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A B S T R A C T

In the very shallow depths of urban areas it is difficult to find natural undisturbed underground thermal con
ditions because of anthropic interventions. Moreover, these areas are being increasingly used for energy pur
poses, for example implementing the technology of shallow geothermal systems to provide clean thermal energy 
and supply the thermal demand of buildings in both winter and summer seasons. The heat exchanged by these 
types of renewable energy technologies, in particular ground source heat pump systems such as open loop and 
closed loop ones, in combination with further anthropogenic activities, results in altered thermal regimes in the 
subsurface. Energy tunnels, which are achieved by thermally activating the tunnel lining, have recently gained 
attention among closed loop geothermal systems. Therefore, when planning an urban energy tunnel, attention 
has to be devoted to the initial underground thermal conditions and to the interactions the pre-existing thermal 
regime will have with the energy tunnel itself. To this aim, the paper outlines a methodological approach which 
is then applied to a case study in Turin, Italy, where a new metro line is planned. Thermo-hydraulic numerical 
modelling is adopted to reproduce the thermally disturbed subsurface environment in the study area prior to the 
energy tunnel’s thermal activation, due to the presence of multiple heat sources (open loop and closed loop 
systems, underground buildings, car parks and infrastructures), as well as after its commissioning. Results are 
illustrated in terms of temperature maps and cross sections where the thermally affected zones due to open loop, 
mainly, and closed loop systems are depicted depending on the operational mode of the shallow geothermal 
systems. Those results highlight that, when the installation of a new energy tunnel is envisaged, it is necessary to 
consider the current geothermal exploitation of the area and the operation of neighbouring similar systems.

1. Introduction

Due to the rise of awareness regarding the challenge of climate 
change and greenhouse gas emissions (GHG), in recent years the Euro
pean Union has increased its involvement in climate change mitigation 
policies. Promoted by the booming fossil fuel consumption and excessive 
GHG, renewable energies have received important backing worldwide 
through the Paris Agreement signed at the World Climate Summit in 
2015. For this reason, investing in renewable energy sources has become 
a vital and urgent matter. Geothermal energy represents a large source 
of environmentally friendly energy with a low carbon footprint (Saner 
et al., 2010) and, thus, shows a high potential to help supplying the 
thermal demand of buildings in urban areas that are usually character
ized by a high-density population. In particular, technologies for the 
heating-cooling building sector utilizing geothermal heat pumps (GHP) 
could provide such energy requirements; this technology presented a 

total installed power of >50 GW in 2015 (Lund and Boyd, 2016) thus, 
showing a large potential for the mitigation of climate change in this 
sector (Gaur et al., 2021).

Due to GHP environmental and economic feasibility (Junghans, 
2015), a steady increase of their installed capacity worldwide has been 
observed over the last 20 years. The two main widespread configura
tions are closed loop and open loop. The former, also called ground 
source heat pump (GSHP), uses a circuit of pipes embedded in the 
ground, often within concrete grouting, to exchange heat with the 
ground. The latter, also called groundwater heat pump (GWHP), takes 
advantage of groundwater or surface water directly as a heat source and 
circulates it through heat exchangers placed at the surface, finally dis
charging it into another well or into the same water reservoir (Edenhofer 
et al., 2012). Thereby, differently from closed loop geothermal systems, 
they exchange both heat and mass (i.e. groundwater). GWHP systems 
are the oldest type of GHP and were the most widely used until the 90s, 
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when their popularity dropped as increased environmental regulations, 
designed to prevent aquifer and surface water contamination, have 
favored the adoption of the GSHPs (Mock et al., 1997). Cold (heating 
mode) or warm plumes (cooling mode) may develop during the opera
tions of the geothermal plant, inducing thermal alterations in the 
ground. It is conventionally accepted to name ‘Thermally Affected Zone 
(TAZ)’ the area that experiences a temperature variation higher than 1 K 
(Di Dato et al., 2022; Lo Russo et al., 2014; Barla et al., 2018). TAZs 
represent a potential anthropogenic source of pollution that needs to be 
considered during the design of the system to avoid interferences with 
existing groundwater applications and underground infrastructure, 
particularly in densely populated urban areas. The concern about the 
development of the abovementioned thermal anomalies is growing 
worldwide as they may cause considerable wasting of the heat exchange 
potential (Epting and Huggenberger, 2013) and failures of geothermal 
energy plants (Herbert et al., 2013). Despite this, open loop schemes are 
still commonly used in several countries and urban areas since their 
large technical potential for heating and cooling buildings is state of fact.

Compared to open loop, in closed loop systems there is a reduced risk 
of environmental damage during operation; hence, they can potentially 

be installed in almost every site and, in addition, there is no particular 
technical restriction which prevents their installation. An innovative 
type of closed loop system is represented by energy geo-structures. They 
can be defined as all those ground-contact structures that provide both 
structural support and an energy contribution to the climatization of 
buildings. Piles, micropiles, diaphragm walls, anchors and, the most 
recently investigated, tunnel linings can be mentioned among this 
technology (Laloui and Di Donna, 2013; Barla and Perino, 2015; Barla 
et al., 2019). Energy tunnels take advantage of the large volume for heat 
exchange granted by the, usually, long longitudinal extension of the 
underground infrastructures (e.g. metro lines in urban environment, 
Insana and Barla, 2020; Barla and Insana, 2023). The thermal activation 
is achieved by embedding a network of absorber pipes in the structural 
elements inside which a fluid circulates to exchange heat with the sur
rounding ground (Fig. 1). Differently to the previously mentioned 
technologies (GWHP, GSHP, energy piles) which are generally local 
installations, energy tunnels peculiarity lies in the fact that the thermally 
activated structure will interact with a wider area of the urban envi
ronment, potentially leading to interferences with or being affected from 
existing installations.

Researchers have provided comprehensive studies focusing on po
tential thermal interferences between shallow geothermal systems (SGS) 
where the presence of groundwater flow contributes to the formation 
and the migration of thermal plumes (Alcaraz et al., 2016; Alcaraz and 
Vives, 2017). The continuously growing use of subsurface resources in 
urban areas for energy purposes may lead to conflicting uses or over
exploitation and depletion (Ferguson and Woodbury, 2006; Quattrocchi 
et al., 2013; Vienken et al., 2015; García-Gil et al., 2020; Epting et al., 
2020). In this context, interactions among different geothermal users 
and with other subsurface uses are becoming more and more frequent 
and may result in strong alteration of the available geothermal potential 
(Fry, 2009; Herbert et al., 2013; Barla et al., 2018; Baralis and Barla, 
2024). To the best knowledge of the authors, only few researchers have 
addressed the thermal interactions with energy geostructures, especially 
in urban densely populated areas. Therefore, insights into the potential 
interactions between SGS in an urbanized area are of utmost relevance 
and will be investigated in this paper.

As a fundamental step for an energy tunnel design, the assessment of 
its interaction with the ground and other users is to be studied. In this 
paper a methodological procedure is outlined to explore such 

Fig. 1. Energy tunnel concept (out of scale).

Fig. 2. Methodological process for the assessment of the interaction of the energy tunnel with the existing users in an urban environment.
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interaction. Then, reference will be made to the case of Turin’s central 
districts, where a new metro line with thermally activated lining is 
planned. Finite Element thermo-hydraulic modelling will be adopted to 
reproduce the current thermal environment of the subsoil, simulating 
the operation of the current installations present. Then, the same model 
will consider the thermal activation of the geostructure to assess the 
interaction with the existing installations.

2. The energy tunnel in an urban area

When a thermally activated metro tunnel is planned in an urban 
area, the issue arises to study its interaction with the pre-existing in
stallations and users of the ground heat. Any metro line, in fact, will 
typically cross the city for many kilometers, encountering other in
frastructures and/or man-made activities. When urban tunnels are 
designed to be thermally active and are supposed to exchange heat with 
the surrounding ground, depending on the actual usage of the under
ground, positive or negative thermal interactions with pre-existing ac
tivities may occur in some specific locations. As an example, if the metro 
tunnel crosses an area where open loop geothermal systems are active, 
the heat exchange of the energy tunnel lining may be reduced because of 
the interception with the thermal plume of the existing geothermal 

systems. Conversely, the tunnel itself may impact the potential exploi
tation of shallow geothermal systems if they are located in the area 
which is affected by the heat exchange between the ground and the 
tunnel.

Because of the above, within the design process of an energy tunnel, 
a specific effort should be devoted to study the thermo-hydraulic 
behaviour of the tunnel in the real environment. To this extent three- 
dimensional Finite Element thermo-hydro coupled numerical models 
are of great help.

With the purpose of assessing the interaction between the energy 
tunnel and the existing users, a four steps methodological process is 
outlined in Fig. 2. The first step requires the collection of all the infor
mation for the selected study area. This includes the morphology, hy
drogeology and geothermal properties of the subsoil, data on existing 
ground heat users such as shallow geothermal open and closed loop 
systems, buildings basements, underground car parks, etc. and, of 
course, the characteristics of the energy tunnel. Ground and/or 
groundwater temperatures monitoring data must be collected together 
with the operational data from the active systems. A thermo-hydro 
coupled numerical model is then built to reproduce the relevant area. 
First, calibration of key parameters takes place to tune some of the 
model’s parameters and reproduce the monitored data in a certain 

Fig. 3. Map of the study area with the indication of the new energy metro line and the existing main users impacting the shallow thermal environment.
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timeframe. Then, the model is validated against the collected moni
toring data in a different timeframe. Once a reliable model is estab
lished, able to fully reproduce the actual behaviour of the subsoil 
thermal environment as affected by the existing users, the activation of 
the energy tunnel is to be simulated to evaluate its interaction with the 
existing users. On the basis of the results obtained from the model and 
with reference to a defined time frame, specific measures may be eval
uated and defined to minimise interaction and/or optimise the location 
of future installations.

In the following the above methodological process will be exempli
fied with reference to the case of a metro line to be constructed in the 
city of Turin (Italy), where pre-existing thermal harnessing of the subsoil 
has been taking place since many years by open and closed loop 
geothermal systems as well as by industrial activities.

3. Data collection

An overview of the study area, that includes the central districts of 
Turin (Italy) where a new metro line is going to be constructed in the 
coming years, is depicted in Fig. 3.

From a morphological point of view, the area of interest is located in 
the narrow portion of the western Po plain in northwestern Italy, 
enclosed by the rivers Stura di Lanzo, Sangone and Po, with elevation 
that varies between 210 and 270 m a.s.l. The river Po serves as the major 
drainage for the watershed and flows northeast along the western border 
of the Turin hill.

The geological setting of the plain area is rather well-known thanks 
to numerous borehole drilling (Regione Piemonte, 2007) and the 
experience gained with multiple deep foundations and urban tunnel 
projects (Barla and Barla, 2005; 2012). The geological stratigraphy in
cludes (see Fig. 4): 

- Coarse alluvial fluvioglacial deposits (corresponding to units 1–3 in 
Fig. 4), mainly constituted by pebbles, gravel, and sand in a sandy- 
silty matrix; this layer represents the upper 25–50 m of Turin sub
soil. The thickness decreases moving from the southern to the 
northern part of the urban area. Its heterogeneity is accentuated due 
to the highly variable degree of cementation. Cemented portions are 
distributed randomly and originate lenses with the characteristics of 
conglomerate rock, also known by the term Puddinga.

- Villafranchiano formation (corresponding to unit 4 in Fig. 4), a 
succession of lacustrine and fluvial-lacustrine deposits represented 
by clays and silts locally including gravel lenses whose origin is the 
Middle Pliocene - Lower Pleistocene.

- Ancient terrigenous succession of sand deposits and fossiliferous 
conglomerates (unit 5 in Fig. 4) and marl alternating sandstone (unit 
6 in Fig. 4) originated in the Miocene - Middle Pliocene (Piacenzian).

As mentioned, cemented soil is often present in the fluvioglacial 
deposits due to calcareous deposition processes. Direct observation in 
the field has indeed shown that cemented areas of ground are generally 
randomly distributed along horizontal layers, with thickness varying 
between a few centimetres to a few meters (Barla and Camusso, 2008). 
This heterogeneity was properly taken into account at the district macro 
scale thanks to maps retrieved from the literature where the cementa
tion degree statistically occurs between 0–25 %, 25–50 % and 50–75 % 
(de Rienzo and Oreste, 2011), identified as C1, C2 and C3. However, 
these maps did not cover the entire study area; for this reason, they were 
extended based on recent data collected from hydrogeological and 
geognostic campaign surveys. The geothermal properties pertaining to 
the zones C1, C2 and C3 were also assessed on the basis of field tests 
carried out in the area of interest (Barla et al., 2013).

The shallower geotechnical unit hosts an aquifer whose thickness 
ranges from 15 to 30 m and is underlined by the thick Villafranchiano 
clayey formation where the aquitard is located. The main direction of 
the unconfined aquifer’s flow, that extends over the entire urban plain 
(including the study area), is from North-West to South-East towards the 
Po river (Civita and Pizzo, 2001).

Thanks to the presence of the very productive shallow aquifer and to 
easy access to water (maximum depth of the water table approximately 
20–25 m), the studied area has been experiencing extreme interest in 
shallow geothermal energy. In fact, an exponential growth in the num
ber of open loop systems was documented (Lo Russo et al., 2014; Barla 
et al., 2018). A specific survey carried out by the Authors in the 
Metropolitan City of Turin’s repository highlighted, at the time of 
writing, the presence of 34 open loop systems (for a total of 109 
extraction and re-injection wells). Thanks to this survey, it was possible 
to know the position of each well and piezometer belonging to the 
various open loop systems together with their monitoring data (tem
perature, pump rates and hydraulic heads) and their bottom depths 

Fig. 4. Representative schematic (out of scale) geological section of Turin city area (modified from Bottino and Civita, 1986).
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(ranging from 21 to 49 m). The distance between the extraction and 
re-injection wells of the plant varies from 17 to 215 m and the mean 
wells diameter is 35.5 cm. The characteristics of two closed loop systems 
(having 5 and 7 geothermal probes, respectively, 113 m depth and total 
installed power of 6 kW) within the study area are also known and were 
considered as well. These existing shallow geothermal installations 
(open and closed loop systems), which can be listed among the so-called 
active users because they exchange mass and/or heat with the aquifer 
and directly exploit the shallow geothermal resource, are shown in Fig. 3
(in which monitoring points were excluded for the sake of clarity).

The same figure also highlights the new thermally activated metro 
line and stations, whose path is indicated in red, together with the other 
anthropic structures, like the Metro Line 1, railway link and under
ground car parks. Given the purpose of this study, not only the track but 
also other characteristics of the new energy tunnel must be collected, 
like the depths interested by the infrastructure, its geometry and the 
excavation methods. In this case, the energy tunnels will be excavated 
partly with the Cut&Cover technique, partly with a Tunnel Boring Ma
chine. In the first case, pipes are embedded in the diaphragm walls while 

for the TBM tunnels, the heat exchanger circuits are fixed to the steel 
cage before casting of the concrete segments. The depth of the energy 
tunnel and stations is not constant along the route: the Cut&Cover 
tunnels reach an average depth of 10 m, while the TBM tunnels reach 
greater depths, up to a maximum of 34 m below the ground surface and 
with an average equal to 25 m. The TBM tunnel external diameter is 9.60 
m. The maximum depth of the underground stations’ diaphragm walls, 
instead, is 32 m.

With the exception of the new energy tunnel, these anthropic en
tities, as well as the buildings’ underground levels (that are not shown in 
the Figure for the sake of clarity), can be classified as passive users, since 
they still impact the underground thermo-hydraulic environment by 
exchanging heat fluxes with the subsurface because of their under
ground location.

All the relevant information was collected in a Geographic Infor
mation System (GIS) environment. The GIS dataset built includes the 
topography (Digital Terrain Model, DTM), the base aquifer elevation 
data, the groundwater surface elevation, the location of the piezometers 
inside and on the boundaries of the domain, the open and closed loop 

Fig. 5. Map of the aquifer data collected in the study area.
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systems, the track of the existing underground infrastructures (railway 
link, Metro Line 1), the footprint of the underground levels of buildings 
and car parks and, finally, the path of the new energy tunnel envisaged.

Fig. 5 illustrates the aquifer base elevation, isopiezometric contour 
lines and the available monitoring points. Specifically, the monitoring 
data of the rivers’ water levels and of the piezometers’ hydraulic heads 
(indicated in Fig. 4 with yellow squares and with black points respec
tively) were collected from direct measurements and from the metro
politan authority monitoring network (ARPA Piemonte). This dataset 
was used as model input (as described in Chapter 4). Instead, hydraulic 
heads and temperature data collected in the monitoring points indicated 
in blue in Fig. 5 (blue squares and triangles) were collected in the 
framework of the urban energy tunnel’s design and utilized to validate 
the model output. The groundwater surface elevation and iso
piezometric contour lines, together with the shallow aquifer baselines, 
allowed to properly assess the top and base elevation of the unconfined 

groundwater body. With other information provided by the monitoring 
network, a satisfying knowledge of the unconfined aquifer conditions 
was finally achieved.

The Western boundary of the study area (and, therefore, of the nu
merical model that will be later described) was chosen to match one 
isopiezometric contour line, while the Eastern boundary coincides with 
the Po river. The Southern and part of the Northern boundaries were 
chosen perpendicular to the isopiezometric contour lines, while the 
remaining part of the Northern boundary coincides with the Stura di 
Lanzo river.

4. Set-up of the numerical model

On the basis of the information collected, a three-dimensional Finite 
Element numerical model was built by using the commercial code 
FEFLOW (DHI, 2022). Thanks to the interoperability features between 

Fig. 6. 3D numerical model: (a) dimensions and elevation; (b) section showing the distribution of the different degree of cementation within the geotechnical units.
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the geo-referred database and the numerical code, the entities in the 
model were geo-referred and the mesh generator was forced to comply 
with their geometrical constraints. A Triangle mesh generator 
(Shewchuk, 1996) was adopted to partition the model domain in 
355600 elements per layer, with 178232 nodes per slice (5334000 ele
ments and 2851712 nodes in total). The 3D model’s plan dimensions are 
8106 m x 7681 m (Fig. 6a). The bottom boundary of the model corre
sponds to the base aquifer elevation. The domain encompasses the al
luvial deposits shown in Fig. 4.

Three geotechnical units, all within the alluvial deposits, with a 
different degree of cementation (C1, C2, C3) were considered as defined 
in the work of de Rienzo and Oreste (2011). Thanks to the interopera
bility between the GIS environment and the software, the maps showing 
the distribution of the three geotechnical units in the study area were 
introduced to define the spatial distribution of C1, C2 and C3 in the 
model (Fig. 6b). The hydraulic and thermal properties of the geotech
nical units used as input are provided in Table 1. These units were 
considered orthotropic from a hydraulic point of view, according to the 
origin of the deposit. The anisotropy is correlated with the sedimentary 
genetic processes of the soils which determine in most cases a more or 
less evident stratification of the materials that generally corresponds to a 
greater degree of permeability to horizontal motions compared to ver
tical ones; the deposition process, indeed, induces vertical hydraulic 
conductivities 10 to 20 times smaller than the horizontal values. The 
calibration of the hydraulic conductivity of the geotechnical units was 
obtained thanks to an optimization process with PEST utilities (Doherty 
and Hunt, 2010) and the results of pumping tests performed in a central 

portion of the modelled area in previous studies (Barla et al., 2013; 
Baralis, 2015; 2016; Baralis, 2020; Baralis and Barla, 2024).

Soil thermal dispersivity (with the typical ratio between transverse 
and longitudinal values equal to 1/10) was derived from calibrations 
obtained in previous studies for the same site (Barla et al., 2013). The 
assessment of this property is indeed very difficult and could be 
managed through in situ tests, like tracer tests (Epting and Huggen
berger, 2013), which, however, are accompanied by uncertainties 
related to the problem scale effects (Sethi and Di Molfetta, 2007). Given 
also the difficulties coming with direct determination of properties such 
as porosity and heat capacity, using values from literature was consid
ered more reasonable (Celico, 1988; VDI 4640 2001; Eppelbaum et al. 
2014). The thermal conductivity of the geotechnical units was obtained 
from in situ tests, i.e. Thermal Response Tests, carried out at different 
locations in the Turin metropolitan area for the geostructure’s thermal 
design purposes (Insana et al., 2023).

Finally, underground anthropic structures (namely tunnels, car parks 
and building basements) were assigned concrete material properties and 
were considered with isotropic characteristics from the hydraulic point 
of view, as indicated in Table 1. Moreover, depths pertaining to build
ings and car parks were assessed considering their relevant number of 
underground storeys; specifically, one underground level buildings were 
considered up to 2.5 m, two underground levels buildings up to 7.5 m 
and those with three or more underground levels according to their 
actual depths.

Table 1 
Material hydraulic and thermal properties adopted in the numerical model.

Materials Property Symbol Unit Value

Coarse alluvial fluvioglacial deposits: geotechnical unit C1 (cementation degree 0–25 %) Horizontal hydraulic conductivity Kx = Ky ms− 1 (0.4–3.9)⋅10− 3

Vertical hydraulic conductivity Kz ms− 1 (0.2–1.98)⋅10− 4

Specific storage S m− 1 10− 4

Porosity n – 0.175
Anisotropy ratio – – 0.05
Solid thermal conductivity λs Wm− 1K− 1 4.19
Solid volumetric thermal capacity ρscs MJm− ³K− 1 1.8
Longitudinal dispersivity αL m 3.1
Transverse dispersivity αT m 0.31

Coarse alluvial fluvioglacial deposits: geotechnical unit C2 (cementation degree 25–50 %) Horizontal hydraulic conductivity Kx = Ky ms− 1 (0.45 - 2.8)⋅10− 3

Vertical hydraulic conductivity Kz ms− 1 (0.22–1.46)⋅10− 4

Specific storage S m− 1 10− 4

Porosity n – 0.15
Anisotropy ratio – – 0.05
Solid thermal conductivity λs Wm− 1K− 1 3.75
Solid volumetric thermal capacity ρscs MJm− ³K− 1 1.7
Longitudinal dispersivity αL m 3.1
Transverse dispersivity αT m 0.31

Coarse alluvial fluvioglacial deposits: geotechnical unit C3 (cementation degree 50–75 %) Horizontal hydraulic conductivity Kx = Ky ms− 1 (0.4–2.3) 10− 3

Vertical hydraulic conductivity Kz ms− 1 (0.21–1.2)⋅10− 4

Specific storage S m− 1 10− 4

Porosity n – 0.125
Anisotropy ratio – – 0.05
Solid thermal conductivity λs Wm− 1K− 1 3.3
Solid volumetric thermal capacity ρscs MJm− 3K− 1 1.7
Longitudinal dispersivity αL m 3.1
Transverse dispersivity αT m 0.31

Concrete Horizontal hydraulic conductivity Kx = Ky ms− 1 10− 16

Vertical hydraulic conductivity Kz ms− 1 10− 16

Specific storage S m− 1 10− 4

Porosity n – 0
Anisotropy ratio – – 1
Solid thermal conductivity λs Wm− 1K− 1 1.12
Solid volumetric thermal capacity ρscs MJm− 3K− 1 2.19
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4.1. Hydraulic boundary and initial conditions

The mean piezometric surface was extrapolated from the monitoring 
data and was set as the initial hydraulic head throughout the domain. 
The initial water table depth varies throughout the domain: in the North- 
Eastern portion it is at its minimum (4 m below the ground surface), 
while in the South-Western portion it reaches the maximum depth of 
27.5 m (indicated in Fig. 6 with the black line).

To define the hydraulic boundary conditions (Fig. 7), data histories 

retrieved from water level monitoring points (indicated with the yellow 
squares in Fig. 4) and piezometers closer to the external borders of the 
study area (shown with black points in Fig. 4) were automatically 
interpolated (or extrapolated) along the boundaries of the numerical 
model adopting a 1st kind boundary condition (Dirichlet-type). Such 
boundary condition is typically imposed along boundaries on which 
seepage can occur, where groundwater level is well-known. In the case 
of the boundaries corresponding to the Po and the Stura di Lanzo rivers, 
the measured water level was imposed as 3rd kind boundary condition 

Fig. 7. Hydraulic boundary conditions of the coupled thermo-hydraulic numerical model.

Fig. 8. Thermal boundary conditions of the coupled thermo-hydraulic numerical model.
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(Cauchy-type, with the transfer rate of 650 d− 1), suitable for surface 
water bodies (Diersch, 2014).

For the anthropic structures in the aquifer (i.e. urban tunnels and 
underground stations) a no fluid-flux boundary condition (2nd kind BC) 
was imposed since they are impermeable.

Finally, to simulate the open loop systems, a sink/source internal 
boundary condition (4th kind BC) was set to the mesh nodes included in 
the screening interval of each extraction and injection well (with proper 
sign values). The pumping and injection rates time histories associated 
with each open loop system were assigned based on monitoring data, 
when available. Alternatively, authorized limits given by the local au
thority were assigned.

4.2. Thermal boundary and initial conditions

The temperature of 14.5 ◦C was initially set throughout the domain 
and fixed at the North, West, South and part of the East boundaries’ 
nodes as a 1st kind boundary condition (as shown in Fig. 8), which is 
commonly adopted where the temperature is known or predefined at 

Fig. 9. Air, railway link and Metro Line 1, and Po river temperature profile 
imposed as boundary condition.

Table 2 
Thermal transfer data adopted for the thermal sources/sinks.

Natural or anthropic entities Property Symbol Unit Value

Open surface (air) Heat transfer rate hc Wm− 2K− 1 0.145
Temperature T ◦C 2.9 – 26

Po river Heat transfer rate hc Wm− 2K− 1 0.015
Temperature T ◦C 5.0 – 26.6

Underground levels of buildings Heat transfer rate hc Wm− 2K− 1 0.3
Temperature T ◦C 17

Underground car parks Heat transfer rate hc Wm− 2K− 1 0.3
Temperature T ◦C 17

Urban tunnels Heat transfer rate hc Wm− 2K− 1 2.19
Temperature T ◦C 7.5 – 29.3

Fig. 10. Water table depth in the model area: (a) interpolation of measurements from the Geoportale of the Piedmont regional authority (ARPA Piemonte, 2020) and 
(b) calculated values by numerical analysis.
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inflow or outflow boundaries (Diersch, 2014). This value was selected 
according to the temperatures monitored through piezometers located 
inside and in the surroundings of the domain since their recorded value 
was considered representative of the underground undisturbed thermal 
conditions. On the remaining upper part of the East boundary the 
recorded values of Po river temperature during the year 2021 (Fig. 9, 
data are similar in other years as well) was applied as a 3rd kind 
boundary condition. The heat transfer rate was selected according to 
Epting and Huggenberger (2013). In the 3rd kind thermal boundary 
condition a fixed/transient reference temperature is imposed with a heat 
transmission coefficient (i.e. heat transfer rate) and is applied in cases 
where the reference temperature is linked to the temperature of 
groundwater via a separating heat-conductive medium. As stated by 
Diersch (2014), this specific boundary condition is commonly used to 
simulate the heat transfer through river boundaries, and air-contact 
surfaces (e.g. tunnels and underground buildings).

The average monthly air temperature computed from the year 2021 
measured daily values (Fig. 9) was applied as a 3rd kind boundary 
condition to the area of the uppermost slice of the model where no 
buildings or other structures are present. The influence of the solar ra
diation contribution was considered negligible for the aim of this study, 
given the depths influenced by the energy tunnels, underground stations 
and the other shallow geothermal systems present in the modelled area 
and was neglected as in similar studies (Epting and Huggenberger, 2013; 
Herbert et al., 2013; Perego et al., 2022; Baralis and Barla, 2024).

The operation of the many open-loop systems in the area was 
reproduced by applying the recorded injection temperature time series 
(1st kind boundary condition) to the nodes reproducing the injection 
wells of each geothermal plant. It is noted that the existing systems are 
activated in the model at the time corresponding to their installation.

The closed-loop systems (i.e. borehole heat exchangers) were intro
duced as nodal sink/source boundary conditions (4th kind BC). Since the 
only available information on the energy performance of the closed-loop 
system was the total installed power, the thermal power demanded to 
the ground was calculated hypothesizing an average geothermal heat 
pump Coefficient of Performance (COP) of 4. The heat extraction/in
jection rate to the ground was then divided by the number of nodes 
containing heat sink/source BCs from the first layer to the last one 
(Perego et al., 2022).

Underground levels of buildings, underground car parks and urban 
tunnels (with the exception of the new energy tunnel that will be 
introduced in the thermal activation phase) were associated with the 
temperatures and heat transfer rate values listed in Table 2 (3rd kind 
BC). On one hand, the constant temperature of 17 ◦C assumed for all the 
underground levels was derived from monitoring data reported by Tinti 
et al. (2015). On the other hand, the urban tunnels temperature profile 
(Fig. 9) was assumed by sinusoidal approximation of measured values 
recorded in Turin Metro Line 1 (Barla et al., 2016).

The heat transfer rates imposed on the open surface (pertaining to 
air) and to the Po river are the same as in Epting et al. (2013) and Baralis 
(2020). Those selected for buildings and underground car parks refer to 
the minimum required by law (Ministero dello Sviluppo Economico, 
2015) for climate zone E in which Turin is located. Urban tunnels’ heat 
transfer rate hc, instead, was estimated for simplicity considering the 
average thickness of the concrete lining s equal to 30 cm, the thermal 
conductivity of concrete λs and the air heat transfer rate hc,air of 5.3 
Wm− 2K− 1 (Insana and Barla, 2020; Insana, 2020): 

hc
[
Wm− 2K− 1] =

[

h− 1
c,air +

s
λs

]− 1
(1) 

To simulate the thermal activation of the new energy metro line, 
pertinent temperature boundary conditions (1st kind) were fixed on the 
mesh nodes corresponding to the tunnel and diaphragm walls extrados 

and to the stations’ underground walls in contact with the ground. 
Overall, almost 200 different temperature values were considered, 
depending not only on the position of tunnel lining and diaphragm walls 
with respect to groundwater flow, but also on the season (Barla et al., 
2021). These values are not constant through the tunnel’s path but vary 
according to the thermal design of the infrastructure. For the Cut&Cover 
tunnels, the working temperature applied ranged between 7.1 and 9.4 ◦C 
and 22 and 24.4 ◦C for the winter and summer seasons respectively. For 
the TBM tunnels, the assessed working temperature ranged between 6.4 
and 10.8 ◦C and 21.1 and 25.8 ◦C for the winter and summer seasons 
respectively. The operating temperature imposed to the underground 
stations’ diaphragm walls were between 7.7 to 14.4 ◦C in winter and 
19.7 and 24.6 ◦C in summer.

4.3. Validation of the existing thermal environment

The validation phase had the purpose of reproducing the current 
thermo-hydraulic environment in the subsoil, prior to the thermal 
activation of the energy geostructure. After having set up the model, the 
first numerical analysis was performed by simulating a timeframe of 5 
years (2017–2021), where the only active geothermal energy systems 
were the open loop ones and the borehole heat exchangers.

The accuracy of the calculated water table depth was checked at the 
end of the 5 years’ calculation period by comparing the results with the 
data available at the Geoportale of Piedmont from ARPA Piemonte 
(2020). Fig. 10 shows a good agreement between the computed water 
table depth at the end of the validation phase (Fig. 10b) and the water 
table depth available on the Geoportale (Fig. 10a). In most of the 
domain, in those areas where the water table depth is located below 10 
m, numerical and reported data are in agreement. A moderate over
estimation of the computed values can be found in restricted zones close 
to the Dora Riparia and Po rivers with the computed values slightly 
exceeding the range reported by the regional authority of 5 m. However, 
considering that the energy tunnel, in these areas, is generally located 
deeper than the calculated water table (as it will be discussed in the next 
chapter) the mentioned discrepancy will not affect the results.

To further test the consistency of numerical results with respect to 
real hydro-thermal regime, numerical results were also compared with 
hydraulic heads and temperatures monitoring data (the location of the 
monitoring points are indicated with blue points and triangles in Fig. 5) 
collected from piezometers located downstream the open loop systems’ 
wells in the area (Fig. 11). On one hand, the differences between tem
perature monitoring data and numerical results did not exceed one de
gree in most cases; on the other hand, numerical hydraulic heads were 
slightly lower with respect to monitoring data, consistently with the 
results related to the water table depth (Fig. 10). Specifically, cross- 
validation returned a Root Mean Square Error (RMSE) and Mean Ab
solute Error (MAE) between 0.49 and 1.96 ◦C for temperature and be
tween 0.1 and 3.5 m for the hydraulic head. RMSE and MAE computed 
for each of the five monitoring points are summarized in Table 3.

Finally, thermal maps for the winter and summer seasons (2021) are 
shown in Fig. 12. These maps are useful to show the extension and 
persistence of the thermal plumes due to the shallow geothermal sys
tems active in the area and the other anthropic activities. The maps 
shown were obtained through spatial interpolation of numerical results 
in QGIS and correspond to a depth of 25 m, within the saturated ground. 
The groundwater flow drives the thermal plumes towards the South-East 
and the Po river. The central districts of the city, where the largest 
number of existing geothermal systems are present, are the most influ
enced area from a thermal perspective. Considering that the new energy 
tunnel will cross this area, it is envisaged that the thermal plumes of the 
existing open loop systems could locally affect the thermal exploitation. 
This aspect will be discussed in the next chapter.
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5. Interaction with the new energy tunnel

The numerical analysis described in the previous section allowed the 
definition of the current representative hydraulic and thermal regimes of 

the study area. This section will illustrate the interaction between the 
new energy tunnel, the ground and other users as obtained by the sub
sequent numerical analysis. In the design process of an energy tunnel, it 
is indeed of interest to investigate the impact of the existing shallow 
geothermal users on the energy production of the tunnel as well as the 
impact of the thermal activation of the tunnel lining on infrastructures 
and/or systems located nearby.

The thermal activation of the energy tunnels and underground sta
tions, i.e. the heat exchange between the energy geostructures and the 
surrounding ground, was simulated over a 4-years timespan during 
which the heating and cooling seasons were cyclically repeated. The 
heating season was assumed to start on October 15th and to end on April 
15th (182 days), while the cooling season was assumed to start on June 
1st and to end on August 31st (91 days). During resting periods, the 
energy geostructures were considered thermally inactive. The open loop 
systems and borehole heat exchangers were assumed to continue the 
same level of utilization of the last annual cycle simulated.

Table 3 
RMSE and MAE for the comparisons of the numerical and monitored data of the 
five different geothermal water wells piezometers.

Temperature Hydraulic head

RMSE [◦C] MAE [◦C] RMSE [m] MAE [m]

Monitoring point 9 1.03 0.82 3.50 3.49
Monitoring point 10 0.68 0.49 3.57 3.54
Monitoring point 16 1.96 1.79 – –
Monitoring point 23a 0.95 0.71 0.20 0.16
Monitoring point 23b 0.65 0.50 1.30 1.29
Monitoring point 24 1.59 1.38 0.54 0.45

Fig. 11. Comparison among calculated and monitored temperature and hydraulic heads at five different geothermal water wells piezometers.
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Fig. 12. Thermal maps at the end of (a) winter and (b) summer season 25 m below the ground surface.
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Similarly to what was done at the end of the validation phase, 
thermal maps were obtained at the end of the last simulated winter and 
summer seasons at the depths of 10 m and 25 m, which correspond to the 
two main depths of the energy tunnel in the area (Cut&Cover and TBM 
tunnel sections, respectively). The thermal maps obtained are shown in 
Fig. 13 (at the end of winter, 15th of April) and in Fig. 14 (at the end of 
summer, 1st of September).

The result shows that the thermal alteration due to the new energy 

tunnels and stations is limited to the corresponding depths of the 
structures and downstream the infrastructure, according to the 
groundwater flow direction. The most extended areas are located where 
the groundwater flow direction is perpendicular to the tunnel axis. Also, 
it is evident that the TAZs surrounding the energy tunnel and metro 
stations are limited in comparison to those pertaining to open loop 
geothermal systems. Indeed, the TAZs pertaining to the operation of the 
open loops are more extended both in winter and summer. This aspect is 

Fig. 13. Thermal maps at the end of the last winter season at a depth of (a) 10 m and (b) 25 m.

Fig. 14. Thermal maps at the end of the last summer season at a depth of (a) 10 m and (b) 25 m.
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also confirmed by the comparison of the respective thermal plumes in 
the 3D sections of the model which will be shown in the following 
paragraphs. Thereby, as expected, the impact of the energy tunnel to the 
aquifer can be considered negligible compared to the impact given by 
the operation of open loop systems since the energy geostructure ex
changes only heat and not mass with the underground. Additionally, 

Fig. 15 illustrates the temperature computed in the numerical model 
downstream the energy tunnel at 21 m distance (between 2 and 3 times 
the tunnel diameter) at two depths of interest for the energy tunnel’s 
thermal activation and the undisturbed ground temperature (i.e. before 
the energy tunnel thermal activation). Numerical results denote the 
absence of any thermal drift, meaning with this an alteration in 

Fig. 15. Undisturbed ground temperature and calculated temperature downstream the energy tunnel.

Fig. 16. Cross section A-A’: temperature halfway through the last (a) summer and (b) winter season in the activation phase. The scale on the vertical axis has been 
increased by a factor of 2. WT = Water table.
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underground temperature in the long term due to the operation of the 
energy tunnel, in areas where only the energy tunnel is present (i.e. 
without any other operating shallow geothermal energy systems).

In Fig. 16, the impact of the open loop plants nr. 25 and 31 on the 
energy tunnel is shown halfway through the last summer (Fig. 16a) and 
winter season (Fig. 16b). For the sake of clarity, the vertical black line 
refers to the well casing, while the well screen has been shown in white. 
The water table is indicated with the dashed blue line.

During the cooling season (in summer), the injection well of plant nr. 
25 introduces warm water (temperature around 20 ◦C) in the aquifer, 
thus originating a thermal plume driven by the groundwater flow in the 
direction of the energy tunnel (Fig. 16a), which is located downstream 
and below the groundwater table. However, between plant nr. 25 and 
the energy tunnel there is also another geothermal installation (that is 
plant nr. 31, located approximately 85 m far from plant nr. 25) whose 
thermal plume is also driven by the groundwater flow towards the en
ergy tunnel. The plume generated by the injection well of this latter 
plant (whose projection is depicted in Fig. 16a) mostly affects the energy 
tunnel’s performance in a negative way during the cooling season, since 
the injection well of this plant is closer to the infrastructure than the 
injection well of plant nr. 25. In fact, during summer, the energy tunnel 
exchanges heat with the ground warming the surrounding aquifer (like 
the open loop plants) to supply the buildings or stations’ cooling loads 
linked to the energy tunnel circuit. Since the operation of plant nr. 25, 
primarily, and of plant nr. 31, secondarily increases the temperature of 
the subsoil and groundwater surrounding the energy tunnel’s lining, the 
efficiency of the energy geostructures will be inevitably affected.

During the heating season (Fig. 16b), the interaction between the 
open loop plant nr. 25 and the energy tunnel is less evident, since the 
effect of the former is mitigated by the operation of the open loop plant 
nr. 31. The latter, in fact, is located between open loop plant nr. 25 and 
the energy tunnel and injects water at a temperature of 13 ◦C during the 

heating season, much warmer with respect to the injection temperature 
of the open loop plant nr. 25, which is around 7 ◦C.

Another relevant example of thermal interaction between the energy 
tunnel and the open loop systems can be found at the South end of the 
metro tunnel track, where thermal interferences occur with the open 
loop plant nr. 11 (Fig. 17). This open loop plant operates in cooling 
mode only, injecting warm water in summer. While this condition is 
favourable for the heat exploitation by the energy tunnel during the 
heating season (Fig. 17b), it influences its performance during the 
cooling summer season (Fig. 17a). Additionally, it can be noticed that 
the thermal activation of the urban energy geostructure mitigates the 
thermally altered areas.

In Fig. 17 it can also be seen how the thermal activation of the energy 
diaphragm walls belonging to one underground station affects the sur
rounding. As already discussed, the impact of the energy tunnels and 
stations on the underground thermal environment is limited with the 
respect to the impact of the other open loop systems operating in the 
study area. As shown in Fig. 17a, the water table depth can be found at 
22.4 m below the ground surface, slightly below the tunnel crown 
extrados. Like the previous case, thus, the energy tunnel lies in saturated 
ground. However, the thermal plumes of the energy tunnel and under
ground station’s diaphragm walls (considering the portions below the 
water table) are less extended of those pertaining to the operation of the 
injection well of the open loop system 11. As expected, compared to the 
unsaturated portions of the subsoil directly in contact with the under
ground station’s diaphragm walls (which has a thickness of 20 m as 
indicated in Fig. 17), longer thermal plumes can be found in the satu
rated layer, according to the groundwater flow regime. Of course, this 
also depends on the hydro-thermal properties of the underground (like 
the thermal conductivity, heat capacity, hydraulic conductivity and the 
groundwater flow velocity).

Fig. 17. Cross section B-B’: temperature halfway through the last a) summer and b) winter season in the activation phase. The scale on the vertical axis has been 
increased by a factor of 2. WT = Water table.
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6. Conclusions

The growing interest in shallow geothermal resources leads to dense 
installation areas where the sustainability of the installed systems can be 
potentially compromised by the insurgence of thermal interferences. 
This condition must be avoided in those cases where a loss of the per
formance of these systems could occur. This aspect becomes particularly 
relevant when an energy tunnel is to be constructed in an already deeply 
exploited area. Therefore, the assessment of the interaction between the 
energy tunnel, the ground and other users become a fundamental step in 
an energy tunnel design process.

In this paper reference was made to the case of Turin’s central dis
tricts, where a new metro line with thermally activated lining is planned. 
Finite Element Thermo-Hydraulic modelling was adopted to reproduce 
the current thermal environment of the subsoil, simulating the operation 
of the installations currently present. Then, the same model, successfully 
validated against monitoring data, was used to simulate the thermal 
activation of the geostructure and assess the interaction with the existing 
installations.

The integrated use of GIS and numerical analyses was useful to 
analyse the results obtained. These have shown that the impact of the 
energy tunnel is restricted to the depths of the infrastructure and bare a 
limited extension with respect to the thermally altered zones originating 
by the open loop systems; thereby its impact on the aquifer is considered 
negligible compared to open loop systems. Additionally, it was observed 
that the presence of active open loop systems in the area, upstream the 
energy tunnel, may impact, either positively or negatively, the heat 
exchange between the latter and the subsoil. Depending on the oper
ating mode (and injection temperature) of the open loop system, in fact, 
the temperature of the aquifer and subsoil upstream the energy tunnel, 
before and during the thermal activation of the geostructure, could 
differ from the undisturbed value, influencing the energy tunnel per
formance. While positive impact corresponds to a cost-free advantage, 
improving the payback time of the investment, a negative impact may be 
detrimental. Anticipating such conditions is indeed crucial at the design 
stage on one side to avoid overestimation of the geothermal potential, on 
the other because it allows to put in place timely countermeasures, such 
as mitigation of the open loop operativity and/or optimisation of the 
thermally activated sections. The present study enhances the importance 
of considering the current geothermal use of an urban area when 
designing new SGS in order not to hinder their future energy exploita
tion and optimise their use.
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