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Abstract: The design and performance of a shallow geothermal system is influenced by the geological
and hydrogeological context, environmental conditions and thermal demand loads. In order to
preserve the natural thermal resource, it is crucial to have a balance between the supply and the
demand for the renewable energy. In this context, this article presents a case study where an
innovative system is created for the storage of seasonal solar thermal energy underground, exploiting
geotechnical micropiles technology. The new geoprobes system (energy micropile; EmP) consists
of the installation of coaxial geothermal probes within existing micropiles realized for the seismic
requalification of buildings. The underground geothermal system has been realized, starting from the
basement of an existing holiday home Condominium, and was installed in dry subsoil, 20 m-deep
below the parking floor. The building consists of 140 apartments, with a total area of 5553 m?,
and is located at an altitude of about 1490 m above sea level. Within the framework of a circular
economy, energy saving and the use of renewable sources, the design of the geothermal system was
based on geological, hydrogeological and thermophysical analytical studies, in situ measurements
(e.g., Lefranc and Lugeon test during drilling; Rock Quality Designation index; thermal response
tests; acquisition of temperature data along the borehole), numerical modelling and long-term
simulations. Due to the strong energy imbalance of the demand from the building (heating only), and
in order to optimize the underground annual balance, both solar thermal storage and geothermal
heat extraction/injection to/from a field of 380 EmPs, with a relative distance varying from 1 to 2 m,
were adopted. The integrated solution, resulting from this investigation, allowed us to overcome
the standard barriers of similar geological settings, such as the lack of groundwater for shallow
geothermal energy exploitation, the lack of space for borehole heat exchanger drilling, the waste of
solar heat during the warm season, etc., and it can pave the way for similar renewable and low carbon
emission hybrid applications as well as contribute to the creation of smart buildings/urban areas.

Keywords: shallow geothermal energy; energy micropile (EmP); hydraulic parameters; solar thermal
energy storage

1. Introduction

In recent years, due to the continuous growth in energy demand, environmental
problems (e.g., air pollution) and energy issues are at the heart of the political, economic,
and environmental debate. Reducing the consumption of traditional fossil fuels and
the effective use of renewable energy are necessary paths towards a sustainable energy
system [1,2].

In Europe, 85% of buildings were constructed before 2000 and amongst those, 75%
have poor energy performance. On the other hand, the buildings sector represents the
single largest energy consumer in Europe. Indeed, buildings still account for 42% of the
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energy consumption (2021 data), and about 36% of the greenhouse gas emissions [34].
Also, about 80% of the energy used in households is for heating, cooling and hot water.

According the directive (EU) 2023/2413 of the European Parliament and of Council [5]
(Article 15b; Mapping of areas necessary for national contributions towards the overall
Union renewable energy target for 2030) ‘by 21 May 2025, Member States shall carry out
a coordinated mapping for the deployment of renewable energy in their territory to identify the
domestic potential and the available land surface, sub-surface, sea or inland water areas that are
necessary for the installation of renewable energy plants and their related infrastructure, such as
grid and storage facilities, including thermal storage, that are required in order to meet at least their
national contributions towards the overall Union renewable energy target for 2030’

Moreover, European regulations (e.g., [6]) promote the improvement of energy perfor-
mance in buildings, developing the concept of nearly Zero Energy Building (nZEB), i.e.,
a building that has a very high energy performance and that should obtain the necessary
energy from renewable sources.

In this context, solar energy and surface geothermal energy, both renewable energy
resources, could contribute to achieving these goals (e.g., [7]). However, solar thermal
energy represents a discontinuous and poor source in the winter months when the peak
production hours commonly do not coincide with the demand of thermal energy in the
buildings. Borehole heat exchangers (BHEs), which are usually installed in the ground to
exploit surface geothermal energy, if properly designed, could be used for the temporary
storage of long-term thermal energy underground (Borehole Thermal Energy Storage,
BTES), such as, for example, solar or waste heat. The depth of BHEs usually varies from
50 to 150/200 m below ground level, depending on energy needs, available space and soil
conditions. In fact, shallow geothermal exploitation is strongly affected by the thermal [8]
and hydraulic properties of ground layers and the presence of aquifers [9]. Most rocks
and saturated sediments have rather high volumetric heat capacities, typically around
2M]J/(m3-K). For comparison, the water volumetric heat capacity is 4.19 MJ/(m>-K). Be-
cause of these high values, solid portions of the underground in general, and especially
those containing water, can be used for thermal storage. For the use of heat extraction
alone or BTES, the system becomes both environmentally and economically hardly sus-
tainable in subsoils lacking groundwater, as circulating water could largely contribute to
heat transfer [10]. In this case, and considering very low hydraulic gradients, the heat
transfer fluid circulating in the BHEs exchanges heat with the surrounding rock mass or
sediment mainly through heat conduction. A solution to reduce the installation costs of
geothermal probes is represented by integrating the heat exchangers in the foundation piles,
commonly referred to as “energy piles” (EP) [11]. Energy piles are deep foundations that
function as both load support and heat exchangers between the ground and an overlying
structure. In this way, the drilling costs for the geothermal plant are almost offset, as they
are included in the initial investment of a standard building. Due to the construction
needs, such EPs are generally short (10-20 m), and they normally work in the absence of
groundwater circulation. Mohamad et al. [12], in a review study, analyzed the thermal and
thermomechanical behaviors of energy piles and proposed the adoption of the so-called
4E evaluation criteria (energy, exergy, economy and environment) to ensure the safety of
the foundation under cyclic thermal loads. Therefore, sometimes, EPs can represent valid
solutions for storing solar heat in dry soils, with minimum additional investment [13].

In this context, it must be considered that the choice of a geoexchange system is
strongly influenced by the site-specific conditions of the underground, in terms of lithologi-
cal and mineralogical composition, saturation degree and groundwater flow. The subsoil is
often, on both a horizontal and vertical scale, highly heterogeneous with compositional
variations even at a decametric distance.

Moreover, it should be noted that large areas of the Mediterranean basin, due to its
geodynamic position, are highly vulnerable from a seismic point of view and most of
the old buildings are not designed to withstand seismic forces. Therefore, the seismic
vulnerability assessment of the structures in areas with high seismic hazard is essential
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for their conservation. In this framework, during the last few decades, the seismic engi-
neering design largely used the micropiles technology. In the 1950s, the Italian F. Lizzi [14]
developed a technical solution consisting of small diameter, vertical or inclined, micropiles,
used to provide additional resistance to the existing foundation and/or soil, called the
“root piles” (“pali radice”). The International Micropile Association defines the micropile
as ‘a small-diameter, non-displacement pile constructed by bored and cast-in-place and
usually contains reinforcements’ [15]. From a technical point of view, the diameter of the
micropiles is typically less than 300 mm and they are generally built out of steel (currently
standard of references: EN 14199:2015; [16]), using drilling and/or pressure small diameter
cast-in-place piles or inserted piles constructed using grouting technology.

Therefore, the geotechnical micropiles technology is used as a repair solution, for
increasing the foundation capacity of an existing building (due to limited working spaces),
thereby reducing its seismic vulnerability in terms of improving behavior with seismic
wave solicitations. Also, micropiles are easy to install in areas with restrictions, such as
limited access areas, those with limitations on vibrations, and difficult soil conditions.
Moreover, after the Kobe earthquake (Japan, 1995), it was verified that micropiles can also
be beneficial for the superstructure during the earthquake, and it started to be conceived as
a foundation system [17-21].

In particular, the implementation of micropiles in karst terrain involves the combina-
tion of two complex systems like drilling and grouting with advanced tools. In complex
geological contexts, for example, Taylor et al. [22] verified the high capacity of micropiles
under karstic geological conditions and proposed universally applicable recommendations;
while Bivens and Siegel [23] illustrate that micropiles can be very effective, considering
both time and money, when the installation approach and quality controls are tailored to
the project conditions.

Major Objectives

The objective of the research project is to transform an already existing building into an
energetically autonomous building through the use of renewable energy sources; moreover,
it can contribute to reducing atmospheric emissions to almost zero, in accordance with
the guidelines of the European Green Deal [24]. The case study building is located in
northern Italy, in a protected area, at an altitude of 1400 m above sea level, and therefore
it only needs to be heated in the period between autumn and early spring. The build-
ing under investigation is a Condominium consisting of 140 apartments distributed in
three floors, corresponding to a total area of 5553 m?. The building is equipped with an
underground garage.

To ensure the energy needs of the building, in a very preliminary planning stage, the
following was assumed:

(a) the winter heating energy requirement had to be satisfied by designing a low enthalpy
geothermal system (‘stable renewable resource’) consisting of double U probes, each
150 m deep, at an equidistance of 8 m from each other and in a rectangular geometry;
the geometric characteristics of the layout were conditioned by the logistics of the
area surrounding the building;

(b) the electrical energy devoted to feeding the geothermal heat pump had to be provided
by the installation of photovoltaic panels on the roof of the building.

However, subsequent site-specific analyses of the subsoil have highlighted that the
geology of the area is highly heterogeneous and also contains several small karstic cavities
sparse within the limestone formations within the uppermost 20 m. This geological evi-
dence forced the planners to abandon the initial project idea due to the technical difficulties
inherent in the drilling and cementing of the BHEs across the cavities and the consequent
excessive costs that this would have incurred. Furthermore, the competent local author-
ities would have not authorized the installation of the BHEs in the case of large cavities
crossed during the drilling phase; the reason being the possible negative impact on the
local hydrogeological conditions. Once the solution of the BHEs was discarded, a solar
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thermal plant was hypothesized. However, considering the altitude, the climatic conditions
and the surface of the roof, the production of thermal energy by means of a solar thermal
system would have not been sufficient to cover the building’s thermal energy needs in the
winter months.

Based on the Italian seismic hazard map [25], the area of interest is classified as
class 2 on a scale from 1 (high) to 4 (low). Accordingly, the structural analysis highlighted
that the Condominium, built in the 1970s, did require a seismic retrofit. So, engineers
planned to design numerous 20 m-deep geotechnical micropiles to be installed in the floor
of the underground garage. As a consequence, the distances between the micropiles and
their position were strongly conditioned by the elaborated seismic design.

Following the addition of the geotechnical micropiles in the whole project and in line
with the principles of the circular economy, the original energy supply project has been
deeply modified by exploiting the micropiles as geothermal probes, transforming them into
energy micropiles (EmP). Due to the shallow depth of the EmP, the new geothermal solution
has thus been implemented together with a solar thermal system. In this way, the thermal
energy produced by the solar thermal panels during the summer period is transferred
and accumulated in the underground through the same system of EmP, while the stored
energy is then extracted for use in space heating during the energetically demanding
winter season.

In this framework, the main objective of this research was to optimize the underground
balance using both solar thermal storage and geothermal heat extraction within/from a
field of EmP, trying to counteract the strong energy imbalance of the demand from the
building (heating only). Also noteworthy are the specific climatic conditions (1400 m
altitude), the high geological heterogeneity and the hydrogeological interaction with the
unsaturated zone. In particular, the present scientific contribution describes and discusses
the methods adopted to allow for the creation of an energy system which has proved to be
sustainable from an environmental, economic and social point of view, through the efficient
integration of renewable energies.

2. Materials and Methods

This section describes the case study, the building characteristics and the energy
needs, the climatic conditions, the geological and hydrogeological setting obtained from
continuous core drilling, hydraulic tests, thermal response tests, and the underground
temperature log.

2.1. The Case Study

From a geographical point of view, the residential building complex that includes the
Condominium discussed in the present paper, is located at a locality called ‘Malga di San
Giorgio’ in the central area of the Lessinia plateau, northern Italy, at an altitude of about
1490 m. In particular, the case study is represented by the southwestern building shown in
the inset of Figure 1 (Condominium; yellow rectangle).

The oldest historical testimonies in the area date back to the 11th century, when the
Cimbri, an ancient population of Bavarian-German Tyrolean origin, settled in Lessinia [26].
The landscape is composed by anthropogenic features (alpine pasture areas with stone
construction, stables, dirt roads and stone fences) and natural elements (woods, pastures),
well integrated with each other. Thanks to this unique landscape, Lessinia also has a
marked tourist vocation, both in summer and in winter seasons.

In the 1970s, the ski sector had been strongly developed, and this led to the installation
of some ski-lifts more or less contemporaneously with the construction of the settlement of
San Giorgio, consisting of 7 mainly residential buildings, forming the San Giorgio building
complex. This small, urbanized area falls within the central sector of the Lessinia Regional
Natural Park, and is located just outside the perimeter of the Natura 2000 network, at
a distance of only 175 m from the protected area of “Monti Lessini—Pasubio—Piccole
Dolomiti Vicentine” (IT3210040; established date: May 1995).
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On average, about 56,000 L of diesel were used to heat this specific building each year
(about 101 kWh/(m? a)), emitting about 147.5 tons of CO, into the atmosphere (reference
value: 3.155 kgCO, /kg diesel) and contributing to over 23% of the total emissions of the
whole Malga San Giorgio complex.
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Figure 1. Location of the case study at the center of the Lessinia plateau, north Italy, and of the
Bosco Chiesanuova climatic station (red asterisk). On the right, perspective and aerial views of the
residential complex.

2.2. Bulding Energy Needs

From an energy point of view, the monthly load distribution (heating and domestic
hot water) is represented in Figure 2. The building only needs heating, and the greatest
annual energy demand is concentrated from November to March (79.5% of the total) while
in the months of April and October it decreases significantly (11.5% of the total energy).
In the summer period, thermal energy is used exclusively to produce domestic hot water,
representing the remaining 9% of the energy consumed on an annual scale.

100

90
80
70
60

MWh

50
40
30
20
10

0
S ) o & &
> 7 & < & &

@e’ g@& N b N & F 8

Figure 2. Monthly distribution of the energy loads (heating and domestic hot water).
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2.3. Air Temperature Data

In the absence of a climatic station at the specific site, the estimate of the air temperature
distribution during the year is based on the temperature data (2 m high from the ground
level) of the climatic station at Bosco Chiesanuova ([27]; red asterisk in Figure 1). The
station is located south-southwest of the test site and at an altitude of 1106 m.

In particular, the monthly minimum, maximum and average temperature data relative
to the period 2000-2020 were thus analyzed for estimating the temperature at the investi-
gated test area (Figure 3). The temperature values of the reference station were corrected,
applying the equation that takes into account the altitude difference [28]:

ng — Tr - (hsg - hr)'d (1)

where T is the air temperature (°C) and & is the altitude (m), while indexes sg and r indicate
the considered location and the reference climatic station, respectively; d is the correction
factor which expresses the vertical gradient of air temperature (0.005618 °C/m).

=—Tmin (°C) January
20
—T °C
max (°C) December February
Tmean (°C) 15
10
November March
5
0
October April
September May
August June
July

Figure 3. Distribution of average monthly minimum (Tp,), maximum (Tmax) and mean (Tmean) air
temperatures (°C) over the period 2000 to 2020.

Based on the corrected temperature data, estimated for the test area, the coldest months
of the year are December, January, and February, with an average mean air temperature
of +0.35, —0.80 and —0.51 °C and minimum values of —2.17, —3.48 and —3.11 °C, respec-
tively. The hottest months are July and August with mean values of 16.3 °C and 16.05 °C,
respectively. In 2010, which was the coldest year of the observation period, the maximum
monthly air temperature remained below or near the freezing point for three consecutive
months, from December to February.

Finally, in the observation period, an average annual temperature of +7.1 °C was
calculated, with a yearly temperature wave amplitude of 8.5 °C.

2.4. Geological and Hydrogeological Investigation

From a hydrological point of view, the investigated area is located at the outlet (closure)
point of a minor hydrographic basin with an extension of approximately 6 km? (dashed
line in Figure 4). Within the basin, it is possible to distinguish the presence of two valleys
of fluvio-glacial origin (Valle di San Giorgio and Vallon del Malera). Although the forms of
the landscape document the existence of a paleo hydrographic system, there is currently no
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apparent surface water flow (i.e., runoff), not even after important rainy events or periods.
In this regard, an example is represented by the 350 mm of precipitation that fell in just
14 days in July 2014 without any consequence.

Tenno F. 0

Massone Oolite
RozzoF. R
. Sg
| Loopio OoliticLimestone |-z
£G
Monte Zugna F. S
Dolomia
Principale

Figure 4. (a) Simplified geological map of the broader investigated area (from [29,30]); [1] moraine ma-
terials; [2] proglacial colluvial deposits; [3] Majolica E,; [4] Rosso Ammonitico F; [5] San Vigilio Oolite
F,; [6] Calcari Grigi Group; (b) Simplified stratigraphic succession of the outcropping lithologies [29].

In general, the average annual precipitation averaged over twenty years (2000-2020)
is 1400 mm with oscillations between 1006 (2015) and 2300 (2014) mm. The rainiest months
are May, October, and November. The low temperatures of these months (average values
less than 10 °C) and the absence of surface runoff favor the almost total infiltration of
rainwater into the underground, as will be seen in more detail below.

From a geological point of view, the Lessini Mountains consist of a stratigraphic
succession (about 1800 m thick) of mainly carbonate rocks deposited within a platform-
basin system between Late Triassic and Middle Miocene (from 225 to 11 Ma). In the bottom
of the basin, there are Quaternary deposits mainly of glacial origin. Abundant moraine
materials descend from the Vallon del Malera ([1] in Figure 4), probably attributed to the
last glacial retreat phase, while the San Giorgio Valley is mainly covered by proglacial
colluvial deposits [2]. Locally, the presence of abundant fine matrix (silty/clayey) typical
of both glacial and periglacial deposits decreases the permeability of the surficial deposits
and facilitates the formation of small ponds.

Pre-Quaternary Deposits, from the most recent to the oldest are: Majolica (Barremian-
Berriasian; [3]); Rosso Ammonitico Veronese (upper Bajocian—Lower Tithonian; [4]); San
Vigilio Oolite (Jupper Toarcian—Aalenian; [5]); the Calcari Grigi Group ([6]), and these are
subdivided into four lithostratigraphic units with similar internal macro-characteristics,
such as (from Lower Jurassic to Pliensbachian) the Monte Zugna Formation, the Loppio
Oolite limestone, the Rotzo Formation (upper Sinemurian—Pliensbachian) and the Mas-
sone Oolite Formation. The facies of the Rotzo unit is characterized by abundant plant
remains and extensive banks of Lithiotis ostriformes deposited in a predominantly subtidal
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environment. Lithiotis is probably the most representative and famous fossil found in the
Calcari Grigi.

The Malga San Giorgio residential complex stands on top of the Quaternary deposits,
while the surrounded outcropping lithologies belong to the Jurassic—Cretaceous interval of
the carbonate succession (Figure 4; [29-33]). Considering the complex geological structure
and in the absence of direct subsoil data, a continuous core drilling was carried out to
identify the lithological, hydraulic, and undisturbed ground temperature parameters. The
core had a diameter of 101 mm and reached a depth of 120 m. For logistic reasons, the
survey was carried out at a distance of 100 m from the building focused on in this research.

In-Hole Measurements

In order to estimate the hydraulic proprieties (hydraulic conductivity) and rock mass
quality of the drilled stratigraphic units, in-hole tests were carried out during coring, namely
the Lefranc test at variable water levels and in the Quaternary deposits, and Lugeon tests in
the bedrock portion, as well as various measurements in the extracted core for calculating
the Rock Quality Designation index (RQD).

As concerns the Lefranc test, it is a variable-head method developed to estimate
the hydraulic conductivity of the geological formations [34-38]. The test consists of in-
jecting water, using gravity, into a borehole cavity and measuring the subsequent water
level decline over time. Percolation occurs through the hole column, filled with clean
gravel. The hydraulic conductivity k and shape factor C were calculated by applying the
following equations:

In(k
k= AC(tz(hz21) (2)
c 271(%) ‘)

1n<,g + (%)2 + 1)
where A is the internal cross-section of the borehole; li; and h; are the differences in water
levels at times t; and t,; C is a shape factor; and L and D are the length and diameter of the
injection hole column, respectively.

The Lugeon borehole test, which is also called a packer test or water pressure test,
is an important tool to estimate the average hydraulic conductivity in a rock mass, both
in saturated and in vadose (or non saturated) zones and it has been widely applied in
hydrogeology and civil engineering (e.g., [39-43]).

After borehole drilling and flushing, water was injected at a constant pressure into
each packer isolated section of the boreholes. At the entrance of the borehole, both pressure
and flow were measured. The injection pressure increased gradually from the first to the
next test only when a quasi-steady state condition was reached for each injection phase.
Pressures are increased step-wise up to the maximum pressure and then progressively
reduced to the initial pressure.

In the present research, Lugeon tests were conducted at depths of 34 to 59 m isolated
by single pneumatic packers; five stages were performed, including the increasing and
decreasing of pressure (Table 1); for each step of the test the water injection rate was
observed until it was stabilized (generally up to 10 min).

The Lugeon values () and the hydraulic conductivity (k) conversion for each step was
calculated using the following equations [44,45]:

(4)
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where Q is the flow of water across a section of test hole (L/min); L is the length of the
studied segment (m); P, is the effective pressure in the tested segment (bar); ¢ is the time
during which Q is measured (min); r is the radius of the drill hole (m); and k is the hydraulic
conductivity (cm/s).

Table 1. Lugeon test. Pressure magnitudes used for each stage.

Stage Pressure (bar)
1st 6.7
2nd 8.7
3rd 10.7
4th 8.7
5th 6.7

As concerns the Rock Quality Designation (RQD) index, Deere (1963) [46], developed
a rock quality description for obtaining a quantitative estimate of the rock mass quality
from a core log. This index depends on the degree of jointing or fractures in a rock mass,
and is measured as a percentage of the borehole core in a drill run consisting of intact
lengths of rock greater than, or equal to, 10 cm. This approach could be expressed as:

length of core piecies > 10 cm length)
total length of core run

RQD:Z(

1100 (6)

High-quality rocks have an RQD of more than 75% (Table 2), while for low-quality
ones it is less than 50% due to the presence of discontinuities, like sedimentary layering
and/or fractures. The RQD value was determined from the core samples obtained from
the exploration drilling at Malga San Giorgio.

Table 2. RQD classification index.

RQD (%) Rock Mass Quality
<25 very poor
25-50 poor
50-75 fair
7590 good
90-100 excellent

Based on the mean hydraulic conductivity versus the mean RQD correlation, El-
Naga, 2001 [47], and Jiang et al., 2009 [48], suggest that the mean value of the hydraulic
conductivity could be estimated using the mean value of the RQD (%) as directly obtained
from borehole data. In this research, in order to estimate the hydraulic conductivity, the
following empirical equation (based on a determination coefficient of the regression line of
R? = 0.87) was thus applied [47]:

k = 890.9-¢~ 00> RQD (7)
where k is the hydraulic conductivity in LU, and RQD is the percentage.

2.5. Undisturbed Ground Temperature and Thermal Response Test

The undisturbed ground temperature (UGT) is an important parameter in the design
of (a) heat exchanger systems connected to the ground source heat pump; and (b) the
temporary (seasonal) storage of thermal energy in the subsoil.

Under natural conditions, with increasing depth, it is commonly possible to distinguish
three thermal macrozones that correspond to: (a) the heterothermic zone, influenced
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especially by the daily variations of the air temperature; (b) the transition zone, where
the memory of the seasonal variations in air temperature is still evident, and (c) the
homothermic zone, where the temperature, which is called the “undisturbed underground
temperature”, remains almost constant throughout the year [49,50].

In order to determine the temperature variations with depth, and the undisturbed
temperature of the subsoil at the site, an 80 m-deep borehole was realized in the building’s
underground garage. Subsequently, a coaxial closed circuit geothermal exchanger, with
an external diameter of 60 mm, was inserted and cemented in the borehole. When the
borehole was in thermal equilibrium with its surroundings (25 days later), a temperature
logging along the borehole was performed to determine the temperature profile. For the
measurement, a temperature sensor (PT100) at the end of an 80 m cable was lowered down
the water filled borehole.

Finally, based on the analysis of the previously described data and the adopted
geothermal design choices (see chapter 3), a second thermal response test (TRT) was carried
out in a 20 m-deep borehole drilled in the underground garage, allowing us to estimate the
equivalent thermal conductivity of the ground. The latter borehole was equipped with a
coaxial closed circuit geothermal exchanger (external diameter of 60 mm) properly inserted
and cemented. The test consists of supplying a constant injected power into the ground
with a heat carrier fluid, for a period of time (long enough to reach a steady state heat
transfer rate) and recording the fluid inlet (Tin) and outlet (Tout) temperatures at the probe
head. Indeed, the slope of the temperature curves (Tin, Tout) becomes stable only after a
few hours of testing, and the relationship between the heat transfer rate and the average
fluid temperature is approximately linear. To improve the accuracy of the results, the TRT
was performed following the general specifications of ASHRAE RP-1118 [51]. The test
characteristics are reported in Table 3.

Table 3. Characteristics of thermal response test.

Parameters Injected Power Power per Unit Length Flow Rate Duration
units W) (W/m) (L/s) (h)
value 1500 75 0.05 148

The analysis of the behavior of the fluid temperature curves versus time allows us to de-
termine the principal thermophysical parameters of the ground in and around the borehole.
For the interpretation of the data, the infinite line source model was adopted ([52-56]).

2.6. Numerical Model and Calculation of Stored Heat in the Ground

The software FEFLOW® (version 8) was later used to simulate the behavior of the
EmP system and the ground, subjected to the heat loads of the building, and then used to
calculate the amount of stored heat in the ground, due to solar thermal injection.

The numerical simulator FEFLOW® (Finite Element Flow Simulator), is a widely used
software in the shallow geothermal sector. It is an integrated package including dynamic
flow, heat and mass transportation simulation tools. It allows users to create as many layers
as necessary and upload database information node by node for each layer. It has specific
packages and various dedicated computational methods for single BHEs and BHE fields
(linked in many possible configurations), including coaxial types [57,58]. For these reasons,
it was considered appropriate for the present research.

Using FEFLOW® it is possible, among other functions, to simulate the transient
behavior of temperature in all nodes of the mesh at different layers of varying depths,
varying according to the workings of the geothermal system. By knowing the temperature
values in the ground nodes around the EmP field at the end of the solar heat injection period,
it was then possible to estimate the amount of stored heat, using the following equation:

Qst = g th-AT, (8)
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where Qs is the energy stored (M]), cq is the volumetric thermal capacity of the ground
(MJ/(m3-K)), r is the radius of the impacted area (m), th is the thickness of the ground layer
(m) and ATy (K) is the difference between the undisturbed ground temperature(AT, ;) and
that at the end of the injection period (AT, ).

3. Geological Model
3.1. Local Geological Model and Underground Circulation Conditions

The analysis of the cuttings collected during the drilling operations enabled us to
distinguish Quaternary deposits (units a to g) down to a depth of 25.6 m, and subsequently
the Mesozoic carbonate series of the Calcari Grigi Group (units & and i) down to the
bottom of the borehole (Figure 5c—e). In more detail, the encountered units have the
following characteristics:

(a) medium coarse gravel; gravel with limestone clasts (diameter 0.5-5.0 cm), with sub-
rounded pebbles, to a lesser extent, of varying diameter from 6 to 10 cm, with medium-
fine gravel matrices in significant quantities (20-35%);

(b) pebble gravel composed of gravel clasts of variable diameter (3 and 8 cm), with a
medium-fine gravel matrix (generally <15%, but locally up to 30-35%); the clasts are
calcareous, heterogeneous with angular or slightly rounded shapes;

(c) gravel pebble slightly sandy deposits consisting of gravel clasts (diameter 4-10 cm),
with angular to sub-rounded shapes, with a gravel-sandy matrix (35-40%) containing
even a small amount of silty fraction (example in Figure 5a);

(d) medium gravel weak sands consisting of poorly classed gravels, with limestone clasts
(diameter 0.5-2.0 cm), with a matrix composed of fine gravel and coarse sand;

(e) silty sandy gravel deposits consisting of limestone clasts (diameter 0.5-2.0 cm), gener-
ally not rounded, rarely containing sub-angular limestone pebbles up to 6 cm, with
abundant (40-45%) sandy-silty matrices (example in Figure 5a);

(f) gravelly-sandy silt unit formed by an abundant yellowish silty—clayey matrix, slightly
sandy, with the presence of a few clasts (diameter 1-2 cm; example in Figure 5a);

(g) blocks of calcarenite and bioclastic limestone with bivalves varying in dimension
between 5 and 20 cm;

(h) oolitic limestones (25.6 to 32.0 m) belonging to the Massone Formation (example
in Figure 5c¢);

(i) pelitic limestones (32.0 to 120.0 m) belonging to the Rotzo Formation, representing a
medium to low hydrodynamic energy lagoon environment, with frequent biostromes
formed by the accumulation of Lithiotis (example in Figure 5b); this unit is highly
heterogeneous and locally highly fractured.

In the lower part of the Rotzo Formation and particularly in the interval between
a depth of 112 and 120 m, a series of minor karst cavities partially filled by fine matrix
deposits were crossed during drilling; additionally, a major empty cavity about 0.50 m wide
was detected at a depth of 107 m. Moreover, chemical phenomena from the dissolution
and recrystallization of the rock mass have been encountered in the calcareous horizons
between —32.5 and —36.2 m and from 109 to 110 m (Figure 5c—e). These are micro cavities
less than 1 cm wide (rarely up to 3 cm), partially filled by calcite cements.

Regarding the underground water circulation, the rainwater that infiltrates the subsoil
is conveyed and concentrated within karst conduits. This flowing process contributes to
the progressive dissolution of the carbonate bedrock and to the evolution of the micro-karst
system into larger and larger cavities (Figure 5c—e). The interception at depths greater
than 107 m of such empty volumes indicates the likely presence of interconnected karst
conduits developed across the pelitic limestones (which otherwise act as hydraulic barriers)
allowing for the potential development of locally suspended aquifers. It is worth noting
that, during the drilling operation, which was carried out in a period of low rainfall, the
presence of aquifers was not identified.

The local geological and hydrogeological structure, and above all the presence of
cavities and the absence of underground water circulation (unsaturated conditions), would
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have probably compromised the efficiency and economic/environmental feasibility of a
double U closed circuit geothermal system up to a depth of 150 m.

EAATASE mmm M\\\
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Figure 5. Photo of the cuttings and core. (a) Quaternary deposits from —10 to —15 m showing the
position of the Lefranc test (white bars and arrows). (b) Limestones of the Rotzo Formation with a
bank of Lithiotis (from —96 to —100 m). (c) Example of micro cavities created by the dissolution of
the limestones (—29 m) and details of the spatic calcite infilling (d,e).

3.2. Hydraulic Parameters

In order to quantify the hydraulic characteristics of the Quaternary deposits, a Lefranc
permeability test was performed between a depth of 12.5 and 13.55 m, being representative
of this stratigraphic unit (Figure 5a). Indeed, in the upper section (12.5-13.0 m) there
are mainly pebbly gravels with a small fraction of silty material, while in the lower one
(13.0-13.55 m) gravelly-sandy silts prevail. Based on Equation (2), the average hydraulic
conductivity value was calculated for the Quaternary deposits, and itis 1.3 x 107> m/s.

As mentioned above, the RQD approach, calculating the index by means of Equation (6),
was applied in the rock mass. The results indicate the following (Figure 6; Table 3): (a) a
large variability in depth is present that could be mainly attributed to the presence of the
secondary porosity; (b) 24% of the rock mass is characterized by a quality of poor to very
poor, 22% as fair; 25% as good and 29% as excellent; (c) from the application of the empirical
relationship of Equation 7, the hydraulic conductivity of the rock mass presents variations
between 1072 and 107 m/s with mean, median and mode values of about 3.5 x 1079,
0.9 x 107 m/s and 0.4 x 107% m/s, respectively.

Based on Equations (4) and (5), the data acquired for the Lugeon test suggest that the
values intersecting the wall of the borehole vary between 1.9 and 8.3 LU and indicate that
the rock mass is characterized by the presence of close to slightly open discontinuities [59].
This observation is also in agreement with the RQD values (Figure 6). Moreover, the
results of the Lugeon test allow us to calculate a hydraulic conductivity varying between
1.2 x 1077 m/s and 1.34 x 10® m/s.
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Figure 6. Hydraulic conductivity versus depth and RQD values versus depth (left and right diagrams,
respectively).

From the pressure versus hydraulic conductivity diagram (Figure 7) it is possible to
observe, firstly, a progressive increase in the hydraulic conductivity without the linear
increasing of the pressure and without a return to values recorded prior to the application
of the maximum pressure. Secondly, higher hydraulic conductivity values at decreasing
pressure stages (4th-5th) are comparable with those measured at the corresponding increas-
ing stages (1st-2nd). These observations suggest a permanent wash-out of the joint-filling
material caused by the increase in pressure during the ascending phase (1st-3rd).

16

14 4th D =

//’ o g ____.._-_,:_.:_e 3 rd

12 yd ',.9 nd
. s ﬂ
x 7

0.4 ~

0.2

P (bar)

Figure 7. Lugeon test: example of distribution of the hydraulic conductivity (m/s) values versus
pressure steps (bar; 1st to 5th).
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The interpretation of the Lugeon test results, based on Darcy’s law and following the
estimate of the hydraulic conductivity coefficient, considers the linearity of flow versus
pressure and a laminar flow regime, which could be observed only in the lower stages
of pressure. Therefore, for estimating the hydraulic conductivity, the first and last pres-
sure stages provide the most appropriate and representative values. In line with these

premises, for the hydraulic conductivity it is thus possible to assume an average value of
0.7 x 107 m/s.

4. Design Changes and Modelling

Based on the integrated elaboration of all the collected data (Section 2), in this chapter
the proposed project alternatives, the results of the modeling and the adopted design
procedure are described. The results of the short- and long-term simulations together
with a comparison of the potential alternatives are then presented and discussed. The
contribution of BTES for reaching long-term energy stability is also highlighted. For the
sake of clarity, in figures and graphs, the symbols presented in Table 4 are used.

Table 4. Symbols used in figures and graphs.

Symbol Variable Unit
D depth m
T temperature °C

k hydraulic conductivity m/s

Rock Quality Designation o

RQD Index o
p power W

t time days

4.1. Choice and Design of the Geothermal Solution

Based on the geological and hydrogeological information mainly obtained with the
borehole and the performed tests, it was thus possible to deeply revise the preliminary
project following an integrated planning process as represented in Figure 8. In this regard,
we focused on two main aspects: the environmental conditions and the energy needs of
the building. As concerns the environmental conditions, we must consider the climatic
characteristics of the site, the geological, hydrogeological and thermophysical properties of
the subsoil and especially the presence of several cavities within the bedrock, as well as the
absence of an aquifer system in the first 150 m. On the other hand, the energy needs of the
building are represented by the singular direction of the heat flow (from the ground to the
building) and the concentrated period of heat extraction (winter months).

|
s

environmental conditions  +  energy needs

seismic rehabilitation
(micropiles)

closed loop
(2U; depth 150 m )

new opportunity high economic &
technical risk

solution A

solution B
;<

+ solar energy storage ‘

yes sustainability

Figure 8. Flowchart of the integrated planning process and comparison between the two alternative
solutions.

For the purpose of this research, two scenarios have been analyzed. The first one
(Figure 8, solution A), represented by a closed loop shallow geothermal plant (heat ex-
changers 150 m-deep; double U probes), was abandoned due to the high technical risks,
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for example during the drilling operations, as a consequence of the presence of cavities
(causing the possible loss of the drilling pipes and head, needing huge amounts of circu-
lation water and mud, requiring large quantities of grout to seal the cavities and cement
the probes, etc.). All or even only some of these technical issues would have definitely in-
creased the overall construction costs of the plant. On the other hand, the energy needs in a
relatively short heating season and the energetically unbalanced system characterized only
by heat extraction would have required a large geothermal field, specifically dimensioned
to cover the peaks, with further increases in the logistic problems and the costs.

The alternative solution (solution B in Figure 8) considers the installation of 20 m-deep
micropiles in the underground building garage. Indeed, these typically geotechnical tools
are used for, and in this case have been specifically tailored for, seismic rehabilitation. As
a consequence, the relative drilling and grouting costs of the micropiles should not be
considered part the investment in the energy system. On the contrary, through relatively
small technical mending (and costs), the micropiles have been transformed into geothermal
probes (energy micropiles, EmP; Figure 9).

—— —

/
/

top view \

grout
'

soil

20 m

inne; pipe
(tube)

\
\,

outer pipe
/ (annulus)
micropile

’
I
:
’
I

N

Figure 9. Schematic representation of the coaxial micropile geothermal heat exchanger (EmP).

In particular, the EmP geothermal heat exchanger consists of a coaxial geothermal
probe (Figure 9) with an external diameter of 60 mm made of aluminum (1 m prefabricated
modules assembled on site) and an internal tube made of polyethylene. It was inserted
and grouted inside the 140 mm diameter micropile. The geometrical and thermodynamic
properties of each EmP are presented in Table 5.

The dimension of the EmP, both horizontal and vertical, was determined by which
position would be most useful for the antiseismic behavior. In particular, 531 EmPs were
installed with a relative distance varying from 1 to 2 m (Figure 10).

Due to the shallow depth of the planned EmP (i.e., 20 m), and in order to guarantee
the thermal balance of the subsoil, the installation of a solar thermal system on the roof of
the building was also planned. The latter part of the plant has the function of energetically
recharging the subsoil during the summer season. It should be noted that the requested
energy load from all EmPs during an entire annual cycle is more than 360 MWh, with
monthly peaks of ca. 65 MWh (Figure 11). The positive values refer to the heat injection,
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while the negative values refer to the heat extraction. The latter come exclusively from the
excess thermal energy produced by the solar panels. The solar thermal system consists of
258 panels (86 with azimuth —155° and 172 with azimuth +25°) arranged on the roof of the
building, resulting in a cumulatively covered area of 650 m?. The total thermal capacity is
ca. 553 MWh/a, with the monthly distribution represented in Figure 11.

Table 5. Construction features of the energy micropiles (EmP).

Construction Feature Symbol Value Unit
depth of the EmP head Dpead 5 m
EmP length Lpite 20 m
EmP diameter dpile 0.14 m
grout thermal conductivity Agrout 2 W/ (m-K)
diameter of the external pipe dpipe,e 0.06 m
thickness of the external pipe thpipe,e 0.008 m
thermal conductivity of the external pipe Apipe,e 290 W/(m-K)
diameter of the internal pipe dpipe;i 0.025 m
thickness of the internal pipe thpipe,i 0.002 m
thermal conductivity of the internal pipe Apipe,i 0.42 W/(m-K)
heat capacity of the heat transfer fluid Cfluid 4.016 MJ/(m3-K)
thermal conductivity of the heat transfer fluid Mluid 0.526 W/ (m-K)
dynamic viscosity of the heat transfer fluid Nfluid 6.4 g/ (m-s)
density of the heat transfer fluid Pfluid 1.004 t/m3
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Figure 10. Plan view of the garage with the position of the EmPs and enlarged area with the 370 EmPs
selected for the numerical simulation. Red and blue lines represent horizontal connections.

Based on the adoption of the new scenario (solution B; Figure 8), additional investiga-
tions were carried out in the building’s underground garage (—5 m from the surrounding
ground level) which include:

(a) the drilling of a second deep (80 m) pilot borehole to verify the lithological sequences
directly underlying the building; to measure the temperature in relation to the depth
in order to define the undisturbed temperature of the subsoil, conditioned by the
building presence above it. This investigation allowed us to verify that the Quaternary
deposits have a local total thickness of 15 m overlying the carbonate bedrock down to
the borehole bottom.

(b) in one of the 20 m-deep energy micropile probes, a thermal response test was carried
out to define the thermophysical parameters of the shallow subsoil.
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Figure 11. Monthly energy load requested from, or introduced to, the EmPs system.

4.2. Thermophysical Parameters of the Underground

The resulting temperature measurements taken during November 2022 in relation
to the depth, and are reported in Figure 12. The upper part of the measurements does
not reflect the ground temperature being disturbed by the local environmental conditions
(i.e., the air temperature inside the garages corresponding to 10.3 °C at 5 m depth). This
value is obviously not compatible with the average external air temperature, which for the
month of November was 3.5 °C. The homothermic zone, below 50 m, is characterized by
temperature stability, while the measured undisturbed ground temperature is about 7.6 °C.

temperature (°C)

6.0 6.5 7.0 7.5 8.0 8.5 9.0 9.5 10.0 10.5 11.0

10 o

20 o

30 o

40 o
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depth (m)
(o]
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80 o

90

Figure 12. Temperature measurements in relation to depth.

Based on the analysis of the thermal response test (Figure 13), the equivalent thermal
conductivity value obtained from the 20 m EmP is equal to 1.5 W/(m K). The low thermal
conductivity value is likely to be attributed to the dry conditions of the subsoil.

Samples from the cored Quaternary deposits were also analyzed in unsaturated
conditions at the GeoTh laboratory of the University of Ferrara [8], providing an average
thermal conductivity of 1.00 W/ (m-K).
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Figure 13. Thermal response test conducted with the 20 m-deep coaxial heat exchanger.

Combining the above results, the thermal conductivity of the limestones in contact
with the micropiles in the deepest 5 m is approximately 3.03 W/(m K). This value agrees
with the commonly accepted range of values for limestones (1.5-3.3 W/m K) and the karst
limestones (2.5-4.3 W/m K) as reported for example by Chiasson et al., 2000 [60].

As concerns the heat capacity of the crossed geological formations, it was estimated
based on the literature data [61], while the assumed values for the hydraulic and thermo-
physical parameters of the same units, under the Condominium (5 m bgl), are reported in
Table 6. These data constitute the starting point for the definition of the physical model of
the subsoil and the subsequent numerical modelling.

Table 6. Geological, hydrogeological and thermophysical data under the Condominium.

Depth
Interval

Geologic Hydraulic Thermal Heat

Porosity

Unit Conductivity Conductivity Capacity [59]

0-15
16-120

- m/d ¢) W/(m-K) MJ/(m3-K)

Quaternary deposits 1.1232 0.3 1.00 1.75
Mesozoic limestone 0.0915 0.3 3.03 2.28

4.3. Numerical Model

In map view, the investigated building has an irregular shape, with a perimeter of
146 m and an area of 100 m? (Figure 10). The system of EmPs was designed to oper-
ate exclusively in parallel, therefore the same thermal load was assigned to each EmP
(Figure 10).

For creating the model and performing the numerical simulation, the software FEFLOW®
was used.

4.3.1. Model Creation and Domain Discretization

Model dimensions have been horizontally fixed to 125 m, with the building in the
center of the square, and 120 m in the vertical direction. These dimensions assured that
boundary effects could be neglected. In order to reduce model complexity, due to the
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large number of EmPs, the numerical simulation was performed only on one sector of the
geothermal field, precisely the one illustrated in Figure 10. The discretization of the volume
was performed with a triangular mesh, fitted around the EmPs (Figure 14a).

5 0

D (m) ) T(C)
i

W76
W-1052
W-1628
W-2205
W28
W-357

Figure 14. (a) Plan view of the grid based on triangular meshes used in the numerical model focusing
around the selected EmPs (see Figure 10). (b) 3D perspective view of the set-up model and the
discretization adopted for the numerical simulation showing (i) depth (D; in m) and (ii) ground
temperature evolution along depth (T; in °C).

Along the vertical direction, the model was divided in 22 layers, not equally thick, to
carry out a high fitting in the shallower part, where the building and the EmP are located,
and to provide an improved resolution of the results. Table 7 presents the subdivision of
the layers, while Figure 14b shows the 3D discretization model in relation to the depth.

Table 7. Model layers in relation to depth.

Layer Depth Layer Depth

Number m Number m
1 0 12 35

2 1 13 40

3 2 14 45

4 3 15 50

5 4 16 55

6 5 17 60

7 10 18 65

8 15 19 70

9 20 20 75
10 25 21 80
11 30 22 120

The information related to material properties, boundary conditions and the values
of the initial variables presented in the previous section were subsequently assigned to
the respective layers, and the initial state model was therefore simulated, in the absence of
thermal extraction or injection into or from the ground by means of the EmPs.

For the application of the model, the following additional conditions were adopted: (a) no
flow is presented in the unsaturated zone (due to the lack of groundwater in the shallow
layers); (b) heat transfer is assumed as both conductive and convective; (c) a confined deep
aquifer is considered at the bottom of the model; and (d) the solver SAMG—* Algebraic
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Multigrid” of the FEFLOW® software was selected, being applicable to both the symmetric
and non-symmetric matrices.

4.3.2. Simulation of the Initial State

The initial state was simulated on the basis of a 10-year period. The thermal boundary
conditions were related to (i) the seasonal climatic fluctuations, (ii) the presence of the
building, and (iii) the hydraulic conditions (Table 6) related to pressure.

The observation points were set in proximity to the test borehole, in order to check the
temperature and pressure trends in relevant positions. At the end of the simulation, it was
thus possible to verify the thermal impact generated on the subsoil in correspondence with
the building.

The final temperatures were substantially in conformity with what was previously
measured, therefore it was not necessary to carry out subsequent calibrations. The simu-
lated temperatures were 9.4 °C at 5 m depth, 8.9 °C at 10 m, 8.7 °C at 15 m and 8.4 °C at
20 m (Figure 15).
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Figure 15. Simulated initial state of ground temperature at depths of 5 (a), 10 (b), 15 (c) and 20 (d) m
from the garage level.

Once the initial state was reconstructed, the models of the EmPs were introduced,
following the characteristics presented in Table 5. Each modeled EmP was assigned to a
dedicated node, extended along the vertical direction from 5 m to 25 m depth. According
to the heat pump system design, the flow rate for each probe should be equal to 0.02 L/s
(2.0736 m3/d), while the value of the temperature difference between inlet and outlet
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during the winter season was kept above 3 K. The same AT value (with inverted sign) was
also applied for the subsoil heat recharge simulated for the summer period. Assuming
a typical of mixture of water and 10% glycol, the properties of the working fluid allow
temperatures to fall below 0 °C.

With such constraints, it was possible to calculate the specific heat rate of each EmP,
which is 240 W, which in turn corresponds to 12 W/m. The apparently low energy value is
mainly due to the total absence of groundwater and flow within the modelled subsoil.

Therefore, knowing the monthly load (Figure 11), it was possible to calculate the daily
operating hours (or the monthly operating days) to ensure the full cover of the building’s
thermal needs (Table 8).

Table 8. Time steps for the correct working of the geothermal system.

Daily Operating Hours =~ Monthly Operating

Month (Full Month) Days (Full Day)
h Days
January 11.98 15.48
extraction prevailing February 8.93 10.42
March 0.65 0.84
April 7.90 9.88
May 15.44 19.94
injection prevailin, June 18.74 2342
) P & July 20.52 2651
August 17.26 22.30
September 11.28 14.10
October 2.36 3.05
extraction prevailing November 7.19 8.99
December 11.90 15.37

The heating system provides real operation based on the number of hours per day for
all days of the heating season (column 1 of Table 8). However, with regard to the numerical
model, simulating the real work would cause many changes in behavior (from extraction
to recharge) throughout the year, thus lengthening the simulation timing.

Therefore, we chose to perform the simulation based on the days of monthly operation
(column 2 of Table 8). Regarding the total extracted/dissipated energy for the whole
year, and the peaks of minimum and maximum temperatures, the results are perfectly
equal, but in the second chosen case, there was an indisputable advantage in terms of
simulation timing.

The simulations were made by imposing a fluid flow of 0.02 L/s for each EmP and
keeping a temperature difference between the inlet and outlet equal to 3 K, then guarantee-
ing 240 W from each EmP.

Figure 16 shows the result of the simulation (with fluid entry towards the annulus) in
terms of inlet and outlet temperatures after five years of operation, from two EmPs located
in two distinct zones of the geothermal field: the first one surrounded by other EmPs
(worst conditions), and the second at the border of the field (best conditions). April 1st
was assumed as the starting day of the simulation, so as to initially simulate the solar heat
injection in the EmPs. Figure 17 presents a comparison among the behavior in the center of
the EmP field and at its borders. The difference between the results is small, emphasizing
how the planned layout of the EmPs was appropriate according to the energy demand of
the building and the use of the system.
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Figure 16. The result of a 5-year simulation for an EmP located in the middle (top) and at the border
(bottom) of the geothermal field, respectively.
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Figure 17. Comparison of the simulation results for an EmP located in the center and one located at
the border of the model, for the first year of simulation.



Energies 2024, 17, 2533

23 of 29

By comparing the different years, we see how the latter guarantees an increase in
temperatures starting from the 2nd year, followed by a substantial stabilization. Table 9
shows the simulated minimum and maximum temperature values for the two EmPs.

Table 9. Simulated minimum and maximum temperature values.

EmP in the Middle of the EmP at the Border of the
Geothermal Field Geothermal Field
Years min T (°C) max T (°C) min T (°C) max T (°C)
1 —4.34 32.77 —3.81 31.25
2 —4.05 32.94 —3.53 31.43
3 —3.97 33.07 —3.44 31.74
4 —3.99 33.38 —3.45 32.03
5 —4.04 32.97 —3.50 31.84
variation 1-5 years +0.3 °C +0.2°C +0.3°C +0.6 °C

The thermal impact of the operation of the EmPs on the subsoil of the building depends
on the quantity of solar heat injected and of the energy extracted during the heating season.
The greatest impact is expected near each EmP, gradually decreasing towards the border of
the geothermal field.

By allowing the fluid to reach temperatures below 0 °C, all the energy needs have
been satisfied with the EmP solar thermal energy storage. The absence of groundwater
flow guarantees a very limited dissipation of the solar energy in the ground. In particular,
the rates of the injected and extracted heat are those presented in Table 10.

Table 10. Rates of extracted (—) and injected (+) heat satisfied by the system.

Month Extracted/Injected Energy (MWh)
January —24.22
February —18.80
March —7.55
April +11.75
May +34.36
June +40.00
July +41.81
August +29.74
September +19.27
October —8.45
November —16.90
December —23.96

However, since the EmPs are distributed along the entire building, the phenomenon
of the superimposition of effects occurs, and so a notable thermal impact is expected in
some specific zones of the field, where the density of EmPs with respect to the available
space is high, and where a temperature difference of up to 20 K, compared to the initial
state, can arise, in both injection and extraction modes. Figure 18 presents the results of the
numerical simulation, in terms of the subsoil thermal state at different depths at the end of
a heat injection phase.

Based on the ground temperature in the different layers at the end of the solar heat
injection period, it was possible to estimate the amount of stored heat, using Equation (8).

The energy stored in the subsoil was calculated for all four layers affected by the EmPs
(5-10, 10-15, 15-20 and 20-25 m below the garage; Table 11; Equation (8)).

The radius of influence was set at 10 m, according to the results of the numerical
simulation. However, since it was carried out in 87 of the 220 EmPs, the energy storage
analysis was repeated by considering the radius as the entire length of the building (25 m).
In such conditions, a total energy storage of about 250 MWh can be assumed.
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Figure 18. Impact of the work of the geothermal field over the subsoil at the end of the solar
heat injection period. Temperatures in the depths of 5 (a), 10 (b), 15 (c) and 20 (d) meters below
the building.
Table 11. Stored energy based on the results of the numerical simulations.
th c r T,; T, AT, Qst Qst
Depth g gi sf g s s
5 5 1.75 10 94 244 15 41,233.40 11.45
10 5 1.75 10 8.9 29.9 21 57,726.77 16.04
15 5 1.75 10 8.7 29.7 21 115,453.50 32.07
20 5 2.28 10 8.4 29.1 20.7 148,270.61 41.19
total 20 362,684.31 100.75

Additional analyses were performed for checking the possibility of avoiding the use
of antifreeze fluid. Due to the dry nature of the subsoil, it was not possible to find a
proper solution. However, further considerations could be provided. The winter energy
could be satisfied at 75% of the demand by imposing a reduced constant flow of 0.011 L/s
(0.9504 m3/d) for each EmP, but with a significant increase in operational hours (almost
24 h /24 for the whole winter period). With such conditions, it could be possible to increase
the minimum temperature by about 3 K (from —4 °C using 0.02 L/s, to —1 °C using
0.011 L/s). Imposing even lower flows seems unfeasible, since 0.011 L/s is the limit under
which the thermal short circuit in the newly designed EmP system becomes prominent.
Figure 19 presents the evolution of temperature in such conditions, for the first few years
of operation, by imposing the minimum inlet temperature for each month.
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Figure 19. System temperature evolution, by imposing the minimum flow of 0.011 L/s for each EmP
and the minimum inlet temperature during each month, though respecting the energy needs.

Also in this case, the stored solar energy has provided a fundamental contribution in
supporting the ground for satisfying the building energy needs.

5. Conclusions

Climate change, air pollution and the progressive increase in the costs of fossil energy
sources for heating the built environment make the integration of various renewable energy
sources necessary. Shallow geothermal resources, representing a continuous, low-emission
and local renewable energy source, will certainly provide an important contribution to the
decarbonization process. The concepts of circular economy, zero carbon, environmental
sustainability, energy poverty and healthy living are the cornerstones around which this
research was developed. It is worth noting that the achievement of these objectives and the
related operational and design choices were guided and conditioned by the characteristics
of the underground.

When designing a shallow geothermal (or geoexchange) system, it must be taken
into consideration that the geological, hydrogeological, geotechnical and thermophysical
conditions of the subsoil constitute the fixed boundary conditions of the project. Therefore,
the subsequent design phases (thermal engineering and architectural) must consider and
adapt to the characteristics of the underground.

This study was devoted to optimizing the balance between solar thermal storage
and heat extraction from a shallow underground geothermal system, in a dry subsoil
context. The investigated building is located at 1490 m within a mountain area of high
environmental and landscape value, with tourism in both the summer and winter. The
average annual air temperature is +7.1 °C, while from December to February it drops
to —0.3 °C. It is worth noting that the investigated building only needs heating, and the
energy demand is concentrated between November and March (79.5% of the total energy)
with peaks of 90 MWh in January for both heating and domestic hot water.

The geological investigation allowed us to distinguish the presence of shallow Qua-
ternary deposits, relatively heterogeneous at both vertical and horizontal scales. These
deposits consist of alternating layers of gravel, sand and silt with the presence of centimeter-
sized blocks of calcarenite and limestone rocks. The thickness varies between 10 and 20 m,
reflecting the geometric characteristics of the Mesozoic bedrock mainly consisting of pelitic
(Rotzo Formation) and oolitic limestone (Massone Formation) in the upper part of the
succession (thickness < 6 m).

The average hydraulic conductivity of the Quaternary deposits and Mesozoic car-
bonate formations is about 1.3 x 107° and 3.5 x 107® m/s, respectively. Moreover, at
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depths greater than 100 m, several karstic cavities were crossed during drilling while in
the shallower layers, wherein chemical phenomena of the dissolution and recrystallization
of the rock mass are diffused. The development of these karst features and the absence of
underground water circulation would have strongly compromised the sustainability of a
deeper, say 80-150 m, closed loop geothermal system. Accordingly, only the integrated
analysis of the local geological conditions, by means of a holistic approach, was crucial
during the design process, allowing the planners and the investors to overcome some
technical design barriers for a better exploitation of the subsurface geothermal energy.
Moreover, this integrated approach has given us the opportunity to:

(a) conceive/introduce the energy micropiles (EmPs) by combining/integrating geotech-
nical solutions (i.e., foundation micropiles) with geothermal ones, and hence selecting
coaxial geothermal probes in accordance with the concept of circular economy;

(b) install the EmPs inside the garage of the building without any additional inclusion of
soil or hydraulic works;

(c) conceive and design an integrated (hybrid) renewable energy supply system (geother-
mal and solar) to provide the thermal energy necessary for heating the building.

Finally, numerical modeling and long-term simulations enabled us to define an eco-
sustainable solution by exploiting the entirely renewable summer solar energy and store
it in the subsoil for its use in winter, thus enhancing the heat performance of the system.
Especially in unfavorable conditions, such as dry soils and unbalanced heating demands,
the BTES solution can be designed to provide the economic feasibility and sustainability of
a combined exploitation of geothermal and solar energy.
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