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Abstract: In this work we assessed the shallow geothermal heat-exchange potential of a fluvial
plain of the Central Apennines, the lower Metauro Valley, where about 90,000 people live. Publicly
available geognostic drilling data from the Italian Seismic Microzonation studies have been exploited
together with hydrogeological and thermophysical properties of the main geological formations
of the area. These data have been averaged over the firsts 100 m of subsoil to define the thermal
conductivity, the specific heat extraction rates of the ground and to establish the geothermal potential
of the area (expressed in MWh y−1). The investigation revealed that the heat-exchange potential is
mainly controlled by the bedrock lithotypes and the saturated conditions of the sedimentary infill.
A general increase in thermal conductivity, specific heat extraction and geothermal potential have
been mapped moving from the coast, where higher sedimentary infill thicknesses have been found,
towards the inland where the carbonate bedrock approaches the surface. The geothermal potential of
the investigated lower Metauro Valley is mostly between ~9.0 and ~10 MWh y−1 and the average
depth to be drilled to supply a standard domestic power demand of 4.0 kW is ~96 m (ranging from
82 to 125 m all over the valley). This investigation emphasizes that the Seismic Microzonation studies
represent a huge database to be exploited for the best assessment of the shallow geothermal potential
throughout the Italian regions, which can be addressed by the implementation of heating and cooling
through vertical closed-loop borehole heat exchanger systems coupled with geothermal heat pumps.

Keywords: borehole heat exchangers; geothermal potential; shallow geothermal energy; heat-
exchange; thermal conductivity; specific heat extraction; Metauro Valley

1. Introduction

The use of shallow geothermal energy represents virtuous, almost carbon-free, re-
newable energy able to satisfy the energy demand for domestic heating and cooling [1–3].
Shallow geothermal energy has experienced an increase of 52% over the last five years
(from 2015 to 2020) at a rate of 8.73% annually [4]. A Ground Source Heat Exchanger
(GSHE) equipped with a geothermal heat pump is a common type of air conditioning
system that has a limited environmental impact—e.g., [4–7]. GSHE can be associated with a
(i) vertical closed-loop system (borehole heat exchanger, BHE), or an (ii) open-loop system
(groundwater heat exchanger, GWHE). Differently from the GWHE whose installation
is strictly related to the hydrogeological framework of the area [3,8], the BHE can be de-
veloped virtually anywhere [9,10], although a careful monitoring is needed to balance
the exploitation of the heat reservoir during winter and summer seasons to ensure the
longevity of the system and avoid long-term depletion of the ground thermal reservoir [11].
Despite this versatility, the installation of BHE requires a detailed knowledge of the geo-
logical, hydrogeological and thermophysical properties of the ground for its exploitation.
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All these features are necessary to describe the geothermal (or heat-exchange) potential
of an area, defined as the thermal power that can be exchanged with the ground through
a GSHE with a certain setup [12,13]. For this purpose, the geothermal potential, which is
the indicator of the efficiency and suitability for the implementation of a BHE, has been
mapped in a great variety of environments and areal scales, with many different techniques,
combining climatic, geological, hydrogeological and thermophysical information, usually
in GIS environment—e.g., [1–3,9,12–18].

The aim of this work is to define and map the variability and areal distribution of
the ground heat-exchange potential throughout the lower Metauro sedimentary Valley
(Marche Region, Italy), which represents a suitable example of a Central Apennines fluvial
plain of the Adriatic Italian side. To achieve this scope, detailed geological, hydrogeological
and thermophysical investigations of the stratigraphic sequence have been carried out
using only publicly available data from different sources with the purpose of (i) defining
the specific heat extraction rate, (ii) defining the depth to be drilled to reach a standard
power demand of 4.0 kW and (iii) applying the Geothermal POTential (G.POT) algorithm
developed by Casasso and Sethi [1] throughout the study area. Among the used databases,
the main available catalog is that of the Seismic Microzonation project of the Italian ter-
ritory [19]. The data pertaining to the whole Marche Region, and therefore to the study
area, have been made available (open access) by the Marche Region Civil Protection [20].
Moreover, this huge database of geognostic and seismic surveys is available for a wide
part of the Italian territory [19], as the Seismic Microzonation studies validated about
1800 Italian municipalities with an additional ~2000 being already funded [21], and thus
could also be exploited to define the geothermal potential in most of the Italian territory.
The approach used in the present work could be developed to map the shallow geothermal
potential of all those municipalities where the Seismic Microzonation studies have been
carried out, leading the professionals working in this sector to plan future BHE small plants
at the local scale and to drive new investments in this environment friendly heating and
cooling system, reducing the CO2 emission budget.

2. Study Area and Geological Background

The lower Metauro sedimentary valley is located in the Marche region foothill zone.
This area (~120 km2) is between the cities of Fano and Fossombrone (Figure 1), with
7 municipalities where about 90,000 people live [22]. The investigated area is part of the
Umbria-Marche Succession geological sector, located on the Adriatic side of the northern
Apennines, a NE-verging fold-thrust belt (Figure 1a) which was developed as a result of
convergence, and has been active since the Late Oligocene–Early Miocene [23], between
the continental Corsica–Sardinia European margins to the West, and the Adria block of
African origin to the East—e.g., [24,25]. This sector of the Apennine chain is characterized
by thrust anticlines involving a Mesozoic–Tertiary sedimentary succession [26], mainly
consisting of pelagic carbonates of the Umbria-Marche domain, deposited since the Late
Triassic in the subsiding northern sector of the Adriatic Promontory [27]. This side of
the Apennine chain is characterised by an estimated surface conductive heat flux ranging
between 30 and 50 mW m−2 [28–30] (Figure 1b). However, it has been suggested that
a much higher advective heat flux is transported from depth by CO2 rich fluids, which
enter the carbonate aquifers of the inner part of the mountain chain and mix with meteoric
waters, producing an amount of geothermal heat transported by the central Apennine cold
groundwaters up to 2.1 × 103 MW [31].

In the study area, the Umbria-Marche carbonate succession is usually buried be-
neath hemipelagic, turbiditic and evaporitic sediments deposited from the Miocene to
the Pleistocene—e.g., [32,33] (Figure 1a,c)—and only extensive outcrops in the Fossom-
brone surrounding areas (Figure 1a). The geological formations characterizing the lower
Metauro Valley are mainly between the Maiolica Fm. (Early Tithonian p.p.–Early Aptian)
and the Argille Azzurre Fm. (Pliocene–Pleistocene p.p.). These formations are com-
posed of different lithologies [34]: (i) well-bedded limestones, marly limestones and marl-
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stones (Cretaceous–Early Miocene units—i.e., Maiolica, Marne a Fucoidi, Scaglia Bianca,
Scaglia Rossa, Scaglia Variegata, Scaglia Cinerea, Bisciaro and Schlier Fms.; Figure 1),
(ii) sandstones and siltstones with interbedded marlstones (Miocene units—i.e., Marnoso-
Arenacea Fm.), (iii) evaporites, clays and silty clays interbedded with sandstones (Late
Miocene–Pliocene units—i.e., Tripoli, Gessoso-Solfifera, San Donato, Colombacci and
Argille Azzurre Fms.). The fluvial Metauro Valley is orthogonal to the Adriatic coastline
and transversely crosscuts the main NE-verging structures (Figure 1a). The Quaternary
deposits filling the valley host a phreatic aquifer system and mainly consist of gravel, grav-
elly sand, and gravelly clay with intercalated, locally prevailing, sand, clay and sandy–silty
clay [35,36]. Along the Adriatic shoreline, the sandy component became dominant due to
the costal deposits. In correspondence with the Metauro river mouth, a well-developed and
preserved coastal conoid was detected [37,38], extending several kilometres from the coast,
with an estimated thickness up to ~400 m in the “Pesaro Mare 001” deep well (Figure 1c).
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Italy (VIDEPI) project [39]. 

Figure 1. (a) Simplified geological map of the lower Metauro Valley and surrounding areas with
the main cities (modified after Conti et al. [34]); (b) surface heat flow map of central-eastern Italy
with 10 mW m−2 isolines; black squares indicate the wells, white circles the cities and the blue
ellipse the study area (modified after Pauselli et al. [29]); (c) schematic stratigraphic sequence and
lithologies obtained from four deep boreholes of the Visibility of Petroleum Exploration data in Italy
(VIDEPI) project [39].

3. Materials and Methods

The adopted methodological approach consisted of the searching of publicly available
data related to the main climate, geological and thermophysical features of the lower
Metauro sedimentary fluvial plain. As the first 100 m underground is usually affected
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by thermal exchanges using vertical closed-loop BHEs—e.g., [1,17,18]—we selected this
thickness to elaborate the geothermal thematic maps. All the data have been collected and
organized at a local scale, corresponding to the investigated area extension. The methodol-
ogy was based on three steps indicated by Viesi et al. [18]: (i) data collection, (ii) production
of thematic maps and (iii) evaluation and mapping of the geothermal potential. The latter
was estimated through the G.POT algorithm defined by Casasso and Sethi [1], which is
essentially based on the thermal properties of the ground and of the borehole, and the
operational and design parameters of the low-enthalpy geothermal plant. The thematic
maps were constructed considering the following properties: (i) climate conditions (air
temperature); (ii) subsoil stratigraphy; iii) hydrogeological setting of the area (i.e., the mean
saturation level and the saturated thickness); (iv) thermophysical properties of the under-
ground (thermal conductivity, volumetric heat capacity, specific heat extraction). In order
to achieve these results, every single drilling was partitioned in lithostratigraphic horizons
to which thermal conductivity (λ), volumetric heat capacity (SVC), specific heat extraction
(SHE) and hydrogeological condition (i.e., saturated, or unsaturated) were assigned. Then,
in a second step, evaluation of the drilling average values for the first 100 m from the
ground level was carried out. All the maps are georeferenced in the WGS 84-UTM33N
coordinates system and have been obtained in GIS applying a geostatistical interpolation
(Ordinary Kriging method). The coordinates and the main parameters of each investigated
point used in this work, along with the semivariograms produced for the geostatistical
interpolation to obtain the thematic maps, are reported in the Supplementary Materials.

3.1. Climate Data

Climate data, consisting of the mean monthly air temperature, have been taken from
the hydrological annals of the Marche region, made available by the Civil Protection [40].
Five meteorological stations (named Acqualagna, Fossombrone, Piagge, Lucrezia, Metau-
rilia di Fano) of the Pesaro-Urbino province were selected, which are located inside, or
near, the studied territory (Figure 2a,b). Data were analyzed over a period between 2009
and 2019.

3.2. Lithostratigraphic Data

Seismic Microzonation studies, made available by the Civil Protection of the Marche
region [20], and the “ViDEPI—Visibility of Petroleum Exploration data in Italy” project
data [39], made accessible by Italian Institute for Environmental Protection and Research
(ISPRA), together with new field observations and the geological map of Conti et al. [34]
were used to reconstruct the geology, the stratigraphy, and the bedrock geometry of the
studied area. A total amount of 279 boreholes and 71 outcrops were selected and elaborated.
The boreholes data are part of a much larger database, which also contain, for example,
seismic (e.g., single station microtremor) and penetration tests (e.g., Cone Penetration
Test; Standard Penetration Test), but to avoid misinterpretations of these data, we decided
to select only geognostic drillings that directly reached the bedrock. As the majority of
the boreholes are shorter than 100 m, each stratigraphy was virtually extended up to
this depth, considering homogenous lithostratigraphic features of the effectively crossed
bedrock. Regarding the stratigraphic information, the classification of soils used for the
Seismic Microzonation studies and defined by the Technical Commission for Seismic
Microzonation [41], follows the modified “Unified Soil Classification System” [42] and
is based on the dominant lithology: gravels, sands, silts and clays, while the geological
bedrock is classified based on lithology, stratification and degree of fracturing. The 16 types
of soil proposed by the [41] have been grouped into three categories based on the dominant
granulometry (gravel, sand, clay/silt), while the type of bedrock was assigned using the
geological map (Figure 1).
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3.3. Hydrogeological Data

The hydrogeological characters of the aquifers represent a fundamental feature to be
considered for the evaluation of the heat-exchange potential of the underground areas—
e.g., [17,18,43]. Unfortunately, no recent and complete data have been published on the
whole lower Metauro Valley phreatic aquifer, to the best of our knowledge. A pioneering
work is that of Nanni [35], which referred to piezometric surveys conducted in 1979;
scattered data are present, but they only regard some sectors of the investigated area (i.e.,
Fano municipality, and the area between Fano and Calcinelli; Figure 1 [36,44]). The only
publicly, relatively recent, available work on the hydrogeological setting of the area is that
derived from the Marche Region Water Protection Plan (PTA) [45]. The PTA is available
at a large scale (1:100,000), thus, it cannot permit a highly detailed reconstruction of the
hydrogeological conditions. Nevertheless, taking this into account, we used the PTA to
define the saturation depth and the saturated thickness of the aquifer throughout the
investigated area of the Metauro river plain. Due to the low detail of this reference, we
avoided further estimating other hydrogeological parameters (e.g., hydraulic conductivity
and gradient), thus following a more conservative approach. It is worth mentioning
that, despite the low resolution, the PTA reconstruction agrees well with the work of Di
Girolamo [36], with saturation depths in the range of ±2 m, which is the normal interval of
seasonal variation recognized in the lower Metauro Valley [35,36].

3.4. Thermophysical Properties of the Underground

The considered thermophysical properties (λ, SVC, SHE) have been taken from differ-
ent sources. Recent values of λ (expressed in W m−1 K−1) of the rocks belonging to the main
geological formations of the Umbria-Marche stratigraphic succession have been published
by Chicco et al. [46]. Other values of these rocks were found in the works of Blasi [47],
Blasi and Menichetti [48] and Verdoya et al. [49]. Thermal conductivity values related
to the infill sediments, comparable to the Quaternary deposits found along the Metauro
Valley, were extracted from the VDI 4640 [50] and from Di Sipio et al. [51]. Particular
attention was given to the distinction between the dry or water-saturated conditions of the
unconsolidated deposits (i.e., Quaternary deposits), and the bedrock, with the differences
between the thermal parameters being significant (Table 1). All the SVC values (expressed
in MJ m−3 K−1) were obtained from Andújar Márquez et al. [52], while the detailed SHE
rates (expressed in W m−1) of each lithotype in this study were obtained according to the
relationship found by Viesi et al. [18] between the specific heat extraction rates proposed
by the VDI 4640 [50] and the λ of the investigated geological materials (see Viesi et al. [18]
for further details). The SHE values are based on 2400 operating hours, as suggested by
Gemelli et al. [2] for the Marche region. These values were also used to define the depth to
be drilled to supply a fixed energy demand for domestic heating. To calculate the unitary
consumption demand (U), the equation proposed by Gemelli et al. [2] was used:

U (kWh m−2 y−1) = DD × 0.0411 + 4.677 (1)

The consumption U was then multiplied by the area of a standard house of 100 m2 and
divided by the average operating hours of the installation during the year, in order to
obtain the power demand in kW [2]:

PBHE (kW) = U (kWh m−2 y−1) × 100 (m2)/2400 (h) (2)

The reported values of λ, SHE and SVC for the different type of unconsolidated sediments
(considering the saturated or unsaturated conditions) and lithotypes are summarized in
Table 1 and, as previously stated, do not consider the convection contribution to the heat
transfer that can be derived from the groundwater flow [43,51].
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Table 1. Thermophysical properties for unconsolidated sediments and rocks of the investigated area.

Thermal Conductivity λ (W m−1 K−1)
Specific Heat

Extraction 2400
h (W m−1) *

Volumetric Heat
Capacity

(MJ m−3 K−1) §

Sediment Category Min
Value

Max
Value

Recommended
Value References

Gravel dry 0.40 0.90 0.40 [50] 24 1.6
Gravel water-saturated 1.60 2.50 1.80 [50] 41 2.4

Sand and gravel moisture dry 0.50 0.90 0.50 [51] 25 1.6
Sand and gravel moisture

Water-saturated 1.60 3.00 2.20 [51] 48 2.7

Sand dry 0.30 0.90 0.40 [50] 24 1.6
Sand water-saturated 2.00 3.00 2.40 [50] 52 2.9

Clay/silt dry 0.40 1.00 0.50 [50] 25 1.6
Clay/silt water-saturated 1.10 3.10 1.70 [50,51] 39 3.4

Lithotype

Argille Azzurre Fm. - - 1.91 [46] 42 2.4
Colombacci Fm. - - 1.96 [47] 43 2.4
San Donato Fm. - - 1.96 [47] 43 2.4

Gessoso Solfifera Fm. 1.15 2.80 1.60 [50] 37 1.2
Tripoli Fm. - - 1.96 [47] 43 2.4

Marnoso-Arenacea Fm. - - 2.10 [48] 46 2.6
Schlier Fm. 2.01 2.34 2.18 [46,49] 47 2.5
Bisciaro Fm. 1.30 1.35 1.32 [46,47] 33 2.4

Sc. Cinerea Fm. 2.10 2.11 2.10 [46] 46 2.5
Sc. Bianca-Rossa-Variegata Fms. 1.82 2.63 2.09 [46,47] 46 2.4

Marne a Fucoidi Fm. - - 2.28 [46] 49 2.5
Maiolica Fm. 2.00 2.67 2.27 [46,47] 49 2.4

* Based on the relationship proposed by Viesi et al. [18]—SHE (2400 h) = 3.34λ2 + 4.54λ + 21.63. § Values after Andujar Marquez et al. [52].

3.5. G.POT Empirical Method

The G.POT method developed by Casasso and Sethi [1] provides a general empirical
relationship for the calculation of the shallow geothermal potential. The latter is considered
as the mean thermal load that can be extracted or injected in the specific ground conditions
during a year, with no major modifications of the heat transfer fluid throughout the opera-
tional life of the BHE system [1]. The algorithm implies different variables related to [1]:
(i) ground thermal properties (i.e., λ, SVC, and undisturbed ground temperature); (ii) BHE
properties such as the depth, the radius of the hole and the thermal resistance; iii) system
properties (i.e., minimum temperature of the fluid during the heating modality, climate
conditions and the operational life). Among the ground thermal properties, undisturbed
ground temperatures were not available, except for some wells located in the Fano area
and thus are not representative of all the studied territory. Therefore, the empirical formula
provided by Signorelli and Kohl [53] was used to estimate the value of the ground temper-
ature (T0) at each investigated point. This formula was developed for the Swiss territory;
however, it showed a good reliability for those territories with altitudes lower than 1000 m
a.s.l. [53]. In the study area, the maximum elevation of the investigated points is ~250 m
a.s.l.; thus, T0 was calculated as follows:

T0 = 15.23 − 1.08 × 10−2·Z + 5.61 × 10−6·Z2 − 1.5 × 10−9·Z3 (3)

where Z is the elevation (m a.s.l.) of each borehole, obtained from the Digital Terrain Model
(DTM) of Tarquini et al. [54] at a 10 × 10 m resolution. The parameters related to the
BHE and the system properties used in the G.POT algorithms are summarized in Table 2,
following Casasso and Sethi’s [1] suggestions.



Energies 2021, 14, 768 7 of 18

Energies 2021, 14, x FOR PEER REVIEW 7 of 19 
 

 

the BHE and the system properties used in the G.POT algorithms are summarized in Table 
2, following Casasso and Sethi’s [1] suggestions. 

 
Figure 2. (a) Climate zones of Italy as defined by the Presidential Decree [55] (modified from [56]); (b) location of the five 
meteorological stations located in, or near, the study area; (c) mean temperatures of recorded by the five meteorological 
stations for the 2009–2019 period. 

Table 2. Closed-loop borehole heat exchanger (BHE) systems and heat-exchange parameters used 
in the Geothermal POTential (G.POT) algorithm. 

Parameter Value Unit 
Minimum fluid temperature −2 °C 
Borehole depth 100 m 
Borehole radius 0.075 m 
Borehole thermal resistance 0.1 mK W−1 
Simulated lifetime 50 years 

Figure 2. (a) Climate zones of Italy as defined by the Presidential Decree [55] (modified from [56]); (b) location of the five
meteorological stations located in, or near, the study area; (c) mean temperatures of recorded by the five meteorological
stations for the 2009–2019 period.

Table 2. Closed-loop borehole heat exchanger (BHE) systems and heat-exchange parameters used in
the Geothermal POTential (G.POT) algorithm.

Parameter Value Unit

Minimum fluid temperature −2 ◦C
Borehole depth 100 m
Borehole radius 0.075 m

Borehole thermal resistance 0.1 mK W−1

Simulated lifetime 50 years
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4. Results
4.1. Climate Parameters and Classification

Mean annual temperatures for the investigated area range between 14.0 and 15.1 ◦C,
with minimum and maximum average monthly values of 4.8 and 25.2 ◦C, respectively
(Figure 2c), outlining similar climate conditions for the whole study area. Based on the
air temperature, the climate classifications of all the Italian municipalities are specified
by the Presidential Decree n. 412 of 26 August 1993 [55]. Six classes (from A to F from
the warmest to the coolest [56]) are established, each defining the annual periods that the
heating systems can work for private home conditioning. This classification is based on
the degree day (DD) that corresponds to a daily positive difference between 20 ◦C (i.e., a
conventionally fixed temperature for an indoor environment) and the outdoor average
daily temperature. According to this classification, the municipalities pertaining to the
investigated area of the Metauro river plain show DD values ranging from 2130 up to
2285 (mean value of 2230; Figure 2c), which corresponds to Climate Zone E (Figure 2b,c).
Climate Zone E defines a heating season of 180 days, between the 15 of October and the 15
of April [55].

4.2. Bedrock Reconstruction

The bedrock of the investigated area is represented by different lithotypes pertain-
ing to the Umbria-Marche succession. This is at the base of the alluvial phreatic aquifer,
and therefore is mainly considered impermeable [35]. The bedrock geometry is complex,
showing buried valleys close to the present watercourse. It is noteworthy that, along the
NW side of the last 10–12 km plain of the present-day Metauro riverbed (from Lucrezia
to Fano; Figure 3), the bedrock shows a gradual deepening from about ~20 up to ~50 m
(Figure 3a,b), which is the maximum thickness of the sedimentary infill achieved ~800 m to
the NW of the present Metauro river mouth, outlining the topography of a paleo-riverbed
(Figure 3a) [37]. This increase in sedimentary infill materials is also in agreement with the
presence of an important coastal fan [37], which reaches an estimated maximum thickness
of ~400 m (Figure 1c) at ~3 km from the shoreline, as testified by the stratigraphic record of
the “Pesaro Mare 001” deep well (Figure 1a). Moving towards the inner parts of the studied
area, the alluvial deposits show lower thicknesses, ranging on average between <5 and
15 m (Figure 3). Values higher than 20 m are reached in some areas on the right bank of the
Metauro river, near Calcinelli and between Calcinelli and Fossombrone (Figure 3a), sug-
gesting possible ancient migrations of the watercourse as well. The minimum thicknesses
of the sedimentary infill are generally reached: (i) at the boarders of the valley, where the
bedrock approaches the surface and a hilly morphology is found, (ii) in the Fossombrone
surrounding areas, in correspondence to an important anticline structure (Figure 1) called
the Monti della Cesana anticline [25] which is crossed and deeply incised by the Metauro
river valley and (iii) in various sectors of the Metauro watercourse, where the bedrock
locally outcrops along the riverbed (Figure 3).
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4.3. Saturation Level Depth and Saturated Thickness

The saturation level depth, whose representation was obtained from the Marche Region
Water Protection Plan [45], is mapped in Figure 4. The map shows the existence of a superficial
saturation level that characterizes the alluvial deposits of the lower Metauro Valley. The
saturation depth varies from ~1 m to a maximum of ~20 m from ground level. The minimum
levels are found near the coastline, where a marine component seems to be present [36], and
in general along the Metauro river, indicating water exchanges between the river and the
aquifer [35]. The maximum depths were recorded between Bellocchi and Lucrezia (Figure 4),
with an elongated shape of the saturation level in agreement with the paleo-riverbed morphol-
ogy shown in Figure 3. The low values recorded in the latter area seems to be also correlated
to the increasing exploitation rates of water [45]. Regarding the saturated thicknesses, the
maximum values (up to ~45 m) are located in the coastal area, where the deeper bedrock and
the lower values of the saturation depths are present. Other high values (i.e., up to 20 m) are
recorded in those areas where the bedrock is deeper (Figure 3), such as S of Calcinelli and NE
of Fossombrone (Figure 4). On the other hand, the lower values of permeated sediments are
found in agreement with the deeper saturated depths and at the margins of the valley, where
the bedrock has depths lower than 5 m or approaches the surface.
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4.4. Thermophysical Properties of the Underground

The thermophysical properties (i.e., λ and SVC) have been defined in detail for each
stratigraphic unit using the lithostratigraphic information of the geognostic drillings, the
hydrogeological saturation level and the morphology of the bedrock (Figure 3a,b). The
results are reported in the maps of the thermal conductivity (Figure 5) and of the volumetric
heat capacity (Figure 6).
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The values of λ in the lower Metauro Valley range between 1.22 and 2.27 W m−1 K−1,
with a mean value of 1.87 W m−1 K−1. Three main areas seem to be outlined from Figure 5,
moving from the coast towards the inland: (i) low, (ii) medium, and (iii) high thermal
conductivity areas. These differences are mainly driven by the granulometric characters
of the sedimentary deposits, the depth and the type of bedrock, the depth of the satura-
tion level and the saturated thickness. Going upriver, from Fano to Lucrezia, λ generally
shows relatively low values (<1.80 W m−1 K−1), especially in the central part of Metauro
Valley, due to the high thickness of the unconsolidated deposits (Figure 3b), only partially
balanced by the saturated condition. In fact, in the Bellocchi area (Figure 5), some of
the lowest values of the investigated area are found (<1.70 W m−1 K−1) in correspon-
dence to the deeper saturated level and lower saturated thickness (Figure 4), respectively.
In the zone between Lucrezia and Fossombrone (Figure 5), the thermal conductivity is
mainly influenced by the type of bedrock, generally represented by the Colombacci Fm.
(Figure 1; Table 1). In fact, the average thickness of the sedimentary infill is generally <15 m
(Figure 3), thus poorly influencing the weighted λ along the first 100 m from the ground
level. Finally, the surroundings of Fossombrone are characterized by the highest values of
λ (i.e., >2.00 W m−1 K−1) of the study area because a greater thickness of the carbonatic
bedrock with high thermal conductivity is intercepted along the vertical of investigation
(Figures 1 and 3; Table 1). The only exception in this latter zone is given by the presence of
the Bisciaro Fm., which has the lower λ value among the bedrock formations (Table 1), that
defines a narrow low-thermal conductivity zone (Figure 5).

The volumetric heat capacity shows a moderately homogeneous distribution along
the whole investigated area (Figure 6). In fact, in most of the lower Metauro Valley, SVC
values range between 2.35 and 2.40 MJ m−3 K−1. Three areas differ from this range. Near
the coastal zone, the elevated presence of permeated fine grain deposits (sands to clays)
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give rise to SVC values generally higher than 2.50 MJ m−3 K−1, with a maximum of
2.62 MJ m−3 K−1. An additional area with higher SVC values is near Fossombrone, linked
to the outcrops of the Marnoso-Arenacea Fm. (Table 1; Figure 1). The lowest SVC values
(i.e., <2.30 MJ m−3 K−1) are found in correspondence of the deepest saturation levels and
the lowest saturated thicknesses likely due to the thermal conductivity behavior (Figure 5).
It is worth noting that even lower values of SVC (i.e., <1.30 MJ m−3 K−1) are found at the
NW margin of the valley, near Bellocchi (Figure 6), closely associated with the outcrops of
the Gessoso-Solfifera Fm. (Figure 1), which is characterized by the lowest SVC values of
the entire suite of bedrock lithotypes involved in the studied area (Table 1).

5. Heat-Exchange Potential for BHEs
5.1. Specific Heat Extraction

The specific heat extraction values of each lithotype and sediment have been assigned
according to the relationship proposed by Viesi et al. [18], and are reported in Table 1. Con-
sequently, the spatial distribution along and across the studied area (Figure 7) is intimately
correlated with the λ behaviour reported in Figure 5. The minimum and maximum values
calculated on the verticals of investigation are 3.20 and 4.90 kW, respectively, with a mean of
4.19 kW. The area between Fano and Lucrezia shows values generally lower than 4.10 kW,
while this value slightly increases up to 4.30 kW moving towards Fossombrone (Figure 7).
This latter locality is characterized by the highest (4.90 kW) and the lowest values of the
area (3.20 kW), respectively. The higher SHE values derived from the widespread presence
of limestone formations (46–49 W m−1; Table 1), whereas the lower are found where the
Bisciaro Fm. reaches the surface (SHE rate = 33 W m−1; Table 1).
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5.2. Geothermal Potential

The geothermal potential map (Figure 8) obtained applying the G.POT algorithm [1]
defines that the highest capacity to extract heat from the ground is found in the Fos-
sombrone area. In this area, values generally higher than 9.7 MWh y−1, with peaks of
~10.7 MWh y−1, are observed where geological formations of the Umbria-Marche suc-
cession, with relatively high thermal conductivity, are present (Figure 5; Table 1). The
presence of outcrops of the Bisciaro Fm. in the Fossombrone surroundings drastically drops
down the geothermal potential, resulting in values <8.0 MWh y−1. The remaining part
of the lower Metauro Valley is characterized by values between ~9.0 and ~9.7 MWh y−1,
with the lowest potentials located where the thick unsaturated zone above the shallow
aquifer is present (i.e., between Fano and Lucrezia) (Figure 8). The geothermal potential is
mainly controlled by the thermal conductivity of the lithotypes and the hydrogeological
conditions, with the ground temperature being defined through Equation (3) as relatively
homogeneous throughout the whole area (12.8–15.1 ◦C), as well as the values of SVC
(Figure 6). In fact, as the whole investigated area belongs to the same climate zone (Climate
Zone E) (Figure 2), the parameters related to the BHEs and the system properties used in
the G.POT algorithms were taken to be the same for each vertical of investigation (Table 2).
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5.3. Depth to Be Drilled for Vertical Closed-Loop BHE Systems

Following the application of Equations (1) and (2), a mean consumption for domestic
heating value of 96.3 kWh m−2 y−1 (considering 2230 DD; Figure 2) and a power demand of
~4.0 kW for a standard domestic environment were defined. Taking this into consideration,
the depth to be drilled to supply 4.0 kW was estimated for each investigated point (Figure 9).
The drilling depths are in the range between 82 and 125 m, with an average value of 96 m.
A general decrease in the depth is required to achieve 4.0 kW, moving from the coastal
areas to the inner part of the investigated area (Figure 9), in agreement with the general
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increase in the thermal conductivity (Figure 5) and specific heat extraction rates (Figure 7)
of the limestones forming the bedrock in the inner areas. As the main cost driver for the
implementation of BHE is the drilling of the vertical boreholes [2], from an economic point
of view, considering a mean cost rate for drilling, indiscriminately for the sedimentary
infill or the bedrock, of EUR 50 m−1 [2], each drill for supply 4.0 kW can cost between EUR
4100 and 6250, differentiating for about 35%, with a mean cost of EUR ~4800 per borehole.
Nevertheless, market competition in the framework of the drilling companies may allow
a decrease in the cost down to EUR 37.50 m−1 and, therefore, in the investigated area a
single drill for a supply of 4.0 kW should range between EUR 3075 and 4687 based on the
requested depth of boreholes related to the different geothermal potentials.
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6. Summary and Conclusions

In this work, a detailed study of the geological, hydrogeological and thermophysical
properties of the subsoil of the lower Metauro sedimentary valley has been carried out using
publicly available data only, to shed light on the heat-exchange potential of the area. Four
main zones have been identified based on the geothermal potential, calculated by means
of the G.POT algorithm [1], which is mainly controlled by the bedrock lithotype and the
saturated conditions of the sedimentary infill. The coastal area is characterized by a deep
bedrock mainly consisting of clays and silty clays formations (Figure 1) with a medium
thermal conductivity (Table 1). In this zone, the elevated thickness of the sedimentary
infill (Figure 3), mainly permeated by the phreatic aquifer (Figure 4), generally gives rise
to a good geothermal potential (Figure 8), with values in the range of 9.5–10.0 MWh y−1.
Moving towards the inland (i.e., near Bellocchi; Figure 8), the low saturated thickness
of the sedimentary deposits (Figure 4) results in slightly lower values of geothermal
potential, between 9.0 and 9.4 MWh y−1, in agreement with the lower averaged thermal
conductivity calculated on the 100 m depth of the investigated subsoil (Figure 5). The
area between Lucrezia and Fossombrone shows medium-to-high geothermal potential
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(9.5–10.0 MWh y−1; Figure 8), mainly controlled by the good thermal conductivity of
the bedrock (Table 1), with the sedimentary infill and the saturated thickness restricted
to few meters, with a few exceptions of deeper bedrocks (Figures 3 and 4). Finally, the
area of Fossombrone, where limestone largely represents the main bedrock lithotype, is
characterized by the highest geothermal potential of the investigated zone. In fact, values
in the range of 9.5–10.5 have been calculated (Figure 8), with the only exception being
areas where the low thermally conductive Bisciaro Fm. (Table 1) approaches the surface
(Figure 1). The ground heat-exchange potential calculated for the lower Metauro Valley
can be considered a medium-high potential when compared to other areas where G.POT
was applied [1,12,14,15]. The different geothermal potentials are also reflected in the depth
(from 82 to 125 m) to be drilled in the studied area to reach a 4.0 kW domestic energy
demand for a 100 m2 house (Figure 9), with consequent differences in the drilling costs.

We demonstrated that publicly available data can be used to evaluate the heat-
exchange potential for heating and cooling through vertical closed-loop BHE systems.
This approach can be easily extended to other valleys of the Central Apennines with similar
geological and hydrogeological conditions, using the free availability of data derived from
the Seismic Microzonation studies. It is worth noting that about 1800 Italian municipalities
have, to date, a complete Seismic Microzonation study [21], whose data could be therefore
fruitfully used to develop thematic maps of the ground, averaged, e.g., over 100 m of depth,
such as: (i) thermal conductivity, (ii) volumetric heat capacity, (iii) specific heat extraction,
(iv) estimated depth to be drilled for supply a fixed domestic energy demand and finally,
(v) shallow geothermal potential (expressed in MWh y−1). Moreover, by limiting the
definition of the main thermophysical parameters to the very first meters of subsoil and
coupling them with a detailed analysis of the soil cover, this approach can also be extended
to the definition of horizontal ground heat exchangers in those places where large areas are
made available by the owners of the land. These maps will help instill greater awareness
among local decisionmakers about shallow geothermal potential and make them take more
robust actions to support heating and cooling systems by means of this renewable. The
market of the closed-loop BHE systems coupled with geothermal heat pumps could also
benefit from this approach when defining the vertical heat-exchange potential from place
to place.
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