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Abstract: Borehole thermal energy storage systems represent a potential solution to increase the
energy efficiency of renewable energy plants, but they generally have to comply with strict regulatory
frameworks, mainly due to the deliberate modification of the subsoil’s natural state. This paper
presents the design, testing, and monitoring phases carried out to set up a borehole thermal energy
storage (BTES) system able to exploit the excess solar heat from photovoltaic thermal (PVT) collectors.
The case study is the refurbishment of a pig nursery barn, hosting up to 2500 weaners, in Northern
Italy. This study aims to define a BTES suitable to develop a heating system based on renewable
energy, ensuring environmental protection and long-term sustainability. The retrofitting intervention
includes the installation of a dual-source heat pump (DSHP), in order to recover the solar heat
stored in summer during winter. Specific constraints by the Environmental Authority were as
follows: maximum storage temperature of 35 ◦C, authorization to intercept the shallowest aquifer at
a maximum depth of 30 m, obligation of BHE grouting, and the definition of a strategy for continuous
measuring and monitoring of the groundwater’s thermophysical properties. The results were used
as inputs to optimize the design and installation of the integrated system with PVT, BTES, and DSHP.

Keywords: borehole thermal energy storage; energy efficiency; ground properties; shallow geother-
mal energy; thermophotovoltaic panels

1. Introduction
1.1. Motivation and Incitement

According to the Paris Agreement, 196 countries have committed to keep the global
average temperature rise below 2 ◦C based on preindustrial levels, in order to fight climate
change [1,2]. Solar and geothermal energy are considered to be key renewable technologies
to accomplish the mitigation task [3]. Among the prominent alternatives, solar thermal
panels and geothermal heat pumps have theoretically high potential, since they can be
easily installed and connected to both single buildings and district networks, for heating
and cooling purposes [4]. However, some barriers still exist, which need to be tackled to
effectively boost their diffusion [5]. Regarding solar thermal energy, apart from radiation
differences due to latitude, the main challenge resides in the necessity of short- and long-
term energy storage able to match the solar energy provision with the effective demand [6].
This role can be played by the devices known as “borehole heat exchangers” (BHE), which
are usually installed in the ground to exploit shallow geothermal energy for further heat
exchange with a heat pump [7]. The use of BHEs for long-term thermal energy storage
(from solar, waste heat, and other sources) is called BTES (borehole thermal energy storage).
The depth of BHEs can vary from a few meters to even 200 m and beyond, depending
on the energy needs, the available space, and the ground conditions [8]. In fact, shallow
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geothermal exploitation is strongly affected by the thermal and hydraulic properties of
the ground layers and by the presence of aquifers [9]. For both uses of heat extraction
alone and BTES, the BHE system becomes hardly economically sustainable in subsoils
lacking groundwater, which is the main heat medium [10]. On the other hand, the type and
characteristics of the aquifer strongly influence the BHE for extraction alone and for energy
storage, in different manners: For energy-extraction-only solutions, the more groundwater
flow, the more thermal recharge of the medium takes place, favoring the function of the
BHE [11]. For energy storage solutions, a major balance should be found, since excessively
strong groundwater flows can transport away the stored heat, compromising the work of
the whole system [12].

1.2. Literature Review

Thermal energy storage can be divided into three macro-categories: sensible heat,
latent heat, and thermochemical energy storage. Sensible heat storage relates to simple
water tanks, but also to seasonal thermal energy storage (STES), including underground
thermal energy storage (UTES). Latent heat storage is associated with phase transition
and commonly uses phase-change materials (PCMs): the transition phase is exploited by
injecting heat without changing the material temperature. Finally, thermochemical energy
storage (TCES) exploits reversible chemical reactions or sorption systems to achieve heat
storage capacity. BTES systems belong to the category of sensible heat storage; thus, they
are theoretically one of the simplest ways of storing thermal energy for long periods of time.
Despite this, many issues arise, related to the suitable conditions for drilling, the incertitude
of the variable physical properties of the ground, and the need for aquifer protection;
this makes them less widespread, and they remain the object of deep research. Due to
the intermittent nature of solar energy, researchers and scientists are working to develop
thermal energy storage (TES) systems for the effective utilization of solar energy [13].
Photovoltaic thermal collectors (PVTs) can be an interesting solution for coupling the
conversion of solar energy into both heat and electricity. Photovoltaic systems have the
disadvantage of experiencing a consistent decrease in electric conversion efficiency when
the temperature in the solar collectors rises, and this is particularly evident at the latitudes
of Southern Europe. A possible solution is to dissipate the excess heat of the solar collectors
through pipes into the ground. The circulating fluid in the pipes can be either air or water.
When using air, the earth tubes are generally horizontally displaced 2–3 m deep from
the surface, exchanging heat with the shallow ground. In this context, the heat exchange
is strongly affected by seasonal temperature fluctuations. Essentially, the only purpose
of such earth air tubes is reducing the heat of solar panels, without the possibility of
long-term storage [14]. On the other hand, when using water, the pipes are generally
displaced vertically in the form of BHEs, and the heat can be initially stored in BTES and
then recovered through the use of a heat pump (HP) unit [15].

1.3. Contribution and Paper Organization

The target of this research was the development and the implementation of a pilot
project of BTES specifically devoted to storing the excess solar heat produced by PVT
collectors for exploitation during the cold season, through a dual-source heat pump (DSHP)
unit. Currently, the use of BTES technology is still not widespread, since the exploitation of
shallow geothermal energy from standard coupling between BHEs and HPs is considered
sufficient to meet a consistent part of the overall energy needs in Southern Europe and the
Mediterranean area, where the climate conditions are generally mild [16]. Moreover, BHEs
and solar thermal panels have been generally considered by customers as alternatives to
one another, and their integration is generally limited [17], while the integration of HPs
and PV panels has become common practice [18]. In particular, the market of systems
combining HPs and PVs has recently been boosted by the diffusion of electric batteries
and the setup of energy communities [19]. In such conditions, the combined use of PVs
and ground-source heat pumps (GSHPs), air-source heat pumps (ASHPs) or, more recently,
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DSHPs, can provide significant amounts of renewable energy. However, due to the low
enthalpy level of the shallow subsoil—in Italy, the ground temperature varies from 10 ◦C
in the Alps to 20 ◦C in the south and below urban settlements [20]—a certain energy gap
still exists and needs to be filled. The storage of solar thermal energy provided by PVT
collectors in the BTES can be an effective solution to fill this gap, due to the artificial
increase in ground temperature in summer, resulting in a performance enhancement of
the GSHP or DSHP in winter [21]. The large-scale market application of BTES faces three
issues: two are related to the difficulty in storing the heat underground for long periods,
while the other is related to the aquifer protection. Excessively fast dissipation of the heat
stored in the BTES is caused by (1) the thermal impact of seasonal ambient temperature
fluctuations, mainly affecting the short BHEs, not reaching the neutral zone [22]; and (2) the
presence of strong groundwater flow, affecting all of the BHEs intersecting the aquifers
in such hydrogeological conditions [23]. Referring to the environmental impact, it was
found that increasing the aquifer temperature over 40 ◦C can provide alterations of pH,
total inorganic carbon, and major cations, and can even create suitable conditions for the
growth of pathogenic organisms [24]. For the latter reason, as an example, the aquifer
protection legislation of the Emilia-Romagna region in Italy prevents the injection of heat
in the ground at temperatures higher than 35 ◦C.

Within this framework, the general objective of this research was to design, implement,
and demonstrate the feasibility of BTES in a hydrogeological context of stable aquifer
conditions. Additionally, the specific objectives included the definition, development, and
achievement of the main phases necessary to set the system up and install it in a real case,
i.e., characterization of the underground, modeling of the geothermal storage, simulation
of the flows, and design and installation of the integrated system.

This paper presents the methods adopted to allow the balance between the under-
ground solar thermal storage and the geothermal heat extraction, in a specific climatic
and geological context, to achieve an almost 100% exploitation of renewable energy by
the efficient integration of PVT, BTES, and DSHP. The intervention relies on a project of
energy renovation of a livestock building for weaning piglets in a swine farm in Mirandola
(Modena, Emilia-Romagna, Italy), within the framework of the RES4LIVE Horizon 2020
Project “Energy Smart Livestock Farming towards Zero Fossil Fuel Consumption” [25]. A
BHE field was implemented, with the aim of long-term underground storage of the excess
heat coming from the PVT panels. In order to verify the feasibility and sustainability of
such a BTES system, it was necessary to characterize the underground properties and to
carry out preliminary analyses over test BHEs and dedicated piezometers. Specifically, this
paper is arranged with reference to the following phases of the research:

• Investigation of geological, hydrogeological, and geothermal conditions;
• Pre-feasibility study of the project alternatives;
• Numerical modeling of the underground transport of flow and heat;
• Detailed design of the final system;
• System implementation in the farm.

The next section describes the case study, the investigation phase, the project alter-
natives evaluated, and the modeling and design procedure adopted. Afterwards, the
results of the short- and long-term simulation are presented and discussed, together with a
comparison of potential alternatives. The contribution of BTES towards reaching long-term
energy stability is highlighted. For the sake of clarity, in figures and graphs, the symbols
presented in Table 1 are used:
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Table 1. Symbols used in figures and graphs.

Symbol Variable Unit

D Depth m

T Temperature ◦C, K

P Power W

t Time days

L Water level m

H Hydraulic head m

2. Materials and Methods
2.1. The Case Study

Among the demonstration interventions of the RES4LIVE H2020 Project, the imple-
mentation of a technologically advanced experimental system using renewable energies
was planned within the “Golinelli Farm”, specialized in the production of fruit and veg-
etables and in pig farming, located in Mirandola (MO), Northern Italy. The intervention
was located within a territory with a predominantly agricultural vocation, located a few
kilometers south of the Po River (Figure 1). The territorial area is mapped in section No.
184061 “Mirandola Nord” of the Emilia-Romagna Regional Technical Map, at a scale of
1:5000. The coordinates of the intervention area within the property of the “Golinelli Farm”
are as follows:

• Longitude X: 6,680,193 (EPSG 5659, UTMRER)—11◦07′50′′ (WGS84);
• Longitude Y: 978,682 (EPSG 5659 UTMRER)—44◦56′24′′ (WGS84);
• Altitude: 10.2—10.4 m a.s.l.
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2.2. Geology and Hydrogeology Data Collection

From a geological point of view, the investigated area is covered by Quaternary fluvial
sediments, which resulted from the depositional activity of the Po River and its right-
hand tributaries draining the Northern Apennines (the Panaro and Secchia rivers) and can
be divided into two main stratigraphic units [26]: the lower Emilia-Romagna Synthem
(0.65–0.45 Ma) and the Upper Emilia-Romagna Synthem (0.45 Ma–present). Their thick-
nesses and horizontal distribution have been strongly influenced by the underlying tectonic
structures [27,28]. The most superficial Pliocene–Quaternary deposits are characterized by
alternating coarse (primarily sands of different granulometric composition, and secondarily
gravels) and fine (i.e., clays, silts, silty–muddy) sediments [26,29]. In agreement with the
general geological framework, and on the basis of the available stratigraphic data and
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direct drilling cuttings released in the investigated area, it is possible to distinguish two
principal lithological units within the shallowest 30 m. The first one, from 0 to about 12 m
b.g.l., consists of alternating clay and silt levels, with sandy and clayey lenses at the base
(10–12 m); the second one, from 12 to 30 m b.g.l., is instead characterized by prevailing
sandy material of different granulometric compositions (Figure 2). Based on these data,
from a hydrogeological point of view, the confined aquifer system (Würmian age)—which
is mainly developed in the sandy layer, referred to as A1 at the regional scale—can be
recognized from 12 m deep down to the bottom of the investigation, although vertical and
horizontal heterogeneities could occur. Grain size tests were carried out on samples of
alluvial material extracted during drilling (Figure 3). Based on the particle size distribution
analysis using the empirical formula of Hazen [30], it was possible to attribute an indica-
tive hydraulic conductivity to the sands between 10 and 15 m/d, which means around
10−4 m/s, at the highest boundary of the expected range of hydraulic conductivity for
sands. Additionally, the aquifer is confined, with a potential level at around −2 m from
ground level. Being in a lowland area, the hydraulic gradient is very small, in the order of
0.1 ‰. Despite the high hydraulic conductivity, the groundwater flow is low.
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Figure 3. Particle grain size distribution.

Two test BHEs (10 and 30 m depth, respectively) and two piezometers (both 25 m
depth) were installed through core-destruction rotary drilling with direct water circulation.
The drilling diameter was 150 mm, sufficient to install the two “PE100 DN32 PN16 double-
U” BHEs and the two “2 inches PVC” piezometers. Considering the sandy–clayey nature
of the subsoil traversed and the limited drilling depth, the addition of bentonite to the
circulating fluid was not envisaged. During the drilling phases, through analysis of cuttings,
the stratigraphy and the actual level of the groundwater were detected. Regarding the
BHEs, they were lowered into the hole with the aid of a weight. Together with the BHEs,
another pipe was lowered, so as to inject the grouting (composed of concrete, bentonite,
and silica sand) into the annulus, starting from the bottom of the hole. At the end of each
installation, a flow test and a pressure test were performed, in order to verify the sealing of
the pipes and the absence of abrasions or clogging. Regarding the piezometers, the filter
was between −10 and −25 m, and a nonwoven fabric was used to prevent the entry of
fine material. Table 2 shows ranges of values for the thermal and hydraulic properties
of the different layers, taken from national technical standards [31], recognized research
works [32], bibliographic references [33,34], and laboratory measurements.

Table 2. Lithological sequences and corresponding ranges of values for various physical properties.

Via Falconiera 35
Mirandola (MO)—Italy Ranges

Depth Interval
m Lithology Hydraulic Conductivity

m/s
Porosity

%
Thermal Conductivity

W/(m·K)
Thermal Diffusivity

m2/d

0–10 Clay and silt 10−10–10−9 0–5% 0.55–0.65 0.02–0.03

10–12 Sandy and clayey lenses 10−6–10−5 10–15% 1–2 0.06–0.07

12–50 Sand 10−5–10−4 30–40% 2–3 0.09–0.10

2.3. Thermal Response Tests

The thermal parameters were obtained from two thermal response tests (TRTs) carried
out on the two BHEs. The standard TRT procedure consists of a constant heat injection into
the BHE, at a constant flow, for a fixed period of time. The circulating fluid inlet and outlet
temperatures at the borehole head are continuously measured. The analysis of the behavior
of the fluid temperature curves allows the determination of the main thermophysical
parameters of the ground [35]. After the end of the injection period, the heat release period
provides additional information on the ground’s heat capacity [36]. The injected power
chosen was 1500 W for both BHEs. The results are presented in Figures 4 and 5.
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The equivalent thermal properties found along the 30 m borehole, using the line source
model [37], together with the related uncertainties of the calculation, were as follows:

• Thermal conductivity (λ): 2 ± 0.2 W/(m·K);
• Volumetric heat capacity (ρC): 1.7 ± 0.5 MJ/(m3·K);
• Thermal diffusivity (α): 0.11 ± 0.05 m2/d.

Similar to the hydraulic conductivity, the values of thermal conductivity and thermal
diffusivity fell within the boundaries of the ranges shown in Table 2, precisely at the lower
limit for thermal conductivity and at the upper limit for thermal diffusivity. It is worth
mentioning that thermal diffusivity and thermal conductivity are related to the volumetric
heat capacity, as shown in Equation (1):

α =
λ

ρC
(1)

Moreover, the thermal conductivity of sand samples was measured at the Geoth lab of
Ferrara University [38], and the results were as follows:

• 0% water saturation→ 0.91–1.02 W/(m·K);
• 100% water saturation→ 2.99–3.08 W/(m·K).
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Regarding the groundwater level and temperature, they were measured in the “North”
and “South” piezometers. In undisturbed conditions, the measurements reported similar
results for both piezometers (Figure 6).

The graphs show that the ground temperature follows the usual damping below the
ground, typical of the investigation area [39]. Some perturbances due to drilling works and
the execution of the two TRTs were perceived in the “North” piezometer (below the BHEs)
up to February 2022; afterwards, the situation tended to stabilize, and the curves started to
follow the usual path.

Table 3 presents two measurements with a thermophreatimeter with accuracy of
±0.1 K. The two measurements were taken in summer and in winter. The comparison
shows how the neutral zone, where the temperature remains constant and independent of
the effects of seasonality, is fully manifested beyond 20 m depth.
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“North”) in different periods.

Table 3. Comparison of temperature measurements along the depth of a BHE: summer and winter.

Depth (m)
Temperature Measurements (◦C)

Summer 2022 Winter 2022

0 26.8 12.9

1 23.6 13.0

2 22.3 13.3

3 21.0 14.3

4 19.7 15.1

5 18.6 15.6

6 18.0 16.0

7 17.7 16.2

8 17.3 16.2

9 17.1 16.1
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Table 3. Cont.

Depth (m)
Temperature Measurements (◦C)

Summer 2022 Winter 2022

10 16.8 15.8

11 16.6 15.7

12 16.3 15.5

13 16.1 15.3

14 15.8 15.2

15 15.6 15.1

16 15.4 15.0

17 15.2 14.8

18 15.0 14.7

19 14.9 14.6

20 14.7 14.5

21 14.6 14.4

22 14.4 14.3

23 14.3 14.3

24 14.3 14.3

25 14.2 14.2

26 14.2 14.2

27 14.1 14.2

28 14.1 14.1

29 13.9 14.0

30 13.9 14.0

Furthermore, by means of a multiparameter probe, installed at a depth of 10 m in the
“North” piezometer, the water level and temperature were measured continuously in the
period between 22 February and 15 April 2022. The results are shown in Figure 7.
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It should be mentioned that, on days 1–3 of the measurements, the abovementioned
TRT was in progress on the 10 m deep BHE, located 18 m away from the “North” piezometer.
The second TRT on the 30 m deep BHE, located 6 m away, was performed on days 14–17.
Finally, 2 wells catching water from Aquifer A1 for the needs of the farm are located about
50 m away from the “North” piezometer. The exact arrangement of the artifacts is shown
in Figure 8.
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2.4. Numerical Modeling

All measured and estimated parameters were inserted into a numerical model of the
system. The use of numerical simulation was necessary to verify the effective impacts of
groundwater flow (natural and enhanced by water pumping from wells) on the operation
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of the BTES system during the solar heat storage phase in summer and the geothermal heat
exploitation phase in winter. It was necessary to verify that the thermal plume caused by
the summer heat storage remained around the BTES field, in order to subsequently exploit
the heat in winter by means of the heat pump.

The model of the BTES was created with FEFLOW® [40,41]—a software platform for
the simulation of flow, heat, and mass transport in the subsoil. The software has a specific
section dedicated to the equations governing the heat exchange in BHEs, as well as for the
extraction of water from wells; therefore, it was deemed suitable for our purposes.

The subsoil was discretized into 21 layers, starting from the surface to a depth of
50 m. The model area was 65 × 110 m2, sufficient to include all of the main buildings of
the Golinelli farm, the whole area where the BHEs and piezometers were located, and the
2 existing wells.

The hydraulic and thermal properties obtained from the in situ and lab measurements
were assigned to the different layers into which the model was discretized. The surface
temperature of the Mirandola climate was set, with the thermal damping corresponding
with the depth, and calibrated due to the measurements taken by the piezometers, and then
it was taken as the boundary thermal condition. The temperature at a depth of 50 m was set
at 14 ◦C. The temperature under the 3 buildings in the first surface layer was set at 19 ◦C.
Concerning the hydraulic gradient, it followed the values taken from the measurements
and was considered equal to 0.2 m/100 m along the south–north direction, with a level
varying from −1.65 m on the southern border to −1.85 m on the northern border.

The two existing wells were modeled with the “Well BC” boundary condition, with
the extraction flow rate set at 4 dm3/s. This value is the maximum allowable according to
the authorization by the Environmental Authority.

The “North” and “South” piezometers and the BHEs at a depth of 10 m were modeled
as “Observation Points” to measure and record the dynamic results of the simulation in
terms of hydraulic pressure and soil temperature. This allowed a systematic compari-
son of the simulation results with the experimental values during the operation of the
integrated system.

The BHEs at 30 m depth, composing the BTES field, were modeled with the boundary
condition “Borehole Heat Exchanger”. The construction parameters were assigned to
each of them, as well as the use of a heat transfer fluid with a 35% propylene glycol
content (allowed by the Environmental Authority and necessary to avoid freezing of the
thermovector fluid from the solar panels). Using the “Link Borehole Heat Exchanger”
command, the optimal configuration for energy storage was indicated.

3. Results
3.1. Design of the BTES System

The design of the BTES field considered the hydrogeological and thermophysical
characteristics of the soils. On the basis of the information collected, the total loads and
flows in the pipes were set as indicated in Table 4.

The injected/extracted heat for each month was the result of the difference between
the injected heat from the PVT and the extracted heat to the HP.

The TRTs carried out showed how the operation of the BHE at 10 m depth is ex-
cessively influenced by the climatic conditions in order to guarantee the stability of the
long-term thermal storage. The hydrogeological conditions of the aquifer present in the
sand deposit (high hydraulic conductivity, but reduced hydraulic gradient between the
“North” and “South” piezometers, 50 m apart) seemed to guarantee a limited flow and
substantial groundwater stability; therefore, proficient long-term solar heat storage should
be performed by means of BTES at a depth of 30 m in Aquifer A1. In order to enhance
the performance of the solar storage, all year long, it was decided to keep the “solar”
source (the thermal storage circuit) separate from the “geothermal” source (the heat ex-
ploitation circuit). For this reason, each “Double U” probe was divided into two separate



Sustainability 2023, 15, 7432 13 of 25

single-U circuits: one fully dedicated to heat storage, and the second fully dedicated to
heat exploitation.

Table 4. Heat loads and flows in the BTES system.

Heat Injection (-)/Extraction (kWh) Flow (dm3/min)

Jan 3599.00 80

Feb 3398.50 80

Mar −683.33 46

Apr −1909.65 46

May −3438.23 46

Jun −3724.11 46

Jul −4755.20 46

Aug −3983.22 46

Sep −2832.97 46

Oct −756.53 46

Nov 1306.33 80

Dec 2960.14 80

TOT −10,819.27

The heat loads to be stored in Aquifer A1 by means of the BTES and later exploited
are presented in Table 5.

Table 5. Heat loads to be exchanged with Aquifer A1, according to the thermotechnical design.

Heat Extraction (kWh) Heat Injection and Storage (kWh)

Jan 4503 904

Feb 4442 1043

Mar 1807 2490

Apr 810 2720

May 404 3842

Jun 11 3735

Jul 1 4756

Aug 1 3984

Sep 26 2859

Oct 1149 1905

Nov 2319 1013

Dec 3965 1005

TOT 19,437 30,256

From the analysis of Table 5, the heat loads were unbalanced towards the heat injection
at a 3:2 ratio with respect to the heat extraction. The heat pump only works in heating
mode; therefore, all of the heat injected into the subsoil comes from the solar source,
without the need of dissipating heat from the building. Moreover, the heat pump is a
dual-source one, i.e., it is able to exploit heat both from the BTES field and from the air [42].
Sophisticated control systems allow us to choose, for each condition, the best source to
ensure the maximum possible performance [43,44].



Sustainability 2023, 15, 7432 14 of 25

Due to the latitude and climatic conditions of Northern Italy, the injection of solar
heat into the subsoil takes place all year round, even in the coldest months. The design
choice to use the two separate circuits allows the subsoil to be thermally “recharged”
via the solar source even during the winter extraction periods and, to a limited extent,
simultaneously with them. According to the prescription of the local environmental agency,
the temperature of the injected fluid must be lower than 35 ◦C. Thermal overload can arise
in the central hours of the day in the summer season, for which proper safety systems are
foreseen, in order to distribute the heat over several hours per day.

In the common practice of BHE fields, the distance between adjacent BHEs is around
6–8 m. This safety aspect is needed to avoid superimposition of thermal effects between
nearby BHEs, with subsequent ground heat depletion during the operation of the sys-
tem [45]. On the other hand, the main purpose of the BTES field is to enhance the heat
storage for its subsequent reuse. Therefore, in this case, the superimposition of effects is
beneficial to increase the subsoil temperature [46]. In order to create an efficient “thermal
core” (TC), it was decided to keep the BHEs 2–3 m away from one another, as per the
practice of similar cases of BTES systems present in the international literature. For example,
Haq et al. proposed a BTES system composed of 144 vertical probes 35 m deep, spaced
2.25 m apart, to be installed in Finland [47]. The Finnish project is similar to a historical
BTES facility—the Drake Landing Solar Community in Canada, in which 144 probes 35 m
deep were organized in six parallel groups of 24 probes each and 2.25 m apart from one
another [48]. In Italy, similar experiences exist on a small scale. An example is the pilot plant
of the University of Turin, where three vertical probes of 27 m each, 2 m apart, were built—
arranged to form the vertices of an equilateral triangle—for research purposes [49]. The TC
in the middle of the BTES field is kept warm for the whole season, until the beginning of
heat extraction and beyond [50]. In any case, by injecting fluid at a maximum temperature
of 35 ◦C, the subsoil temperature increase in the TC can never exceed this value.

In order to obtain a TC suitable for thermal storage, in BTES practice it is preferable
to create hybrid connections in series/parallel among the BHEs. Connecting the BHEs in
series and injecting heat from the center of the field to the boundaries leads to a greater
temperature rise in the TC, in comparison to different configurations. During the exploita-
tion phase, the direction is reversed, extracting heat first from the boundary and then from
the center. Fixing all of the boundaries, the designed BTES field, capable of supplying the
required thermal loads of the piglets’ nursery building, is made up of eight BHEs, each
30 m deep and 2/3 m apart from one another, in a rectangular configuration, in order to
optimize the spaces in the available area of the farm. The scheme of the assumed BTES
field is shown in Figure 9.
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3.2. Results of the Numerical Simulation

The 3D numerical model, carried out according to the criteria described in Section 2.4,
is represented in Figure 10.
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Figure 10. A 3D mesh of the numerical model.

The initial state was reconstructed with a long-term simulation, without activating
the BHEs, but only the two wells (Figure 11). The simulation results confirmed how, with
the hydraulic characteristics set and the extraction flow rates involved, the influence area
of the wells is circumscribed and its impact on the BTES should be very limited. On the
other hand, the thermal impact of the buildings on the subsoil is not negligible, and it is
plausible that it extends between 5 and 10 m in depth. Given the proximity of the buildings
to the BTES, the heat exchange in the ground could be influenced.

The simulation time was set at 10 years. November was chosen as the initial month,
so as to simulate the operation of the geothermal system in the first year without the
contribution of solar heat, and then comparing it with the subsequent years.
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Figure 11. Initial state: hydraulic head (top) and temperature (bottom) at 2 m depth.

The main result of the numerical simulation was the dynamic behavior of the inlet
and outlet temperatures in the BTES over the course of the simulation time; moreover,
the temperature and the hydraulic level in the monitoring points (the piezometers and
the 10 m depth BHE) were returned as well. Due to the hydraulic gradient caused by the
continuous operation of the two wells, based on the simulation results in the monitoring
points, it is possible that a thermal plume occurs along the south–north direction, but
with limited intensity and unable to transport the stored heat away from the BTES in
the summer season, before subsequent heat extraction in winter. The inlet and outlet
temperature results showed how the system becomes balanced due to the cycles of injection
and extraction; in this way, it is able to keep a minimum water temperature of about 6 ◦C in
winter, and a maximum water temperature of about 32 ◦C in summer, without significant
variations over the years and with substantial long-term stability. This performance is
reduced in the first year of operation, in the absence of prior solar thermal storage, with
the result of the minimum temperature reaching 3.5 ◦C. Regarding the variation from
the stationary condition of ground temperature at the monitoring points, it is evident in
the “North” piezometer (maximum temperature of 20 ◦C and minimum of 5 ◦C, with
respect to the undisturbed ground temperature between 14 and 16 ◦C), while a much more
limited impact is expected in the BHE 10 m deep (maximum temperature of 17 ◦C and
minimum of 8 ◦C) and, finally, zero impact is expected in the “South” piezometer. Any local
surface variations could also be due to the thermal impact of the surrounding buildings. A
graphical representation of the results for selected ground layers (5, 10, 20, and 30 m depth)
can be found in Figure 12 (hydraulic head) and Figure 13 (temperature).
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Finally, the results of the fluid temperature evolution in the BTES can be found in
Figure 14. The ground and aquifer temperature variations at the measuring points are
illustrated in Figure 15 (“North” piezometer) and Figure 16 (BHE 10 m deep). According to
the simulation, the temperature of the aquifer in the “South” piezometer (27 m away from
the BTES) is unaffected and keeps its natural behavior.
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3.3. Realization of the BTES System

The drillings for the installation of the BTES and the excavation for connections were
carried out in line with the planned scheme (Figure 17). During the drilling activities, it was
verified that the stratigraphy and lithology of the soils remained almost identical through-
out the whole BTES field. For each BHE, the two single-U pipes—for solar heat storage
and geothermal heat extraction—were kept as close as possible, in order to maximize the
heat exchange between them. The works for the installation of the remaining BHEs and
to complete the BTES took around one week. Afterwards, flow and pressure tests were
conducted on each geothermal probe to verify their correct functioning. Using the farm’s
excavation equipment, a trench 40 cm deep was dug for the placement of the connections.
All pipes were duly insulated—even those placed in the trench.
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4. Discussion

The results underline that the underground areas of farmyards can be effectively
exploited to install BTES, to store the excess heat produced by RES systems, such as
solar panels, PVTs, or CHP plants fed by biogas. These applications prove particularly
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appropriate in livestock farms, which are characterized by a great availability of rooftop
areas suitable for the installation of solar panels, and large outdoor paved areas necessary
for the passage and maneuvering of trucks, tractors, and farming machinery. At the same
time, livestock farms can be equipped with biogas plants to produce electricity and a
constant flux of thermal energy, which must be stored in the warm season to prevent
its dissipation. Moreover, intensive animal husbandry is characterized by high energy
demands and, in particular, continuous and huge heat demands in the cold season.

The adopted approach and the developed analysis method to model and design the
pilot BTES system proved effective to define the optimal size of the storage, in terms of the
depth, number, and distribution of BHEs. In fact, these results depend on the geological and
hydrogeological properties of the area. Unlike standard ground-source heat pump systems,
a complete characterization of the underground—through lab and in situ analysis and
temperature monitoring—was necessary to confirm the suitability of underground thermal
energy storage and its sustainability over time. In particular, the presence and features
of aquifers represent crucial factors for the quantification of the heat storage capacity. A
numerical model, able to simulate the flow and heat transport in the underground, can
support understanding of the heat exchange dynamics between the BTES, the subsoil, and
the groundwater. Thus, the potential thermal plume was quantified, and the simulation
results clearly showed that the temperatures measured in the underground and in the
aquifer along the “South” piezometer upwards, 27 m from the BTES, are not expected to
be affected by heat injections and extractions. In contrast, the temperature in the 10 m
deep BHE upwards of the BTES, but close to the TC (only 3 m from the southern BHE),
followed the oscillation caused by the injection/extraction cycles, but with a relatively
small amplitude, with an upper peak of 18 ◦C. This difference in temperature is also due
to the low depth of this test BHE. Conversely, along the depth of the north piezometer
downwards from the BTES, the temperature variations were not negligible, with upper
peaks greater than 20 ◦C. This is a clear effect of the thermal plume, which involves the
northern area of the TC, along the direction of the groundwater flow, at least up to 6 m,
i.e., the distance of the piezometer from the northern BHE. In any case, the heat dispersion
seems not to be very relevant, and only marginally influenced by the work of the two wells
of the farm; moreover, the temperature peaks are expected to be included inside the aquifer
protection limits. The results of the numerical simulations will be verified and validated
during the work of the plant, to confirm the suitability of the BTES systems recharged by
solar heat in such specific hydrogeological conditions, for its further replicability at the local
level. During the experimental phases, various factors are expected to affect the results.
The most relevant were identified as follows:

• The effective use of the system, based on climate and solar conditions. The energy data
were based on the standard behavior for the investigated area. However, fluctuations
around the hypothesized conditions should be expected.

• The aquifer conditions, due to hydrogeology. The entire model of the BTES is based on
the information acquired over the aquifer during the preliminary investigation phase.
Unpredictable changes of the aquifer will affect the operation of the system.

In order to verify the validity of the model, various measuring and monitoring systems
were set up and activated: continuous monitoring of the solar station and of the heat pump’s
working parameters; temperature monitoring of the aquifer and the ground, through sensor
strings inside the two piezometers 25 m deep and the test BHE 10 m deep; and temperature
monitoring of the BTES, through proper temperature sensors placed along the two circuits
and the four lines of the system.

With respect to cost and environmental analysis, the target of this project is to provide
the farm with almost 100% free, local, and renewable energy through the optimal integration
of PVT, DSHP, and BTES, thereby substituting the existing LPG boiler. Proper monitoring
of the energy flows will complete the measurement package and be reported at the end of
the RES4Live Project in 2024.
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5. Conclusions

The results demonstrate that the energy demand of a livestock farm can be met by a
mix of properly defined and specifically designed RES, to optimally exploit the renewable
resources available in farming environments.

A step-by-step procedure was developed and tested to characterize the shallow
geothermal reservoir and define the optimal design of a BTES system. The study car-
ried out and the pilot application implemented showed that the definition of an effective
solution requires the collection of all of the in-depth information that it is possible to obtain
with regard to the geological and hydrogeological conditions of the site and the physical
properties of the ground. This step of the analysis phase is also necessary to provide the
information required by the environmental authorities to issue the authorization of drilling
works and of the installation of the BTES. In addition to the collection of the available data
for the area under study, the installation of piezometers and test BHEs at different depths
represents an efficient approach to define the complete and reliable knowledge framework
of the hydrogeological context of the project.

For the purpose of an accurate definition of the thermodynamic parameters of the
underground, the execution of TRTs at different depths proved to be fundamental to verify
the performances of the BHEs and to properly set up a digital model of the system. The
study showed that numerical simulations, based on data collected onsite and in the lab, are
needed to define effective and efficient design solutions.

Finally, once the BTES is realized and operational, continuous monitoring of flows
and temperatures and efficiency evaluations of the system are necessary to assess its
performance and take any possible action needed to calibrate and optimize its functioning.
Therefore, smart monitoring and control devices should be included in the installation, in
order to record data on heat exchange dynamics and to properly control the vector flows
for the two system circuits: from PVT to BTES, and from BTES to HP.
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