COy/
water contact at the structural culmination intercepted by the Monte Forcuso 1 well (fuchsia polygon) and the volume interested by the numerical modelling
simulation (yellow parallelepiped) are represented. The image is vertically exaggerated. (For interpretation of the references to colour in this figure legend, the reader

is referred to the Web version of this article.)

geometry and the extension of the CO, accumulation were also defined.
It consists of a CO; gas cap with a maximum thickness of approximately
470-500 m in the culmination area. This gas cap is not encountered by
the surrounding deep wells (i.e., Monte Forcuso 2, Bonito 1 Dir, Ciccone
1 App), which intercept the underlying brackish water deep aquifer
(Fig. 10b).

Well data analysis made it possible to define the main subsurface
characteristics, particularly those of the carbonate unit.

The SBHT values, extrapolated with the empirical correction of the
measured bottom well temperatures (BHTs), highlight the presence of a
geothermal anomaly in the study area, with temperatures reaching
~125 °C at —2300 m sub sea level in correspondence with Bonito 1 Dir
well (Fig. 5), within the geothermal reservoir. The extrapolated SBHTs
result quite similar with temperature values reported in Duchi et al. [35]
and determined on thermal waters using geothermometers.

The drilling mud loss values, instead, suggest the presence of several
fractured intervals within the carbonate units intercepted at the bottom
portion of Monte Forcuso 1, Monte Forcuso 2, Ciccone 1 and Bonito 1 Dir
wells.

The analysis of mud losses suggests permeability values ranging
between 0.1 and 50-60 mD, while well test results provided higher
effective permeability values ranging between 100 and 135 mD in Bo-
nito 1 Dir well and between 80 and 160 mD in Monte Forcuso 1 well
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(Fig. 7, Table 3). Differently, some tests carried out by ENI company on
undamaged rock samples (core plugs) gave low porosity (on average
around 0.2-4%, with a few exceptions around 9-10 %) and permeability
(0.1-5 mD) values.

Well tests also gave information on the chemical composition and the
pressure of the intercepted geo-fluids. As an example, in Table 5 we
report the chemical composition of some water samples from the car-
bonate unit within Bonito 1 Dir, Ciccone 1 and Monte Forcuso 2 wells. In
Monte Forcuso 1 well the chemical composition of water samples sug-
gests the presence of CO; from the carbonate top up to 720 m below sea
level, where a COs-brackish water transition was intercepted. On the
contrary, in Monte Forcuso 2, Bonito 1 Dir and Ciccone 1 deep wells only
brackish water was intercepted.

5. Reservoir numerical simulation

Once the stratigraphic and structural setting of the geothermal
reservoir was reconstructed, and its geothermal potential was defined, a
specific numerical simulation of the geothermal reservoir behavior in
correspondence with Bonito 1 Dir well was carried out. The software
used for the calculation of the model is Petrasim v2020.1 [79], which is
the most popular graphical interface for the family of TOUGH2 reservoir
simulators, considered among the best in the world and developed by
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Lawrence Berkeley Laboratories. In particular, for this study TOUGH2 —
EOS2 was used, with an equation of state able to simultaneously
consider Water, Steam and CO».

The Monte Forcuso 1 well area was not considered due to the pres-
ence of the large CO, gas cap, which probably fuels the Mefite d’ Ansanto
CO4 emission [33,80,81]. The thermal capacities of carbonates were
used for the material definition, even considering the presence of fluids
and their composition [82].

Renewable Energy 242 (2025) 122401

Once the numerical model volume, consisting of a 10 x 10 km large
and 5 km deep parallelepiped, was defined, it was discretized with
106,650 cartesian meshes with local refinement in correspondence with
Bonito 1 Dir well and the proposed production and injection wells, and
populated with the temperature and pressure values deriving from
wells. The model volume was divided into two main intervals separated
by the reservoir top, such as: the reservoir, subdivided into 21 layers,
and the cap rocks, subdivided into 6 layers (Fig. 11).

The boundary conditions were set at the top and bottom layers; the
bottom layer was set at 130 °C and the top layer at 30 °C, accounting for

Bonito 1 Dir Platform

(a)

‘A ijIr

Reservoir top

el R o —

Model b

(b)

I ) 5 Km

Fig. 11. Numerical model configuration. (a) layer configuration. From top to
bottom the following layers are represented: digital elevation model (DEM),
reservoir top and model base. The trajectories of Bonito 1 Dir well (fuchsia line)
and the production (light blue line) and injection (orange line) wells are also
shown. (b) Discretized 3D geological model. The cap rock and reservoir units
are shown. The position of the Bonito 1 Dir well platform (from which the
geothermal doublet starts) and the refinement area are also reported. For the
numerical model location see Fig. 9d and 10a. (For interpretation of the ref-
erences to colour in this figure legend, the reader is referred to the Web version
of this article.)

Table 5
Geofluid compositions. Chemical composition of some water samples from some wells drilled in the study area.
Well name Sampling date ~ pH Recalculated Salinity Measured depth Na K(mg/ Mg Ca HCO3 Cl(mg/ SO4
H 1 I 1 1 1 1 1
p NaCl (g/ (m) (mg/1) ) (mg/1) (mg/1) (mg/1) ) (mg/1)
D
Monte 8/22/1963 7.15 2.48 1538-1572 1740 150 40 220 2380 1500 670
Forcuso 2
Ciccone 1 5/22/1982 7.9 4.167 2403-2456 2000 265 38 150 1709 2528 467
Bonito 1 Dir 8.01 8.1 0.877 2352-2412 577 19 37 488 532 284
6/15/1979 7.23 4.03 2550-2646 2103 307 18 264 2288 2445 495
January 07, 6.57  4.96 3.51 2996-3107 1839 206 23 259 2380 2129 430
1979
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Fig. 12. Numerical model boundary conditions. (a) Pressure distribution
within the numerical model volume. (b) Temperature distribution within the
numerical model volume. The trajectories of the Bonito 1 Dir well (fuchsia line)
and the production (light blue line; dashed behind the section) and injection
(orange line) wells are shown. The reservoir top position intercepted by wells is
indicated by black dots. (For interpretation of the references to colour in this
figure legend, the reader is referred to the Web version of this article.)

the average yearly temperature corrected for the depth of the center cell
in the first layer and constant flow. Although the presence of slightly
overpressured shaly layers in the lower portion of the caprock has been
detected, the geothermal reservoir shows a hydrostatic gradient [e.g.,
24]. Accordingly, for the sake of simplicity, for pressure conditions, the
first layer of the model was set at about 30 bar and the bottom layer at
426 bar, in order to reproduce the hydrostatic gradient recognized
within the geothermal reservoir.

We applied these conditions to respect the hydrostatic pressure,
identified with the hydraulic tests, but such as to compensate for the
density variation due to the heat flow with an incoming/outgoing flow.
We also included in the model the major solutes in the reservoir fluid
and the partial CO; pressure. The porosity and permeability values ob-
tained by means of hydraulic tests and well-core analysis were also
considered.

At this point, we run the calculation until a stable state (steady state)
was reached and compare the results with the well data; if the calcula-
tion failed, the boundary conditions were corrected, and the calculation
was repeated until success. In Fig. 12 the pressure and temperature
distribution are reported.

Once a stable state was reached, some virtual wells were introduced
into the model to analyze the geothermal system response to the hy-
pothesized extraction activities. Different extraction scenarios were
modeled changing the mass flow rate, using an extraction well and a
reinjection one (doublet scheme). The extraction and the reinjection
wells consist of two deviations departing from the same well platform
and diverging downwards up to a distance of about 2.5 km at the
reservoir depth (Fig. 11).

We carried out several scenarios with mass flow ranging from 40 kg/
s to 150 kg/s and lasting 30 years.

We considered the thermal problems due to the geothermal system
cooled by the reinjection fluid and a rock volume from which heat can be
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extracted. In the presence of fractured rocks, as in our case study, it is
difficult to define this volume because water does not permeate all the
rock volume but only the portion surrounding the fractures, therefore
heat can be extracted only from this limited rock volume. Since we did
not have information about the fracture system of the study area, we
decided to use average estimations of this parameter. From literature,
we know that the statistical distribution models of the fractures provide
an estimation of the percentage volume of rock involved in the heat
exchange as a function of the average distance between the fractures and
their size [83]. Grant and Garg [84] proposed a general estimation of
around 10 %. Consequently, we carried out two scenarios with 10 % and
100 % heat recovery. For the reinjection temperature, instead, we
adopted a value of 65 °C, corresponding to the temperature of a fluid
produced in an electric power plant based on a secondary fluid at the
lower operability limit. The reservoir behavior evaluation was carried
out using a thickness of 600 m. In Fig. 13 the thermal conditions at 2300
m depth after 30 years of geothermal exploitation with different mass
flows and heat recovery percentages are shown.

It is worth mentioning that in case of fluid reinjection the contribu-
tion of the fluid rising from the lower part of the geothermal reservoir
must be considered. However, in our case study, the permeability and
porosity values at the deepest reservoir portion was estimated for litho-
stratigraphic continuity, but we must consider that a different grain
distribution in the carbonate rocks could significantly modify their
porosity and permeability, so real values can only be obtained by car-
rying out well tests.

In the doublet scheme, due to the fluid reinjection into the
geothermal reservoir, the extraction rates can be increased up to about
150 kg/s. This extraction rate, under the reservoir and simulation con-
ditions, is sustainable for about 30 years (Fig. 13), but there could be
some problems with thermal interference in case of low heat recovery
factor; due to the relatively high permeability, the reinjection pressure
does not increase more than 10 % the reservoir pressure in the studied
conditions (Fig. 14). The same is not true with respect to thermal
breakthroughs, and in the 150 kg/s we have the start of a thermal
breakthrough at about 22.2 years, with a temperature drop of about
2 °C, while the cold plume does not reach the production well. This,
however, is a risky situation, because a small permeability anisotropy
could promote the thermal breakthrough, and the cold plume reaching
the production well, at an earlier time. For this reason, to have some
margin while dealing with permeability anisotropy, preferential
pathway and thermal recovery factor (that are unknown) we suggest a
flow rate of 70 kg/s maximum.

6. District heating application

Following the numerical model, a possible use of the detected
geothermal resource and the most appropriate technology for its valo-
rization is proposed considering the decarbonization goals and the local
characteristics [85].

We focused on using geothermal energy integrated in an energy
community for the growth of the local economy. Therefore, the pro-
posed utilization of the geothermal resource is the district heating sys-
tem for a nearby town. The selected candidate is Grottaminarda, a town
with 7813 inhabitants in the Avellino province (Campania Region,
Southern Italy), located 80 km northeast of Naples.

Grottaminarda town is characterized by a temperate climate in
which cold winters alternate with mild summers. Snowfall is possible
during the winter. Throughout the year, the temperature usually fluc-
tuates from 2 °C to 30 °C and is hardly below —1 °C or above 34 °C [86].
Grottaminarda is in class D of the climate/energy italian classification
area, consisting of 166 days of heating for 12 h per day [87].

The building’s heritage in Grottaminarda can be described through
the data collected with the census in 2011. The residential buildings are
1149 and 139 are commercial or public buildings. 98 % of the buildings
consist of single-family homes and small condominiums of up to 8
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Fig. 13. Post-exploitation thermal conditions. View from above of the thermal plume at 2300 m depth after 30 years in the 40 kg/s mass flow scenario with (a) 100 %
heat recovery and (b) 10 % heat recovery and in the 150 kg/s mass flow scenario with (c) 100 % heat recovery and (d) 10 % heat recovery. The trajectories on map of
the Bonito 1 Dir well (fuchsia line) and the production (light blue line) and injection (orange line) wells are shown. (For interpretation of the references to colour in
this figure legend, the reader is referred to the Web version of this article.)
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Fig. 15. Characterization of building heritage in Grottaminarda municipality.

(a) distribution over time and (b) average energy demand by building period.

Fig. 16. The Grottaminarda municipality census section. In green, the sections
with an inhabitant density larger than 1000 people/m?; in orange and red, the
inhabitants are less than 1000 people/m? and those are not included in the
energy demand calculation. The red dot is the location of the well area. (For
interpretation of the references to colour in this figure legend, the reader is
referred to the Web version of this article.)

residential units, mainly built from 1961 to 1990 (Fig. 15). The calcu-
lated average demand, following the methodology discussed in Alimonti
et al. [88], as a function of the building age highlights the decreasing
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Fig. 17. Probability curve of the mass flow from a doublet. In orange are re-
ported the corresponding values P10, P50, P90. The green circles are referred to
the two values of mass flow from numerical simulation. (For interpretation of
the references to colour in this figure legend, the reader is referred to the Web
version of this article.)

trend after the 70’s (Fig. 15b). 63 % of the buildings have been built after
1971, and the specific energy demand is lower than the average value of
102 kWh/m? per year.

The methodology used for evaluating the yearly energy demand of
the building heritage is based on the data collected during the census in
2011 at scale of census section [88]. This allows us to select the possible
area to be supplied by the district heating service. The selection criterion
to identify the sections to be candidates for district heating service is the
inhabitant density per kilometer. The selected areas correspond to the
municipality, accounting for 66.1 % of the total heat demand (green
area in Fig. 16). Some areas were added to the criterion of contiguity.
Based on the number of heating hours, the power to satisfy this energy
requirement is 10.7 MW.

The reservoir simulation indicates the possibility of producing up to
70 kg/s for more than 30 years without interaction with the injector.

The design of a District Heating plant is proposed to supply the
Grottaminarda municipality. The well productivity is evaluated with the
software DoubleCalc 1.4.3 [89] developed by TNO. The simulation,
using as input data the results from the reservoir model, allows us to
obtain the probability curve for the mass flow produced by the well
(Fig. 17). Based on the numerical model, two main scenarios are chosen
at 40 and 70 kg/s. The probability of success for those scenarios is be-
tween 75 % and 46 % respectively.

In the present application, for both scenarios the reinjection tem-
perature is fixed to 65 °C. The pump pressure difference is fixed at 35 bar
and the pump is located at 100 m depth. These assumptions ensure the
reinjection avoiding possible CO, degassing from the brine.

Referring to scenario A with a mass rate of 40 kg/s, the wellhead
temperature obtained is 134.5 °C, from 139 °C at 2600 m, and it requires
a pumping system with 186 kW electrical power for a 35 bar of pump
head. This requirement dramatically impacts on the operational costs.
Therefore, a small Organic Rankine Cycle (ORC) unit with a power of 84
kW is installed to partially supply the request of electrical energy for
well pumping (Fig. 18, Table 6). The electrical network will supply the
circulation pump with 5 kW power.

Scenario B, with a production mass flow of 70 kg/s, shows a wellhead
temperature of 136 °C. The scheme of the plant is identical to the pre-
vious one and the ORC plant has an electrical power of 863 kW (Fig. 18),
while the well requires a pump power of 327 kW (Table 6).

A life cycle cost assessment (LCCA) was conducted to compare the
two scenarios. The economic assumptions, NPV, annual interest rate,
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Fig. 18. Exploitation scheme. District Heating plant including the ORC for
electrical power generation.

and the effects of the unit sales cost of heat and electricity on the eco-
nomic parameters, such as the levelized cost of heat produced, payback
period, IRR, and annual payback cost, were examined over the economic
life of the system (Table 7). The evaluation of the costs was realized by
applying the methodology presented by Alimonti et al. [88]. The eco-
nomic analysis was conducted assuming a long-term lifetime of 30 years,
and the annual operating hours were 8000 h, generally used in
geothermal plants. The annual interest rate is obtained by combining the
effective discount rate (4.25 %) and the annual average inflation rate
(5.3 %) in August 2023.

A key element is the heat tariff. Realistic values were obtained from
the survey conducted by the Italian regulatory authority for energy
networks and environment (Autorita di Regolazione per Energia Reti e
Ambiente, ARERA) in 2022 [90]. Before the energy crisis in 2022, the

Table 6
Summary of the main parameters of the two scenarios. The variables are referred
to Fig. 18.

Scenario A B
Well Flow rate (kg/s) 40 70
Twen (°C) 134.5 136
Ppump_well (KW) 186 327
Tout (°C) 128.6 101.4
P, (kWe) 84 863
Tinj °C) 65 65
Tinpu °C) 90 90
Tout o (°C) 60 60
DH Flow rate (kg/s) 84.8 84.8

Table 7
Life cycle cost assessment — Investment and operational costs of the project and
economical results indexes. Operational costs are on an annual basis.

Scenario A (M€) B (M€)
INVESTMENT COSTS

Drilling of 2 wells at 3000 m 11.12 11.12
Pipelines — main lines 1.5 1.5
Surface equipment 2.5 3.5
Surveys, Studies and design 0.33 0.33
OPERATIONAL COST

Electrical energy for DH pump 1.55 -
Electrical energy for Well pump 59.49 -
Operation and Maintenance 0.37 0.37
ECONOMIC RESULTS

LCOH (EMWh) 2973.2 98.1
LCOE (€/kWh) 217.35 0.33
NPV (M€) —585.8 5.3
PBP (year) 7.63 6.2
IRR 11 % 15 %
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average price was 100.5 €/MWh, which will be used in the LCCA. The
electrical energy prices are 0,16 €/kWh to buy and 0,08 €/kWh to sell.

The economics of scenario A with 40 kg/s are inconsistent with a
negative NPV. The main issue is the cost for electrical energy accounting
for 60 M€ that makes the Operational costs too high.

In scenario B with mass flow of 70 kg/s the economics largely differs.
The larger ORC plant allows us to cover the electrical energy supply
either for well pump, or for district heating distribution pump. The
economic indexes highlight a positive Net Present Value (NPV) equal to
5.3 M€, a PBP of 6.3 years and an IRR of 15 %. The Levelized Cost of Heat
(LCOH) is 98.1 €/MWh which is lower than the adopted tariff of 100.5
€/MWh. The impact of electrical energy production has an important
role in reducing the OPEX to 0.4 M€. The LCOE is 0.33 €/kWh and re-
mains higher than the average for geothermal plants, which is equal to
0.07 €/kWh, but the larger contribution is to make the project rentable.
The CAPEX has increased to 16.6 M€ considering the larger binary plant.
The income is given not only from the heat sales but also from the
electrical energy sales. Finally, the scenario with a mass flow of 70 kg/s
appears to be economically favorable and the probability of success is
46 % suggesting a good opportunity to realize the plant.

7. Discussion and conclusions

The pressing need of reducing CO, emissions and achieving the
carbon neutrality by 2050, as ratified at the COP 26 [1], requires the
adoption of urgent measures. In recent decades, various scientific
studies [10-14] proved that the use of geothermal energy for heating
and cooling purposes can contribute to the CO; emission reduction, as
well as to the reduction of energy supply costs and a long-term economic
growth. However, this energy source is currently underutilized due to
the high capital expenditures (CAPEX) for the exploration phase and
well drilling [13] and for the associated mining risks. The use of
pre-existing subsurface data derived from previous O&G exploration
activities can contribute to the reduction of the exploration costs and of
the mining risks, increasing the economic sustainability of geothermal
projects. Noticeably, the development of geothermal resources has been
successfully promoted by the availability of online databases of seismic
data and well information [91], gathered by past oil and gas operators,
even in countries in different geological settings, such as Germany [13],
Netherland [14], Denmark [92] or Croatia [93].

In this contribution we propose a geothermal feasibility study of the
Guardia Lombardi area, located in Southern Italy (Fig. 1), from the
evaluation of the geothermal potential and its exploitation, carried out
using vintage O&G subsurface data, up to the design of a heating/
cooling and electricity production system. The cost-benefit evaluation of
the geothermal project is also presented. Notwithstanding some limita-
tions in the data quality discussed in the data and methodology section,
our case study demonstrates that the availability of pre-existing O&G
datasets saves all the costs related to the exploration phases. As an
example, the about 700 km of already available 2D seismic profiles in
the Guardia Lombardi area may correspond to a new acquisition cost of
at least 7 M€ [94].The analysis of the well data revealed the presence of
two main stratigraphic intervals in the study area subsurface, from
bottom to top: fractured carbonate rocks (Cretaceous-Eocene time),
belonging to the Apulian Carbonate Platform, and marly-clayey forma-
tions, belonging to the allochthonous and Pliocene units (Fig. 4). These
lithological intervals are characterized by different porosity and
permeability values; the allochthonous units are characterized by very
low permeability values, while the carbonate units are characterized by
the presence of some fractured intervals with high porosity and
permeability values (e.g., up to 100-135 mD in Bonito 1 Dir well and
80-160 mD in Monte Forcuso 1 well; see Figs. 6 and 7 and Table 3). The
SBHTs extrapolated for the deep wells reveal a significant geothermal
anomaly in the study area, with a maximum temperature value of about
125 °C at just 2300 m depth in Bonito 1 Dir well (Fig. 5).

As highlighted by the seismic dataset interpretation and the 3D
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geological modeling, a wide anticline affecting the Apulian Platform
carbonates buried below the marly-clayey allochthonous and Pliocene
units is located in the study area subsurface. This structure is charac-
terized by two main culminations: Monte Forcuso and Bonito culmina-
tions (Fig. 10a). The highest and wider Monte Forcuso culmination is
occupied by a COy gas cap which is up to 470-500 m thick in the
culmination area. Below, a CO,-brackish water transition was inter-
cepted. The CO; emission at the Mefite d’Ansanto hydrothermal spring
is likely originated by the interaction between high-angle normal faults
(i.e., the Mefite D’ Ansanto Fault System) and the CO5 gas cap. On the
contrary, given the deeper position of the carbonate top, the surround-
ing deep wells (i.e., Bonito 1 Dir, Ciccone 1 and Monte Forcuso 2) just
intercept the underlying brackish water deep aquifer, that occupies the
smaller Bonito culmination (See Fig. 10b).

The review of the hydraulic tests revealed a hydrostatic pressure
condition in the deep aquifer hosted in the fractured carbonate rocks in
all the wells, but not in the Monte Forcuso 1 well that shows an over-
pressure due to the non-compensated CO; gas cap.

The structural and stratigraphic setting reconstruction and the
analysis of the main rock properties suggest the existence of a
geothermal reservoir in the Guardia Lombardi area subsurface. The
anticline geometry, the high porosity and permeability values, the high
temperatures and the presence of a suitable aquifer, make the Apulian
Platform carbonates excellent reservoir rocks, while the marly-clayey
lithology and the low permeability values make the overlying
allochthonous and Pliocene units effective cap rocks (Figs. 4 and 10b).

As stated by Bayer et al. [12], the exploitation results of the
geothermal resources depend on the geothermal system characteristics
and the method used. In this case study, the availability of a large
amount of pre-existing subsurface seismic reflection and well data
allowed to properly characterize the geothermal system, while the nu-
merical simulation results establish the best cultivation scheme (i.e.,
doublet scheme) and the more appropriate production value as to
guarantee the exploitation of the detected geothermal resource. To
ensure an advantage for the local community a heating/cooling plant
was chosen, and the best economic conditions define the more appro-
priate scenario.

Future research direction can be identified in the integration of
different data sources with advanced Al algorithms, forward modelling
methods (stratigraphic or fracture network), the use of classical models
in enhancing understanding and quantifying uncertainty. For example,
the GO-FORWARD project [95] tests such approaches in areas with
abundant subsurface information and production data, to prove
conceptually the applicability of the methods and reproducibility of the
results, to optimize and de-risk geothermal exploration in the same way
of this work. The digitalization is another possible future application of
the existing databases and can help in building digital twins for
geothermal energy production and underground heat storage systems.

The potential environmental impacts and safety protocols associated
with the development of geothermal resources has been recently eval-
uated in several studies, even with a special focus on Italy [96,97]. These
studies demonstrate that the current safety protocols can effectively
mitigate the potential negative implications associated with geothermal
drilling and fluid reinjection.

Given the above, the methodology adopted in this case study, based
on the use of pre-existing O&G data, has proven effective in producing
significant economic benefits due to the reduction of the geothermal
exploration costs. Moreover, the mining risks of the geothermal explo-
ration phase are eliminated or significantly reduced. For these reasons,
we believe that a reassessment of the geothermal potential of already
explored hydrocarbon basins, widespread around the world, could
encourage the use of geothermal energy and contribute to the achieve-
ment of the carbon neutrality goals, resulting in environmental, eco-
nomic and social benefits.
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