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A B S T R A C T   

The southern part of the Marche Region (Italy) was hit in 2016 by dramatic seismic events that caused damages 
and fatalities. After these events, the national and local administrations started a development plan to improve 
the energy efficiency of the restored or reconstructed buildings. Shallow geothermal energy, consisting of closed- 
loop Borehole Heat Exchangers (BHEs) coupled with heat pumps, could represent a first-order renewable choice 
for indoor air conditioning (heating and cooling) systems. The feasibility and potential of the BHEs also match 
this technology’s null visual outdoor impact which is paramount in preserving the landscape of the earthquake- 
affected areas. However, the exploitation, sustainability, and correct design of these systems require detailed 
knowledge of the ground’s geological, hydrogeological, and thermophysical properties. In this framework, the 
present study was carried out to map and test, through the G.POT algorithm, the shallow geothermal potential 
and sustainability of the Potenza River valley through the publicly available data from the Italian Seismic 
Microzonation studies — an extensive database of geognostic drillings and other geological and geophysical 
surveys. This step allowed us to assign the main thermal parameters (thermal conductivity, volumetric heat 
capacity, specific heat extracted) to each geological layer and averaged them over the first 100 m (i.e., a typical 
depth for BHEs). All the data were then interpolated to produce geothermal thematic maps to visualize and 
compare the potential and adequacy of the territory for the installation of closed-loop BHEs. Finally, finite el
ements numerical models (FEFLOW® software) were developed in a balanced mode through the annual heating 
and cooling cycles to verify the sustainability of this renewable concerning the thermal impact induced to the 
ground by the BHEs during a long-term (20 years) operation.   

1. Introduction 

In 2016, Central Italy was hit by a seismic sequence (Mmax 6.5) that 
caused human victims, damages, and building collapses, hopelessly 
changing the urban landscape of many towns (INGV, 2016). After these 
events, the Marche Region, the most affected area together with 
Abruzzo, Umbria, and Lazio Regions, started an economic program that 
involved measures for the restoration and reconstruction of damaged or 
destroyed buildings (USR, 2016). The reconstruction of the affected 
areas is addressed to renewable-sustained, self-sufficient, and 

environmentally friendly new buildings. In this framework, the exploi
tation of shallow ground heat exchange through the installation of 
closed-loop Borehole Heat Exchangers (BHEs) coupled with heat pumps 
could be a tool of paramount importance for indoor air conditioning 
systems (heating and cooling) for these new or renovated buildings, as 
occurred in other similar situations (e.g., in New Zealand after the 2011 
Christchurch earthquake; Daysh et al., 2021). Closed-loop BHE systems 
mainly consist of a series of probes inserted into the ground, down to 
80–120 m of depth or more, where a heat carrier fluid flows into the 
probes, thus allowing the heat exchange between the ground and the 
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served building at the surface (e.g., Muñoz et al., 2015; Piscaglia et al., 
2016; Soltani et al., 2019; Galgaro et al., 2021). The same system can be 
used both in winter and summer. A ground source heat pump manages 
the temperature and the discharge of the heat carrier fluid to meet the 
building’s thermal needs. These indoor heating and cooling systems 
through closed-loop BHEs have very low or no environmental impact 
and are increasingly developing in Italy and worldwide (Manzella et al., 
2018; Lund and Toth, 2021). Closed-loop BHE systems represent an 
almost carbon-free renewable able to produce clean thermal energy with 
a high coefficient of performance (COP) and an almost null visual 
impact, therefore strongly contributing to preserving the landscape. 
Although the BHEs can be developed almost everywhere, their efficiency 
and thermal impact on the ground are directly related to the knowledge 
of the thermal properties of the different lithologies and the hydro
geological setting, which strongly influence the total amount of heat 
(and cold) that can be extracted or reinjected (e.g., Schiermeier et al., 
2008; Muñoz et al., 2015). Thus, an in-depth knowledge of the geolog
ical features and a correct design of the geometric distribution of the 
BHEs and the operational conditions of the heat pump throughout the 
annual heating and cooling cycles are required to avoid a loss of effi
ciency. Nonetheless, the continued heat exchange with the ground could 
cause, with time, a thermal alteration of the ground itself and the 
aquifers (Piscaglia et al., 2016; Bayer et al., 2019; Gizzi et al., 2020; 
Perego et al., 2022; Muñoz et al., 2023). In this case, an essential tool to 
know and foresee the thermal plume development in the ground 
involved in the heat exchange during a distinct time interval is the nu
merical modelling (Diersch et al., 2010; Halaj et al., 2020;), which can 
predict the thermal modifications of the ground system. In this frame
work, the main goal of this study is to define and map the 
BHE-installation potential along the Potenza River valley, an area that 
suffered severe damages from the seismic sequence that occurred in 
2016 and characterized by a heterogeneous geological setting repre
sentative of the variable conditions occurring in the southern part of the 
Marche Region. The study area has a good availability of publicly 
accessible data related to the Italian Seismic Microzonation studies 
(TCSM, 2018), which were used to characterize the ground. These 
studies, carried out to assess the local seismic hazard through the 
identification of areas of the territory characterised by homogeneous 
seismic behaviour, contain an extensive geological database made of 
geognostic drillings, penetrometric tests, and geophysical surveys, 
among others, that indeed can be exploited for different scopes 
(Moscatelli et al., 2020; Taussi et al., 2021). The extensive database was 
used to (1) define the subsoil stratigraphy, (2) create thematic maps of 
the local shallow geothermal potential, and (3) support the numerical 
models developed to check the sustainability of BHE systems in the long 
term. 

In the first phase, the underground’s main geological, hydraulic, and 
thermophysical properties were defined and assigned to the different 
stratigraphic layers. This first characterization allowed the production 
of thematic maps of the thermal properties by using ArcGIS 10.8.2 
software and estimating the geothermal potential of the area, intended 
as the indicator of the efficiency and long-term sustainability of a BHE 
implementation (Casasso and Sethi, 2016). In the second phase, detailed 
simulations of vertical closed-loop BHEs were carried out in the seven 
municipality’s territories of the Potenza River valley. In each of them, 
the installation of the same closed-loop BHE system was assumed (i.e., 
three probes of 100 m depth, with Double-U configuration) to evaluate 
and compare how the different geological settings would have affect the 
efficiency of the BHEs (e.g., Blasi and Menichetti, 2012; Galgaro et al., 
2021; Kerme and Fung, 2021; Gigot et al., 2023). The ground temper
ature variations and the thermal plumes produced by the operation of 
the BHE, coupled with fixed 12-kW heat pumps through a 20 years 
simulation time interval, were calculated using a finite element software 
(FEFLOW®, MIKE Powered by DHI Software) permitting to faithfully 
reproduce the undisturbed conditions of the site and any effects in the 
shallow ground, over time, of the closed-loop heating and cooling 

system. 
The outcome of this study aims to support the use of BHE systems and 

investments in this renewable also to achieve the objectives of the 
United Nations Sustainable Development Goal 7 (Affordable and Clean 
Energy; https://www.un.org/sustainabledevelopment/energy/). More
over, it can provide an opportunity for designers, decision-makers, and 
administrative authorities to evaluate and have an awareness of the 
shallow geothermal potential (i.e., geo-exchange; Viesi et al., 2018) 
during the post-earthquake restoration and reconstruction activities of 
damaged or destroyed buildings in the Potenza River valley and more 
generally in the whole area of southern Marche Region. 

2. Study area and geological background 

The Potenza River valley develops on the Adriatic side of the central 
Apennines (Fig. 1a) and crosses from west to east, predominantly 
mountainous and hilly areas, respectively. The valley (about 200 km2) 
lies between the town of Fiuminata to the west and the city of Macerata 
to the east (Fig. 1b). In between, five other municipalities occur: Pioraco, 
Castelraimondo, Gagliole, San Severino, and Pollenza. About 66,000 
people live in this area (ISTAT, 2021). The eastern side of the Central 
Apennines chain is characterized by an estimated surface conductive 
heat flow ranging between 30 and 50 mW m− 2 (Pauselli et al., 2019; 
Verdoya et al., 2021; Santini et al., 2021). Lithologies of this area are 
linked to the geological history of the so-called Umbria-Marche suc
cession (e.g., Conti et al., 2020 and references therein), characterized by 
sedimentation of pelagic carbonates (limestones and marly limestones) 
since the Jurassic and continuing until the Paleogene, as the result of 
distensive processes. These latter were firstly induced by the opening of 
the Ligurian Ocean (Neotethys domain) and, later, by both thermal 
subsidence and tectonic thinning of the paleo-margin (Cello et al., 1996; 
Tavarnelli, 1997). From the Miocene, this succession of the 
African-Adriatic continental margin was involved in the structuring of 
the Apennine thrust system, which, in the study area, began at the 
Miocene-Pliocene transition (Ricci, 1986; Calamita et al., 1994; Vezzani 
et al., 2010), with continuous reorganization of the foreland areas and 
dominated by turbiditic successions (Marcheggiani et al., 1999; Bigi 
et al., 1999) (Fig. 1). 

All the Potenza River valley geological formations are comprised 
between the Maiolica Fm (Early Tithonian p.p.-Early Aptian) and the 
Argille Azzurre Fm (Pliocene-Pleistocene p.p.). In detail, they are rep
resented by (Conti et al. (2020): (1) well-bedded limestones, marly 
limestones, and marls (Cretaceous-Early Miocene units: Maiolica, Marne 
a Fucoidi, Scaglia Bianca, Scaglia Rossa, Scaglia Variegata, Scaglia 
Cinerea, Bisciaro, and Schlier Fms), and (2) sandstones and siltstones 
with interbedded marlstones (Miocene units: Marnoso Arenacea Fm). 
Tectonically, the area is characterized by a set of anticlines and synclines 
that overlapped progressively to the east above the turbiditic sediments 
of the Laga basin (outside the study area) along an NNW-SSE overthrust 
front. The foreland sectors of the investigated area are characterized by 
evaporites, clays, and silty clays interbedded with sandstones of the Late 
Miocene-Pliocene units of the San Donato, Colombacci, and Argille 
Azzurre Fms (Fig. 1b). The Potenza River valley develops orthogonal to 
the coastline of the Adriatic Sea and transversely crosscuts the main 
NE-verging geological structures. The Quaternary deposits comprised 
within the valley mainly consist of coarse grain size material (gravel to 
gravelly sand) and gravelly clay with intercalated sand, silty-clay, and 
sandy silt, which host a phreatic aquifer system (Nanni, 1985). 

3. Materials and methods 

The methodological approach consisted of the creation of a database 
containing the fundamental geological, hydrogeological, and strati
graphical information — retrieved from the Italian Seismic Micro
zonation database (DPC, 2019) — and the thermophysical properties of 
the ground characterizing the selected municipalities of the Potenza 
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River valley (Macerata, Pioraco, Pollenza, Gagliole, Castelraimondo, 
San Severino, and Fiuminata). The adopted methodology is based on 
three steps as suggested by Viesi et al. (2018) and already used in several 
works (e.g., Taussi et al., 2021; Ramos-Escudero et al., 2021; Vespasiano 
et al., 2023): (1) data collection, (2) production of thematic maps, and 
(3) evaluation and mapping of geothermal potential (i.e., BHEs poten
tial). The latter was estimated through the G.POT algorithm defined by 
Casasso and Sethi (2016), which is based on the thermal properties of 
the ground and the operational and design parameters of the closed-loop 
geothermal system. The thematic maps were constructed by considering 
the following properties: (1) climatic conditions (air temperature), (2) 
subsurface stratigraphy, (3) hydrogeological setting of the area, and (4) 
thermophysical properties of the lithologies. Thermal conductivity (λ), 
volumetric heat capacity (SVC), specific heat extraction (SHE) values, 
and hydrogeological conditions were assigned to each stratigraphic 
layer based on the available literature data and integrated over the first 
100 m of depth to obtain the thematic maps. This depth was chosen 
because it is the typical reference depth of many closed-loop systems 
with vertical BHEs (e.g., Hecht-Méndez et al., 2013; Garcia-Gil et al., 
2015; Viesi et al., 2018; Ramos-Escudero et al., 2021; Taussi et al., 2021; 
Barbieri et al., 2022; Vespasiano et al., 2023; Alcaraz and Vives, 2023). 
All the maps were georeferenced in the WGS84 coordinates system and 
obtained in ArcGIS by applying a Simple Kriging geostatistical inter
polation, which has been used in similar works (e.g., Sáez Blázquez 
et al., 2022) and representing a precise and robust technique that 
permitted estimating the values in those areas where no drillings were 
present (semi-variograms and error maps are reported in the Supple
mentary Material). The geological map was also considered to better 
approximate the different interpolated values. After this stage, the data 
retrieved from the assessment of the area’s geological, hydrogeological, 
and thermal features were used as a starting point for the numerical 
model simulations. These latter were carried out to compare the 
geothermal potential of the seven municipalities of the Potenza River 
valley. Closed-loop BHE systems (one for each municipality) were 
simulated using FEFLOW software (Diersch, 2014), considering the 
same operational features and the peculiar settings of each site. 

3.1. Surface air temperature 

Climatic data, consisting of mean air temperature throughout the 
study area, were defined using the empirical formula proposed by 

Gemelli et al. (2011). These authors calculated the surface air temper
ature (SAT) based on the data acquired from the Meteo-climatological 
Monitoring Network of the Marche Region and averaged over the 
period 1950–2000. A numerical relationship between altitude and SAT 
was established by applying a third-order polynomial regression as 
follows (Gemelli et al., 2011): 

SAT = − 4 × 10− 9Z3 + 6 × 10− 6Z2 − 5.8 × 10− 3Z + 14.703 (1)  

where Z is the altitude of the weather station. Based on this function, a 
thematic map was created to associate the altitude of each DEM cell 
(resolution 10 × 10 m, see Supplementary Material; Tarquini et al., 
2023) with the related mean annual temperature (Fig. 2). The temper
atures tend to decrease from east to west, i.e., from the lower-altitude 
areas to the higher ones, starting from an annual mean maximum tem
perature of 13.6 ◦C to a minimum of 8.7 ◦C. These values were then 
considered for the estimation of the undisturbed soil temperature of the 
study area, given the fact that in the absence of significant local 
geothermal anomalies (as in the present work), the annual average 
temperature of the first 100 m of the underground can be supposed 
similar, or slighlty higher, to the mean annual air temperature (Viesi 
et al., 2018). The estimated air temperature values have also been used 
as the starting temperatures for developing numerical models (see Sec
tion 3.6). It is important to note that in the study area, the possible effect 
of Urban Heat Island (UHI) on the ground temperature (e.g., Bayer et al., 
2016; Rivera et al., 2017) was not taken into account because all the 
seven municipalities are small (<40,000 inhabitants) and thus a negli
gible UHI effect was considered. 

3.2. Hydrogeological data 

The amount of heat exchanged and the energy performance of the 
whole closed-loop BHEs system is strongly influenced by the heat ex
change capacity of the ground surrounding the BHEs (e.g., Sarbu and 
Sebarchievici, 2014; Verdoya and Chiozzi, 2018). In addition, the water 
table’s depth, the presence of aquifers, and groundwater flow charac
teristics are essential for evaluating this process (Garcia-Gil et al., 2015). 
Water Protection Plan of the Marche Region (PTA, 2002) gives some 
information on the hydrogeological setting of the investigated area 
though no recent hydrogeological studies are present in the literature, to 
the best of our knowledge. However, the PTA does not include a 
georeferenced map and is available at a large scale (1:100.000), thus not 

Fig. 1. a) Schematic geological map of the Umbria-Marche Apennines (modified from Chicco et al., 2019a) with the study area represented by the red rectangle; b) 
simplified geological map of the Potenza River valley (modified after Conti et al., 2020). 
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providing a detailed reconstruction of the hydrogeological setting of the 
area. Consequently, data extracted from the consultation of the drilled 
cores and penetrometric tests available from the Seismic Microzonation 
database were used (when reported) to define the saturation conditions 
of the investigated stratigraphic vertical column. 

3.3. Lithostratigraphic data 

The geology and stratigraphy of the bedrock in the investigated area 
were reconstructed based on drilling data, field observations, and the 
geological map of Conti et al. (2020). In the Italian Seismic Micro
zonation database, different types of geognostic surveys (e.g., seismic, 
geotechnical, hydrogeological) are reported. In this study, geognostic 
drillings were considered because they have less risk of interpretation 
errors compared to, e.g., Cone Penetration Tests and Dynamic Pene
tration Super-Heavy Tests, among others. More than 300 drillings were 
analysed and interpreted, in addition to fieldwork consisting of identi
fying and localizing rock outcrops in the area. All the selected geognostic 
drilling reached the bedrock, which is always encountered before 100 m 
(maximum depth 50 m). Each stratigraphy was thus virtually extended 
to the required depth, considering homogeneous lithostratigraphic fea
tures of the crossed bedrock (e.g., Viesi et al., 2018; Taussi et al., 2021; 
Vespasiano et al., 2023). The classification of soils used for the Seismic 
Microzonation studies and defined by the Technical Commission for 
Seismic Microzonation (TCSM, 2018) follow the modified ``Unified Soil 
Classification System’’ (ASTM, 1985) and is based on the dominant li
thology of the alluvial deposits (e.g., gravels, sands, silts, and clays). The 
geological bedrock is classified based on lithology, stratification, and 
degree of fracturing. The 16 types of soil proposed by the TCSM (2018) 
have been grouped and simplified into three categories (sand, gravel, 
clay/silt) based on the dominant grainsize, following the approach by 
Taussi et al. (2021), while the bedrock was defined based on the 
geological map and field observation of the outcrops (Fig. 1). 

3.4. Thermophysical properties of the ground 

The main thermophysical properties here considered were: i) ther
mal conductivity (λ), ii) specific heat extraction (SHE), and iii) volu

metric heat capacity (SVC). The thermal conductivity values (expressed 
in W m− 1 K− 1) of the rocks of the Umbria-Marche sedimentary succes
sion were retrieved by various authors (Blasi and Menichetti 2012; 
Verdoya et al., 2018; Chicco et al., 2019b), while those related to the 
Quaternary unconsolidated deposits were extracted from the VDI 4640 
(2001) and following Dalla Santa et al. (2020). The SVC values 
(expressed in MJ m− 3 K− 1) were obtained from Andújar-Márquez et al. 
(2016). Finally, SHE values (expressed in W m− 1) were calculated from 
the relationship defined by Viesi et al. (2018). This correlation between 
the SHE rates defined by the VDI 4640 (2001) and the thermal con
ductivity of the different lithologies considered was based on an oper
ational time of 2400 h, as suggested by Gemelli et al. (2011) for the 
Marche region, and permits defining detail values of the specific case 
SHE: 

SHE(2400h) = 3.34λ2 + 4.54λ + 21.63 (2) 

The used values of λ, SVC, and SHE for the different types of lith
otypes and unconsolidated sediments (considering saturated or unsat
urated conditions) are summarized in Table 1 and do not consider the 
convection contribution to heat transfer that may be derived from 
groundwater flow. 

3.5. G.POT empirical method 

Casasso and Sethi (2016) developed the G.POT (Geothermal PO
Tential) empirical model, a quantitative method to assess the BHE po
tential using analytical heat transfer simulations. This method allows 
estimating and mapping, at a regional scale, the shallow geothermal 
potential (i.e., geo-exchange) to be applied to installing closed-loop 
BHEs coupled with heat pumps for heating and cooling air condition
ing systems. The model assumes that the final potential mainly depends 
on the site–specific parameters of the shallow ground and its usage 
patterns. The method provides the annually averaged thermal load 
(QBHE) exchangeable between a BHE and the shallow ground and it is 
eventually solved by calculating the benchmark temperature, leading to 
the maximum temperature increment of the heat carrier fluid according 
to the following formula (Casasso and Sethi, 2016):  

Fig. 2. Surface mean annual Air Temperature of the study area following the equation proposed by Gemelli et al. (2011).  
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where T0 and Tlim are the soil temperature (derived from Fig. 2) and 
benchmark temperature of the carrier fluid respectively (◦C); λ is the 
thermal conductivity (in W m− 1 K− 1); L is the BHE length (m); Rb is the 
thermal resistance of the borehole (in mK W− 1); and t′c, u′s, and u′c are 
dimensionless values depending on the simulation time and the length of 
the load cycle. Some variables are kept constants (threshold fluid tem
perature, borehole depth, borehole radius and section, borehole thermal 
resistance, and the simulated time; Table 2) while the others (thermal 
conductivity, thermal capacity, and undisturbed ground temperature) 
are defined for each investigated point. The G.POT method has been 
widely used to estimate the geo-exchange potential for the heating 
mode. In our case, the G.POT was applied in dual mode, considering the 
need for geothermal energy utilisation for both heating and cooling. In 
this way, operation in cooling mode allows the re-injection of heat into 
the ground to be used during the winter, reducing the thermal drift of 
the ground. The threshold temperature of the fluid was determined for 
both operative modes. The parameters used for applying the G.POT al
gorithm are summarised in Table 2. 

3.6. Numerical models 

3.6.1. Construction of the 3D model geometry and mesh 
A finite element model of a standard closed-loop system consisting of 

three BHEs of 100 m was built and run considering the different 
geological settings, finally comparing the obtained results. To develop 
the finite element mesh for the FEFLOW software (Diersch, 2014), 
defining the boundaries of the study area was necessary by manually 
inserting “superelement” meshes. The domain is rectangular, with the 
major axis parallel to the groundwater flow hypothesized direction and 
equal to about 800 m and the minor perpendicular axis of about 400 m 
(Fig. 3a). In addition to the sides of the computational domain, the 
installation coordinates of the three BHEs with a triangular geometry 
equidistant 8 m were also initially defined as elements of the “super
element” meshes. Another file of the same type was created from the 
latter, but only with the geometry of the BHEs and monitoring wells. A 
hexagon of points equidistant 0.8 m to aid the meshing process was 
assigned to each BHE to ensure model convergence, thus obtaining a 
uniform discretization near the latter (Halaj et al., 2020). 

After entering the “superelements”, the mesh generation was pro
duced. At this stage, the domain is divided into several finite elements, 
defining the final simulation’s accuracy. The used meshing shape was 
triangular, with the minimum angle of the elements equal to 29◦

(Diersch, 2014). The main mesh was divided into a square of 20,000 m2, 
in which a second mesh was processed to increase the number of finite 
elements and, thus, the accuracy of the results. Triangles that violated 
Delaunay’s criterion (Halaj et al., 2020) were refined so that an optimal 
prism size and a smoother mesh could be obtained, thus defining the 
three-dimensional model of the domain. The slices were placed in direct 
correspondence with property changes (physical, thermal, or boundary 
conditions) of the various deposits and near them to facilitate the 
convergence of the numerical solver. Given the depth of the probes of 
100 m, a 120 m-deep model was defined (Fig. 3b). 

On the other hand, according to the division into the slice and layer, 
the stratigraphic logs of the different municipalities were consulted. The 
models were divided according to (1) stratigraphic sequence, (2) hy
draulic conditions, and (3) BHE bottom (Table 3) of each test site, based 
on the available geognostic drillings. Permeability and porosity values 

Table 1 
Thermophysical properties of the unconsolidated sediments and lithotypes of the study area.   

Thermal conductivity - λ (W m− 1 

K− 1) 
Thermal conductivity 
reference 

Specific heat extraction (2400 h) - SHE 
(W m− 1)a 

Volumetric heat capacity - SVC (MJ 
m− 3 K− 1)b 

Unconsolidated sediments 
Gravel dry 0.40 Dalla Santa et al. (2020) 24 1.6 
Gravel water-saturated 1.80 VDI 4640 (2001) 41 2.4 
Sand dry 0.40 Dalla Santa et al. (2020) 24 1.6 
Sand water-saturated 2.40 VDI 4640 (2001) 52 2.9 
Clay / silt dry 0.50 VDI 4640 (2001) 25 1.6 
Clay / silt water-saturated 1.70 VDI 4640 (2001) 39 3.4 
Lithotype 
Argille Azzurre Fm 1.91 Chicco et al. (2019b) 42 2.4 
Colombacci Fm 1.96 Blasi (2012) 43 2.4 
Laga Fm 2.04 Chicco et al. (2019b) 44 2.5 
Marnoso Arenacea Fm 2.10 Blasi and Menichetti 

(2012) 
46 2.6 

Schlier Fm 2.18 Verdoya et al. (2018) 47 2.5 
Bisciaro Fm 1.32 Chicco et al. (2019b) 33 2.4 
Sc. Cinerea Fm 2.10 Chicco et al. (2019b) 46 2.5 
Sc. Bianca-Rossa-Variegata 

Fms 
2.09 Chicco et al. (2019b) 46 2.4 

Marne a Fucoidi Fm 2.28 Chicco et al. (2019b) 49 2.5 
Maiolica Fm 2.27 Chicco et al. (2019b) 49 2.4  

a based on Eq. (2). 
b from Andújar-Márquez et al. (2016). 

Table 2 
Closed-loop BHEs (double-U) systems and heat-exchange constant parameters 
used in the Geothermal POTential (G.POT) algorithm.  

Parameter Symbol Value Unit 

Threshold fluid temperature (heating mode) Tlim − 2 ◦C 
Threshold fluid temperature (cooling mode) Tlim 35 ◦C 
Borehole depth L 100 m 
Borehole radius rb 0.075 m 
Simulated lifetime ts 50 years 
Borehole thermal resistance Rb 0.1 mK W− 1  

Qbhe =
α⋅(T0 − Tlim)⋅λ⋅L⋅t′c

− 0.619⋅t′c⋅log(u′s) + (0.532⋅t′c − 0.962)⋅log(u′c) − 0.455⋅t′c − 1.619 + 4π⋅ ⋅Rb
(3)   
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were assigned to each layer according to the literature (Morris and 
Johnson, 1967; Clauser, 2011; Di Sipio et al., 2013; Dalla Santa et al., 
2020) (Table 3). 

3.6.2. Building heating and cooling requests 
The power output of each BHE array was defined by simulating the 

power loads required to meet the needs of a building consisting of three 
BHEs coupled with a heat pump of 12 kW, which could be considered as 
an average thermal power demand for a domestic house of 100 m2 in the 
study area (Gemelli et al., 2011). Despite the possible slightly different 
thermal needs of the investigated area, the power demand was main
tained constant in all the numerical models. This choice was driven by 
the fact that i) many buildings need to be restored or reconstructed after 
the 2016 earthquakes and thus it is not possible to define the new 
thermal needs a priori and ii) to better emphasize the different charac
teristics of the ground and their influence on the geo-exchange potential. 
Therefore, we considered a thermal request profile that is typical of a 
standard residential building in this area, given that the seven munici
palities are not so distant from each other (maximum ~45 km before 
Fiuminata and Macerata; Fig. 1) and located at the same latitude and 
similar altitudes; thus, they can be associated to the same climatic area. 

A file containing the average daily power (in kW) for a year based on 
seasonality was created. In this way, the equality of the total energy 
exchanged with the ground is maintained, also achieving higher stability 

Fig. 3. a) Mesh performed within the calculation domain using FEFLOW software. The domain is divided into a series of finite elements; the triangles produced are 
responsible for the variables calculation; b) example of a 3D layer configuration; the model was divided according to (1) important changes in hydraulic properties, 
(2) thermal properties, (3) the base of the BHEs, and (4) calculation conditions. 

Table 3 
Slice and layer division, simplified stratigraphy, and hydraulic conditions of the seven, 100 m-depth, closed-loop BHEs systems hypothesized for each municipality.  

Municipality Slices Layers Depth (m) Stratigraphy Permeability (m s− 1) Porosity (%) Hydraulic conditions 

Castelraimondo 26 25 0–7.1 
7.1–100 

Silt 
Marnoso-Arenacea Fm 

1 × 10− 8 

1 × 10− 9 
30 
40 

0–1.6 dry 
1.6–7.1 wet 
7.1–100 dry 

Pollenza 29 28 0–0.8 
0.8–3.0 
3.0–12 
12–100 

Gravel 
Sand 
Silt 
Colombacci Fm 

1 × 10− 3 

1 × 10− 7 

1 × 10− 8 

1 × 10− 10 

35 
40 
30 
15 

0–4.7 dry 
4.7–8 wet 
8–100 dry 

Macerata 30 29 0–4.0 
4.0–15 
15–100 

Silt 
Sand 
Argille Azzurre Fm 

1 × 10− 8 

1 × 10− 7 

1 × 10− 12 

30 
40 
45 

0–10 dry 
10–15 wet 
15–100 dry 

Pioraco 30 29 0–9.0 
9.0–100 

Silt 
Marnoso Arenacea Fm 

1 × 10− 8 

1 × 10− 9 
30 
40 

0–7.4 dry 
7.4–8.4 wet 
8.4–100 dry 

San Severino 23 22 0–2.5 
2.5–7.5 
7.5–100 

Silt 
Gravel 
Laga Fm 

1 × 10− 8 

1 × 10− 3 

1 × 10− 10 

30 
40 
25 

0–5.3 dry 
5.3–7.5 wet 
7.5–100 dry 

Gagliole 24 23 0–5.7 
5.7–100 

Silt 
Schlier Fm 

1 × 10− 8 

1 × 10− 11 
30 
42 

0–2.5 dry 
2.5–5.7 wet 
5.7–100 dry 

Fiuminata 25 24 0–2.3 
2.3–5.0 
5.0–100 

Silt 
Clay 
Marne a Fucoidi Fm 

1 × 10− 8 

1 × 10− 11 

1 × 10− 10 

30 
45 
20 

0–0.9 dry 
0.9–2.3 wet 
2.3–100 dry  

Fig. 4. Time series of the daily variation of the power load exchanged with the 
ground by the closed-loop BHEs systems. A monthly subdivision is reported for 
clarity. Positive and negative values refer to cooling and heating modes, 
respectively. 
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of the numerical calculation since the objective is the analysis of the 
induced thermal alteration and the assessment of the BHE sustainability 
in the long term under quasi-stationary conditions (Halaj et al., 2020; 
Ramos-Escudero et al., 2021). On the other hand, the description of 
operations during peak power is lost, which in any case should have a 
low influence, considering the long-time scale. The time series for both 
the heating and cooling air conditioning system of a building were 
calculated considering a 12-kW heat pump modulating the power during 
the year (Fig. 4). The different power loads during the year were selected 
according to Lisoet al. (2011) and Bee et al. (2019). The three vertical 
BHEs were placed at the indicated locations (i.e., with a triangular ge
ometry and 8 m afar from each other) and connected in three BHE ar
rays, to which an operating fluid flow rate of a total of 0.8 L s− 1 was 
assigned for the closed-loop BHEs system. The flow rate was kept con
stant throughout the simulation, and the same heating and cooling de
mand was applied to all the simulated closed-loop BHE systems. 

3.6.3. Boundary and initial conditions and outcomes of the numerical 
models 

Flow and heat transport features were entered into the models as 
boundary and initial conditions. In the flow-related boundary condition, 
a first type (Dirichlet) condition was assigned to each model, while the 
hydraulic load was assigned to the edges of the reference slices. The 
second boundary condition was the “hydraulic head” condition in the 
“process variable” in which an intermediate value was assigned based on 
the available geognostic drilling data. In all models, the water table is 
confined to the first 15 m depth, with an average thickness of ~3 m 
(Table 3). Regarding heat transport, a first type condition was assigned, 
with the “temperature boundary conditions” tool in heat transport. The 
only geometric limit of the model is the inlet of the groundwater flow, 
which helps define the water inlet temperature. Finally, the initial 
temperature conditions were defined along the entire vertical line of the 
ground, assigning a temperature like that of the surface air temperature 
to the first 5 m (Fig. 3). In the subsequent 115 m of the numerical 
models, the temperature gradually increased by 2–2.5 ◦C, considering an 
average geothermal gradient (Della Vedova et al., 2001; Pauselli et al., 
2019; Santini et al., 2021). The latter was assigned at the base of the 
model, according to Pauselli et al. (2019), through the second type 
condition (Neumann) in “heat transport” (0.06 W m− 2). It is worth to 
note that in some cases, a non-linear temperature gradient with 
decreasing temperatures in the first 40–50 m of depth likely due to cold 
groundwater flow was recognized (e.g. Verdoya et al., 2018). However, 
in the present work we choose to consider a slight increase of the ground 
temperature with depth because available thermal response test and 
temperature measurements carried out in similar geological contexts (e. 
g., Galgaro et al., 2021; Dalla Santa et al., 2022) and in the Marche 
Region (Menichetti and Renzulli, 2009; Menichetti et al., 2009; Blasi 
and Menichetti, 2012; Piscaglia et al., 2016; Galgaro et al., 2021) 
recorded undisturbed temperatures of the first 100–150 m of the ground 
similar to the local atmospheric one or higher. 

Finally, “double U-shaped” pipes were chosen via the fourth type 
condition, with the BHEs key (Table 4). The quasi-stationary method 
(Eskilson and Claesson, 1988), which assumes the local thermal equi
librium between all the elements of BHEs during the simulation time, 
was applied (Halaj et al., 2020). 

The numerical modelling gave each municipality’s average ground 
temperature and BHE inlet/outlet temperatures. The first one represents 
the average temperature (◦C) of the subsurface subject to heat exchange 
over time (20 years), considering the entire investigated column, while 
the second represents the temperature (◦C) of the inlet and outlet 
operating fluid over the same period. 

The graphs obtained from each simulation have been compared, 
considering the maximum and minimum temperatures reached by the 
heat transfer fluid, and were used to identify the most favourable loca
tions for a better performance of the system in terms of energy efficiency 
and reduction of electrical energy used for the heat pump to reach the air 
conditioning temperatures. 

4. Results and discussion 

4.1. Thermal conductivity (λ) and volumetric heat capacity (SVC) of the 
ground 

These thermophysical properties were defined in detail for each 
lithostratigraphic unit identified by the geognostic drillings and aver
aged over the first 100 m of the ground and reported in Fig. 5a (λ) and b 
(SVC) maps. 

The λ values of the ground averaged over 100 m of depth vary be
tween 1.65 and 2.25 W m− 1 K− 1. The thermal conductivity map (Fig. 5a) 
shows how the value increases moving inland from the coast (from East 
to West). The easternmost municipalities (Macerata and Pollenza) are 
those with relatively low values (<1.80 W m− 1 K− 1) due to the high 
thicknesses (up to 15 m) of unconsolidated deposits (Table 3) and the 
relatively low thermal conductivity value of the bedrock, generally 
represented by the Argille Azzurre (1.91 W m− 1 K− 1) and Colombacci 
Fms (1.96 W m− 1 K− 1) (Fig. 1b, Table 1). Similarly, in the Pioraco area, 
the unconsolidated deposits reach about 9 m of thickness, and the 
thermal conductivity is, on average, about 1.94 W m− 1 K− 1. In the area 
between San Severino and Castelraimondo (Fig. 5a), the thermal con
ductivity increases up to 2.14 W m− 1 K− 1, being mainly influenced by 
the rock type, generally represented by Schlier, Marnoso-Arenacea and 
Laga Fms (Table 1). In fact, towards the west, the thickness of the al
luvial deposits thins out and tends to slightly influence the value of λ in 
the first 100 m depth. The highest thermal conductivity values are 
recorded near the municipality of Fiuminata (>2.14 W m− 1 K− 1) 
(Fig. 5a) due to the presence of the Marne a Fucoidi Fm characterized by 
higher thermal conductivity (2.28 W m− 1 K− 1) (Table 1). 

The volumetric heat capacity (SVC) map (Fig. 5b) shows how a 
gradual increase from the municipality of Macerata to the East (2.25 MJ 
m− 3 K− 1) toward the municipality of San Severino in the centre of the 
study area (2.38 MJ m− 3 K− 1) passing through the municipality of 
Pollenza which show an average value almost intermediate between the 
two (2.26 MJ m− 3 K− 1). The easternmost areas have the lowest SVC 
values due to deeper saturation levels and a more significant component 
of gravelly/sandy sediments, which weigh more in calculating the 
average SVC of the first 100 m of depth. The highest SVC values are 
found, instead, near Castelraimondo and Gagliole (>2.50 MJ m− 3 K− 1; 
Fig. 5b) due to the presence of the Marnoso-Arenacea Fm, which is 
characterized by the highest SVC values among the substrate lithotypes 
occurring in the study area (Table 1). In the WSW part of the study area, 
the municipalities of Pioraco and Fiuminata (Fig. 5b) are characterized 
by intermediate values (between 2.38 and 2.50 MJ m− 3 K− 1) due to the 
low thicknesses of the unconsolidated deposits and the presence of 
formations with intermediate (2.4 and 2.5 MJ m− 3 K− 1) volumetric heat 
capacity values (i.e., Sc. Bianca-Rossa-Variegata and Marne a Fucoidi 
Fms; Table 1). 

4.2. Specific heat extraction (SHE) and geothermal potential estimation 

Using Eq. (2), it was possible to associate each lithotype in the study 
area with a SHE value (Table 1). The SHE map directly correlates to the λ 

Table 4 
Closed-loop BHEs (double-U) systems settings used in the numerical modelling.  

Parameter Value 

Borehole diameter 0.15 m 
Intel pipe diameter 0.032 m 
Refrigerant volumetric heat capacity 4 MJ m− 1 s− 1 K− 1 

Refrigerant thermal conductivity 0.48 J m− 1 s− 1 K− 1 

Computation method Eskilson and Claesson (1988) 
Net power load Max 12 kW 
Operating fluid flow rate 0.8 l s− 1  
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spatial distribution because of the close relationship between the two 
physical properties. The minimum and maximum values calculated on 
the stratigraphic verticals of 100 m of depth are 3.83 and 4.86 kW. 
Macerata municipality shows the lowest SHE values, generally lower 
than 4.1 kW (Fig. 6a), due to the large presence of the Argille Azzurre Fm 

(42 W m− 1; Table 1). Moving from Macerata towards WSW, the values 
gradually increase to reach values >4.58 kW in the Gagliole and Cas
telraimondo area (Fig. 6a). The highest values (4.35–4.86 kW) were 
calculated at the Fiuminata municipality (Fig. 6a) derived by the pres
ence of the marly-limestone lithologies associated with the Marne a 

Fig. 5. Maps of the estimated a) thermal conductivity and b) volumetric heat capacity of the ground. Both are averaged over 100 m of depth from the surface.  
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Fig. 6. Maps of the a) Specific Heat Extraction estimated for 100 m of depth BHEs, and b, c) estimated shallow geothermal potential of the study area by means of the 
G.POT algorithm for heating (HM) and cooling (CM) modes of operation of the closed-loop BHEs systems, respectively. 
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Fucoidi Fm (49 W m− 1; Table 1). 
The shallow geothermal potential maps for heating (Fig. 6b) and 

cooling (Fig. 6c) were obtained using the G.POT algorithm (Casasso and 
Sethi, 2016). Four zones with high potential in both heating and cooling 
modes, corresponding to Gagliole, Castelraimondo, San Severino, and 
Fiuminata areas, were defined from the maps. In these zones, the values 
are generally >9.20 MWh y− 1 (with a maximum of 10.12 MWh y− 1) and 
>13.00 MWh y− 1 (with a maximum of 14.80 MWh y− 1) in heating and 
cooling modes, respectively. These values are recorded in those areas 
where the high thermal conductive lithologies of the Marne a Fucoidi, 
Scaglia Bianca-Rossa-Variegata, and Marnoso-Arenacea Fms (Table 1) 
outcrop or approach the surface (Fig. 1b). Despite the generally higher 
undisturbed temperature of the ground (Fig. 2), the lowest values (i.e., 
mean values <9 MW y− 1 and <12.20 MWh y− 1 in heating and cooling 

modes, respectively) are recorded in the Macerata and Pollenza areas. In 
fact, the higher thickness of the alluvial unconsolidated deposit in these 
sectors and the presence of the Argille Azzurre and Colombacci Fms, 
with their relatively low thermal conductivity values (Table 1), decrease 
the geothermal potential. The shallow geothermal potential of the 
Pioraco area is slight above 8.91 and 13.27 MWh y− 1 in heating and 
cooling modes, respectively, and is influenced by geological formations 
with relatively low thermal conductivity properties (i.e., the Bisciaro 
Fm: 1.32 W m− 1 K− 1; Table 1) although associated with the lower 
thickness of unsaturated sedimentary material compared to the east
ernmost area (Table S1). The values in the central sector of the study 
area are mostly comprised between 9.30 and 9.70 MWh y− 1 and 13.20 
and 13.70 MWh y− 1 in heating and cooling modes, respectively, due to a 
relatively homogenous undisturbed soil temperature (11.4–13.6 ◦C) 

Fig. 7. a) Ground average temperature variations produced by the operation of the closed-loop BHEs systems during heating and cooling modes in the 20 years’ time 
span interval; b) detailed seasonal variations of the ground average temperature in each simulated closed-loop BHEs system of the seven municipalities of the Potenza 
River valley. 

M. Di Pierdomenico et al.                                                                                                                                                                                                                     



Geothermics 119 (2024) 102954

11

(Fig. 2) and high average thermal conductivity values of the outcropping 
geological formations. Some differences can be highlighted when 
Fig. 6a, b and c are compared. These are mainly found in the San 
Severino and Castelraimondo areas, where high values of the G.POT are 
found (Fig. 6b,c) despite SHE values not being exceptionally high 
(Fig. 6a). Other apparent inconsistencies are found near Pioraco, where 
medium-high SHE values are reached, but a relatively low shallow 
geothermal potential for heating mode is estimated. In both cases, an 
important role is played by the undisturbed ground temperature that, 
with similar geological and thermal conditions, significantly influences 

the sustainability of the BHE systems and the geothermal potential. 
Finally, the computed geo-exchange potential of the study area can 

be considered as a promising medium-high one when compared to other 
Italian areas where the G.POT method has been applied for heating (e.g., 
Casasso et al., 2017, 2018; Casasso and Sethi, 2017; Taussi et al., 2021; 
Vespasiano et al., 2023) and cooling (Vespasiano et al., 2023) purposes, 
as well as other Mediterranean areas (e.g., Ramos-Escudero et al., 2021). 

Fig. 8. Detailed diagrams of inlet (red line) and outlet (blue line) temperatures of the heat carrier fluid inside the closed-loop BHEs systems for each of the seven 
municipalities of the Potenza River valley. 
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4.3. Numerical models 

The diagrams of average temperatures reported in Fig. 7 indicate the 
thermal plume produced by the closed-loop vertical BHEs heating and 
cooling system operation. The temperature was averaged between the 
three BHEs, with an imposed static piezometric setting and no ground
water flow. Apart from the seasonal variations due to winter-summer 
heat exchange inversions (Fig. 7a), the subsurface seems to reach, in 
the 20 years’ time interval, a thermal equilibrium in all the simulated 
points (Fig. 7b), with minimal deviations from the undisturbed tem
perature only in the first few years of heating and cooling operations. 

Considering the thermal plume, the low permeability of the lith
otypes allows heat to be exchanged almost exclusively by conduction, 
producing a limited plume mainly confined to the BHEs’ surroundings. 
The maximum ground temperatures reached in cooling mode are not 
very high, varying from 17.1 ◦C (Castelraimondo, Fiuminata, and San 
Severino) to 16.5 ◦C (Macerata), as well as the minimum ground tem
peratures in heating mode do not drop below 14.4 ◦C (Macerata and 
Pollenza) and 14.0 ◦C (Fiuminata and Gagliole). This shows a greater 
heat exchange between the BHEs and the ground in the Castelraimondo, 
Fiuminata, and San Severino municipalities than in the Macerata and 
Pollenza ones. Gagliole and Pioraco show an intermediate trend, with a 
ground average maximum temperature of 16.9 ◦C and 17.0 ◦C in cooling 
mode, respectively, and 14.2 ◦C in heating mode. Overall, the seasonal 
periodicity during the years shows a correct balance of heat exchange 
between BHEs/ground and heating and cooling modes. Neither a 
marked increase nor a decrease in temperature seems to be highlighted 
during the 20-year time interval. Therefore, the thermal plume pro
duced seems to be balanced in all the seven municipalities of the study 
area and does not lead to any long-term temperature increase - or 
decrease - drift of the ground. 

The diagrams of BHE inlet and outlet temperatures confirm the 
considerations made above. The municipalities of Fiuminata and Cas
telraimondo have the highest inlet temperatures of the heat carrier fluid 
flowing in the BHEs. The inlet fluid temperatures reach 25 ◦C in cooling 
and 6 ◦C in heating modes, respectively. Slightly different temperatures 
are recorded in Gagliole (24.8 ◦C–6.4 ◦C), while for the municipalities of 
Pioraco and San Severino, the temperatures reached are up to 24.3 ◦C 
and 24.0 ◦C in cooling and down to 6.8 ◦C and 7.0 ◦C in heating mode, 
respectively. The two municipalities that show a slightly lower attitude 
to heat exchange with a closed-loop BHEs system are Pollenza and 
Macerata, displaying 23.5 ◦C and 23.0 ◦C in cooling and 7.5 ◦C and 8.0 
◦C in heating modes, respectively. Thus, those areas showing higher 
differences of temperature extracted from the ground suggest more 
favourable conditions for BHE closed-loop systems performances 
regarding energy efficiency and reduction of the electrical energy to be 
used since the heat pump will need less power absorbed to reach the air 
conditioning temperatures. 

The numerical model results agree with the estimated shallow 
geothermal potential (Fig. 6b,c). The areas with the highest geo- 
exchange potential (Gagliole, Castelraimondo, and Fiuminata) are also 
the most suitable and functional for installing a closed-loop vertical BHE 
plant. In these areas, the numerical models suggest a limited ground 
temperature variation (Fig. 7), reaching about 17.1 ◦C and 14.0 ◦C in 
cooling and heating mode, respectively, as well as a narrow range of 
temperature variations of the thermovector fluid (Fig. 8) between the 
incoming and outgoing fluid (3.5–3.8 and 3.7–4.2 ◦C in cooling and 
heating mode, respectively). The areas showing the lowest geothermal 
potential are Macerata and Pollenza for both air-conditioning modes 
(Fig. 6b,c). The numerical models thus match the prediction of the G. 
POT maps. Indeed, the average ground temperature graphs (Fig. 7) show 
that the reached temperatures are 16.5 and 14.4 ◦C in cooling and 
heating mode, respectively, thus suggesting a negligible long-term 
variation (drift). Even the measured temperature of the heat carrier 
fluid (Fig. 8) within the vertical BHEs shows how the ΔT of the inlet and 
outlet temperature is limited to 2.8 ◦C in both modes. The numerical 

simulations of the areas with intermediate shallow geothermal potential 
(Pioraco and San Severino; Fig. 6b,c) also show an intermediate trend. 
The average temperature (Fig. 7) shows that the virtual closed-loop 
BHEs systems installed in these areas would produce a ground temper
ature drift of up to 16.9 ◦C and 14.4 ◦C and 16.9 ◦C and 14.1 ◦C in 
cooling and heating mode at San Severino and Pioraco, respectively. The 
temperature graphs of the thermovector fluid (Fig. 8) also show inter
mediate values suggesting a ΔT of the inlet and outlet temperature of 3.7 
◦C at San Severino and 3.3 ◦C at Pioraco in heating mode, and 3.2 ◦C at 
San Severino and 3.5 ◦C at Pioraco in cooling mode. 

5. Concluding remarks 

The present research shows how publicly available geological- 
hydrogeological data of the ground, coupled with the thermophysical 
properties of the rocks, represent handy tools to estimate the shallow 
geothermal (geo-exchange) potential aimed at indoor air conditioning 
as a renewable. The geological formations of the Umbria-Marche suc
cession occurring along the Potenza River valley show variable values of 
thermal conductivity driving the medium-high geothermal potential 
obtained with the G.POT algorithm, with values up to 10.1 MWh y− 1 and 
14.8 MWh y− 1 for the heating and cooling mode operations respectively. 
Numerical models were also developed based on the average charac
teristics of the ground to test the sustainability of the geo-exchange 
throughout the seven municipalities of the study area. Three- 
dimensional numerical finite element models (FEFLOW software) were 
used to constrain the temperature dynamics of the ground and the en
ergy efficiency of the heating and cooling systems, operated by a stan
dard array of three closed-loop BHEs of 100 m of depth, coupled with a 
12-kW heat pump. The prediction of the ground average temperatures 
during a long-term (20 years) operation of the standard BHEs virtual 
plants in a balanced mode of operation, i.e., indoor seasonal heating and 
cooling cycles, highlighted negligible drift compared to the pristine 
undisturbed ground temperature. The numerical models also closely 
match the results of the thematic maps of the geo-exchange potential 
obtained by the G.POT algorithm. This result is of paramount impor
tance in terms of correct, renewable-based, and sustainable territorial 
planning in those areas interested in building restoration and recon
struction, as in the case of the post-2016 earthquake of Central Italy that 
hit the study area and the whole southern Marche Region. Besides not 
impacting the air with greenhouse gas emissions, the closed-loop BHE 
systems can be also considered a renewable with a long-term sustain
ability of the ground heat exchange. Finally, null visual impacts of the 
closed-loop BHE system coupled with geothermal heat pumps should 
develop awareness among society, designers, technicians, and policy- 
makers to consider the geo-exchange a first-order choice in indoor air 
conditioning. 
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