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A B S T R A C T   

The use of shallow geothermal systems (SGS) as a proficient technology to provide clean thermal energy has 
become increasingly widespread throughout the world, especially in urban environments, with a significant 
increase in systems density. At European level, the current authorization schemes for new SGS rarely consider the 
current thermal state of the subsurface and the potential presence of neighbouring systems. The paper presents a 
pilot urban case study, showing high SGS deployment, analysed through a holistic city-scale 3D numerical model 
simulating mutual interactions between open and closed-loop systems. Results show that the high amount of 
installed SGS in limited space is progressively creating mutual hydraulic and thermal interferences: negative, 
with a reduction of SGS efficiency and sustainability or (rarely) positive, when an accidental and unmanaged 
synergic effect is established due to favourable exploitation patterns and SGS locations. Numerical modeling 
further highlighted that the restitution through the vadose zone could be a valid method to hydraulically 
reinstate the aquifer without significantly altering groundwater undisturbed temperature even at shallow 
groundwater depth. Results show that neglecting an underground holistic vision of the hydro/thermogeological 
processes in urban areas could result in long-term severe efficiency losses and environmental issues for SGS 
solutions, also given the increasing use of shallow geothermal energy in the building air conditioning sector.   

1. Introduction 

The fulfillment of the Paris agreement objectives for “limiting the 
global warming to well below 2◦C before pre-industrial period” (Center for 
Climate and Energy Solutions, 2015) is implemented at European level 
through different actions, such as the improvement of energy perfor-
mances in buildings, improvements in energy efficiency and an 
increasing share of the use of renewable energies. 

The building conditioning sector is currently in an energy transition 
phase, increasingly relying on the use of renewable energy sources and 
electricity to provide heating and cooling to the built environment, 
instead of relying on the use of fossil fuels as heating oil or natural gas. 
The use of cleaner energy sources such as air, ground or water is possible 
through the use of efficient and reliable thermal devices based on heat 

pumps technologies, which exploit a small amount of electric energy to 
provide large amounts of heat/cool to the conditioned building by 
drawing/releasing heat counter gradient from/to a certain natural 
source. Heat pumps can be subdivided into different categories based on 
the type of drawn natural source which can be air, surface water (river, 
stream, lake, sea), ground or groundwater. In particular heat pumps can 
be coupled with the energy stored in the superficial portion of the 
ground, namely shallow geothermal energy (SGE), which is result of the 
propagation and storage of natural solar radiation via the ground surface 
(Banks, 2012). Heat stored in the shallow portion of the subsurface, 
which maintains constant temperatures during the year below approx-
imately 10 m depth can be exchanged with the conditioned environment 
through a heat pump and a heat carrier fluid with specific characteris-
tics. These renewable energy systems exchanging heat with the shallow 
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subsurface are called shallow geothermal systems (SGS) and they 
represent a safe, reliable and highly efficient technology for both resi-
dential (Perego et al., 2016; Gunawan et al., 2020) and commercial 
buildings (Spitler and Gehlin, 2019; Alberti et al., 2018). The use of 
conductive heat through the installation of a ground source heat pump 
(GSHP), that exchanges heat between ground and the conditioned 
environment by using one or more borehole heat exchangers (BHE), is 
the basis of the so called closed-loop systems, while open-loop systems 
rely on the advective heat derived from the abstraction of groundwater 
with the supply of both a hydraulic pump (that taps into the aquifer) and 
a groundwater heat pump (GWHP), that exchanges heat between the 
groundwater and the conditioned environment. 

The deployment of these technologies has lately been proficient for 
different geological settings (Han and Yu, 2016, Perego et al., 2021) and 
for different climates (Kharseh et al. 2015; Lu et al., 2014; Qian et al., 
2020; Bakirci, 2010) : late research and development currently aims in 
improving their affordability, efficiency, reliability and safety (Galgaro 
et al., 2019; Bobbo et al., 2019) and producing extensive geological 
(Müller et al., 2018) and climatic (De Carli et al., 2018) databases in 
order to promote their installation, contributing to the ongoing energy 
transition. 

It is therefore understandable why these systems are increasingly 
being installed all across the world and particularly in Europe. 
Depending on the grade of SGS technology penetration into the country 
energy framework, a classification can be performed. European coun-
tries can be grouped into two big subsets, which require completely 
different management approaches:  

• Countries where the penetration of SGS is low: in these countries or 
regions the SGS technology is not well implemented or almost 
completely absent. Fossil fuels consumption for building condition-
ing is quite ubiquitous or other renewable technologies were bene-
ficially implemented. Some examples are Portugal, Turkey, Croatia, 
Latvia, Poland and other Balkan countries (Croatia, Serbia etc.) 
partially Italy and Greece since the installation of SGS is differently 
deployed between regions (Tsagarakis et al., 2020).  

• Countries where penetration of SGS is high: the high SGS density 
requires the creation of policies and management schemes to 
improve the coexistence of several systems in progressively limited 
space and optimizing exploitation patterns. Examples are Sweden 
(Juhlin and Gehlin, 2017), where a high density of closed-loop heat 
exchangers installed in groundwater filled boreholesis observed, 
Switzerland (Link et al., 2019) and some municipal areas of France 
(Boissavy C et al., 2019). 

The phenomenon of high SGS areal density is also currently being 
observed in other different locations across Europe (García-Gil et al., 
2014; Attard et al., 2020; Vienken et al., 2019; Bakr et al., 2013) and this 
topic is recently growing of importance. The legal framework for the 
regulation of SGS across Europe, particularly considering their 
medium/long-term sustainability, is extremely poor, especially when 
considering minimum distances between systems or maximum tolerable 
thermal alteration (García-Gil et al., 2020a). The authorization scheme 
for new systems often neglects the presence of already installed SGS 
nearby. Conversely, it is necessary to create adequate management 
schemes to cope with the increasing density of SGS, especially in urban 
areas by considering SGS into a harmonic thermal management of the 
subsurface, able to integrate conservation of groundwater quality and 
quantity, renewability of the resource and private stakeholders’ needs. 

In particular this topic represents a recent challenge in Switzerland, 
which was one of the first countries in the world to invest on the thermal 
use of the shallow subsurface, with the first GWHP system installed in 
Thun in 1950 (Sanner, 2016): currently it a stable market for geothermal 
heat pumps, both open and closed, with approximately 7000 units sold 
in 2019 (Fachvereinigung Wärmepumpen Schweiz FWS, 2019). The 
major Swiss cities, such as Zürich (Canton Zürich, 2020), Genéve (City of 

Genéve, 2020), Lausanne (Canton Vaud, 2020) and Basel (Epting et al., 
2013; Epting et al., 2017), are affected by the presence of a significant 
number of SGS in limited space and thermal interference issues are 
currently being increasingly studied to understand how to successfully 
manage the current and future allocation of subsurface heat. 

Researchers are trying to propose comprehensive studies focusing on 
potential thermal interferences between SGS (García-Gil et al., 2020b) 
but practically no literature references exists considering mutual in-
terferences between closed and open-loop systems. The approach pro-
posed in this paper, applied to a Swiss pilot local case study, aims at 
giving insights on the current subsurface thermal state of an urbanized 
area and on the potential interactions between authorized SGS. The 
influence of hydrogeological components through holistic modeling are 
also considered. The proposed approach is necessary to simulate the 
long-term thermal plumes produced under different exploitation pat-
terns, understanding what types of thermal interactions could occur and 
evaluating some technical solutions to decrease the underground ther-
mal impact. 

2. Current Swiss regulations for SGS 

In Switzerland, at Federal level, the authorization of SGS is mainly 
determined by groundwater protection regulations that establish re-
strictions for groundwater and wellhead protection (Federal Assembly of 
the Swiss Confederation, 1991; Swiss Federal Council, 1999) while the 
technical aspects for the design, testing and operation of both open and 
closed systems are described respectively in SIA 384/7 (Schweizerischer 
Ingenieur- und Architektenverein, 2015) and SIA 384/6 (Schweizer-
ischer Ingenieur- und Architektenverein, 2010) regulations. The main 
principles of Swiss groundwater regulations foresee the protection of 
both groundwater quantity and quality also in terms of temperature 
variation, therefore SGS that could be considered as a threat to these two 
aspects are not authorized. No installation of SGS in groundwater pro-
tection zones is allowed, while a case by case analysis is performed for 
specific exceptions to the regulation. 

The installation of closed-loop systems is usually allowed in “sacri-
fice areas” where the great presence of conflicts between different 
groundwater use (e.g. irrigation, industrial, thermal, fire-extinguishing) 
precludes the creation of groundwater protection areas compliant with 
the law, and therefore any thermal use of the underground is admitted. A 
similar screening procedure is applied for open-loop systems, verifying 
that the new request does not fall into a forbidden zone. The open loop 
systems doublets (production + restitution or reinjection well) are also 
subject to a more accurate environmental assessment during the 
authorization phase due to their greater environmental criticality 
(García-Gil et al., 2020a). A technical evaluation is therefore required to 
understand if the aquifer can properly supply the required amount of 
heat to the building. 

This implies that the aquifer should be able to provide the required 
groundwater flow rate, by setting a maximum allowed ΔT (difference 
between groundwater temperature in the production and restitution/ 
reinjection well), which usually is set to +/- 3◦C, in order to comply with 
Swiss regulation (maximum groundwater temperature variation of 3◦C 
within 100m from the thermal groundwater use, considered along the 
hydraulic gradient direction (Federal Assembly of the Swiss Confeder-
ation, 1991)). If the ΔT increases above 3◦C, a lower groundwater 
pumping flow rate is required but a further thermal impact assessment is 
expected. The thermal footprint induced by the use of the subsoil for air 
conditioning purposes, whether open or closed loop, can be usually 
evaluated through the support of analytical/numerical models. The 
current workflow adopted by the municipality and by hydrogeological 
consultants does not consider the presence of other SGS systems, 
moreover the hydrodynamic field is considered as undisturbed when 
performing the analyses to release a concession. 

Frequently this is not a realistic assumption, especially in urban areas 
where the natural hydrodynamic flow and thermal status are previously 
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altered, even strongly, by the presence of several open and/or closed 
loop systems. 

During the last 30 years, also Cantone Ticino, a region located in 
southern Switzerland, observed the aforementioned increasing requests 
for the installation of SGS systems, with peaks in 2012 for 120-140 new 
BHEs and 39,000 L/min per year for open-loop systems (Environment 
Division Office of water Protection and Water Supply, 2019). These 
large installation rates, after decades, are raising technical and man-
agement issues with SGS progressively becoming proximal to each 
other, especially in dense urbanized areas. The present work analyzes a 
pilot case study through a holistic approach, namely the analysis of 
complete systems rather than dissection into parts, where each autho-
rized SGS and hydrogeological or thermal parameters that could affect 
the geo-exchange is considered in order to understand the effects caused 
by SGS proximity in urban high building density areas. 

3. Study area 

The city of Locarno, southern Switzerland, was chosen as case study 
mainly due to the observed SGS density, particularly considering both 
closed-loop and open-loop systems, the presence of different types of 
groundwater restitution methods and the availability of adequate 
monitoring points. From previous works (Perego et al., 2021) some 
deviations of groundwater temperature from the mean annual air tem-
perature (MAAT), usually assumed as the undisturbed groundwater 
temperature, were measured in the city subsurface; these deviations 
could not be ascribed to natural hydrogeological factors but they are 

probably related to anthropogenic influence, more specifically with the 
thermal use of the subsurface. 

From a hydrogeological standpoint, the city of Locarno lies over the 
river Maggia delta, progressively formed by the continuous deposition of 
fluvio-glacial material. Before river-engineering actions were performed 
at the end of the 19th century, constraining the river in an artificial 
channel, the area was characterized by the presence of two river 
branches that diagonally crossed the left and right side of the delta. 
Paleo-riverbeds, mainly constituted of gravel with higher hydraulic 
conductivity can be therefore detected in the subsurface. The local study 
area lies within the hydrometric left side of the delta, and is bordered to 
the north by mountain reliefs, to the East by Lake Maggiore, to the 
southwest by Maggia River. As previously reported in (Perego et al., 
2021), the delta of Maggia river can be considered as quite homoge-
neous, since is mainly composed of an alternation of thick packs of 
gravels and sands with traces of silts, which becomes locally consistent 
at higher depths and proceeding towards Lake Maggiore. 

Fig. 1 describes the current SGS distribution as reported by the local 
authority. Considering a local case study area of 2.19 km2 the high 
density of drillings is testified by the presence of 45 BHEs km− 2 and 18 
open loop thermal doublets/km. 

SGS data collection relied on administrative formularies, GESPOS 
database (SUPSI - Institute of Earth sciences, 2021), Cantonal adminis-
tration documents, hydrogeological reports and interviews with engi-
neers/architects responsible of the renewable energy systems. 

The collected information conveyed into Table S1 (supplementary 
material), which shows the overall picture related to the authorized SGS. 

Fig. 1. Location of GWHP, GSHP systems and groundwater monitoring points compared to groundwater protection sectors and zones. Groundwater protection 
sectors include all aquifers containing exploitable groundwater, while groundwater protection zones protect specific drinking water wells or springs. The brown 
dashed lines represent the estimated extent of Maggia paleo-riverbed before river engineering (digitized from Dufour map (Graf, 1896)). The orthophotomosaic is 
provided by the Federal Office of Topography swisstopo (2021). 
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39 thermal pumping wells are located in the study area, providing 
heating and cooling to public buildings such as a hospital, a cinema, an 
underground structure and a thermal spa. Water restitution is mainly 
performed in the same aquifer where water is tapped by using restitu-
tion/reinjection wells directly in groundwater (32 wells) but some sys-
tems (7) are declared as discharging the thermally modified 
groundwater in the sewage piping or surface water, in this case repre-
sented by Lake Maggiore. Some geothermal systems, after the required 
hydrogeological verifications, also use the option to hydraulically 
reinstate the aquifer by using infiltration wells or trenches, where the 
groundwater is returned back to the aquifer through its vadose zone 
(extending from the top of the ground surface to the water table). The 
declared ΔT between drawn and restituted groundwater for GWHP 
systems ranges from 3◦C to 8◦C, while the licensed pumping rates range 
from 100 to 6,500 L/min, with an average pumping rate of approxi-
mately 800 L/min and a median of 350 L/min. The groundwater used for 
thermal purposes is drawn by wells with a depth ranging between 8 and 
37 m and reinjected back to the aquifer by wells with depth ranging from 
12 to 35 m. The average depth for production wells is 21 m while the 
average depth of restitution/reinjection well is 14 m. Eleven closed-loop 
systems are reported in the investigated area, for a total of 99 BHEs, with 
installed powers ranging from 10 to 146 kW and installed depths be-
tween 98 and 140 m. 26 open loop systems and 10 closed-loop systems 
are only used in winter to provide heat, 10 open-loop systems and 1 
closed-loop ones are used both for heating and cooling purposes and 3 
open-loop systems are used only for cooling aims. 

Available groundwater quality reports also showed very low values 
of dissolved oxygen, testifying strongly anoxic conditions. 

The local hydrogeological status of the study area was investigated 
starting from groundwater level and temperature measurements and 
from the results of the calibrated regional transient numerical model 
(Perego et al., 2021), which includes the case study area. The ground-
water monitoring network of Locarno city is part of a larger network 
covering all the regional aquifer extent. The urban groundwater moni-
toring network consists of 5 piezometers, 2 located in the northwestern 
portion of the study area and 3 towards the lakeside (reported in Fig. 1 as 
cyan points). The depth of these piezometers ranges from 6 to 25 m and 
groundwater is observed at a depth between 2.7 and 14.7 m below 
ground level. For each piezometer, monthly groundwater level mea-
surements and thermal logs profiles along the water column were per-
formed, between February/July 2019 (1st campaign) and October 
2019/August 2020 (2nd campaign) (Fig. 2). Groundwater temperature 
profiles were performed to assess vertical variability of groundwater 
temperature and to evaluate average thermal conditions of the location, 
following a standard procedure (Farr et al., 2017; Perego et al., 2021). 

The groundwater temperatures observed in OBS 20 were signifi-
cantly higher than those of an undisturbed thermal state (which should 
be close to local MAAT of 13.6◦C): further investigations were therefore 
performed, revealing that the anomalous groundwater temperatures 
could be partially related to the presence of an upstream underground 
structure continuously releasing heat in the groundwater during the 
year. This underground structure uses two reinjection wells to discharge 
thermally altered water into the aquifer, as the result of waste heat from 
cooling of electro-mechanical devices. 

4. Numerical model 

Modeling the thermal exploitation of an aquifer and the mutual re-
lationships between a large amount of closed and open-loop SGS in 
urban areas could not be adequately assessed by analytical models, due 
to the high degree of complexity of the analyzed phenomena and due to 
the significant pumping rates of the analyzed systems. Groundwater 
flow and transport equations need several boundary conditions and 
subsurface information to be numerically solved: the presence of sys-
tems potentially conflicting between each other and the three- 
dimensional aspect are fundamental for the sustainability assessment 
of SGS. 

The proposed ‘holistic’ approach foresees that every parameter/ 
process is connected, therefore a complete study of the hydraulic and 
thermal interference phenomenon is executed considering the general 
physical conditions of the ground, such as status of the aquifer and the 
available technical information regarding installed SGS. This is accom-
plished by numerical modeling, which can be useful to have a broader 
picture of the underground thermal and hydrogeological status and can 
help decision-makers to consider all technical aspects when defining or 
applying guidelines or regulations for a sustainable management of the 
ground thermal resource. 

The holistic modeling of SGS systems and natural conditions influ-
encing the subsurface temperature was performed by FEM (Finite Ele-
ments Model) numerical code FEFLOW (Diersch, 2014). The optimized 
finite element mesh adopted is 8.3 km2 wide (Fig. 3) and integrates the 
local case study area plus a “far field” created with a buffer distance of 
500m, useful to assign BCs distant from the local study area and 
removing the boundary effects which could results in non-convergence 
issues. The mesh was refined in proximity of the production and resti-
tution/reinjection wells, BHE fields and infiltrating trenches. In partic-
ular the mesh was optimized around GWHP systems and BHEs by 
creating a series of auxiliary points at a distance proportional to the 
well/probe radius, according to (Diersch et al., 2010). 

The first set of layers includes all open-loop systems and pumping 

Fig. 2. Thermal profiles executed between February/May 2019 (first campaign) and October 2019-August 2020 (second campaign). The windows in cyan represent 
the screened portion of the piezometers recognized by well-camera inspection. The temperature value near the piezometer name is the average temperature 
registered during the monitoring period for the entire water column. 
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wells (depth between 0 and 40 m), while a second set of layers include 
all the closed-loop systems (with a depth between 80 and 140m). From 
ground level to 40 m and between 80 and 140 m, the vertical dis-
cretization is increased in order to more accurately describe the heat 
exchange around GWHP and GSHP systems. 

The model therefore is composed of 53 slices with 28826 nodes per 
slice, for a total of 2988076 prismatic elements. The thermo/hydro-
geological model included both the porous fluvio-glacial aquifer and the 
crystalline bedrock, to consider also the heat exchange with the rock. 
The bedrock is observed at shallow depths only in the proximity of Mt. 
Verità (West) and near the reliefs, while it stands at greater depths all 
over the study area. Proceeding southward toward the lake the bedrock 
is found at high depths, with an estimated thickness of the fluvio-glacial- 
lacustrine sediments of 400m. 

4.1. Material properties 

The region was subject to the presence of the Ticino and Maggia 
glaciers that during the Quaternary remodeled the deep valleys dug by 
pre-Quaternary fluvial erosion, lately filled by water of Lake Maggiore. 
This framework reflects on the heterogeneity and texture of the depos-
ited sediments, mainly gravel, sand and a small portion of silt, where 
thick sandy lenses are often observed. The thermo/hydrogeological 
properties of the subsurface implemented in the numerical model were 
taken from both literature and experimental measurements as reported 

in Table 1. 
To more accurately reconstruct the hydrogeological properties of the 

delta, the available hydraulic conductivity data of 83 surveys were 
analyzed through geostatistical methods. Firstly, the measured hy-
draulic conductivity values were log-transformed and their statistical 

Fig. 3. Bidimensional mesh of the numerical model, with the overall simulated area (a), with a zoom on a neighborhood showing both GSHP and GWHP systems (b), 
and a further zoom (c) showing details of a BHE field and infiltrating trenches. 

Table 1 
Main material properties assigned in the numerical model.  

Property Fluvio-glacial 
deposits 

Metamorphic bedrock 
(mainly gneiss) 

Solid thermal conductivity (W/mK) 0.7 [1] 3 [2] 

Porosity (-) 0.2 [1] 0.01 
Thermal dispersivity (long./ 

transv.) (m) 
5/0.5 [3] 

Volumetric heat capacity (MJ/ 
m3K) 

2[4] 2.2[5] 

Heat conductance (K/Wm) 0.5 [3] 

Average hydraulic conductivity 
(long./transv.) (m/day) 

From 26 to 360 
/ 
from 2.6 to 36 
[6] 

1E− 5 [7] 

Specific storage (1/m) [4] 0.0001 0.000001 

[1] lab measurements (Perego et al., 2021) ; [2] (Dalla Santa et al., 2020); [3] 
after sensitivity analysis; [4] average value of saturated gravel and sand from 
(Schweizerischer Ingenieur- und Architektenverein, 2010); [5] in (Dalla Santa 
et al., 2020); [6] from geostatistical reconstruction; [7] hypothesis of a 
non-fractured crystalline bedrock. 
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distribution was analyzed. The mean and median logk (logarithm base 
10 of hydraulic conductivity) values both ranged around 3. However, 
zones with higher and lower hydraulic conductivity were observed 
respectively in the middle of the right side of the delta and in the 
northeast and West portion of the study area. The higher hydraulic 
conductivities in the center of the two halves of the delta, could be 
ascribed to the presence of Maggia paleo-riverbeds. The reconstruction 
of the hydraulic conductivity was performed through ordinary kriging 
interpolation and the goodness of this distribution was assessed by a 
leave-one-out cross-validation technique. Cross-validation returned a 
MAE and RMSE of respectively ±0.47 and ±0.62 logk, with the proposed 
reconstruction having a mean error under half an order of magnitude. 

The reconstructed hydraulic conductivity ranged from approxi-
mately 4*10− 3 m/s (approx. 340 m/day) to 3 *10− 4 m/s (approx. 26 m/ 
day), testifying the presence of sediments with good hydraulic proper-
ties, represented by sandy gravels and gravelly sands with a small per-
centage of silt. The hydraulic conductivity distribution reconstructed 
with kriging interpolation was then classified into 14 subzones of 
0.25logk in order to simplify the implementation into the numerical 
model. The bidimensional reconstruction of hydraulic conductivity was 
extruded vertically within the computational domain, since the avail-
able information show the presence of a phreatic aquifer and the 
available borehole logs are quite shallow, not allowing to characterize a 
deeper portion of subsurface, as reported in (Perego et al., 2021). The 
hydraulic conductivity of the bedrock was set to 10− 5 m/s correspond-
ing to 315 m/year, representing an hard medium. The effective porosity 
for both flow and heat transport equations was set to 0.2 or 20%, ac-
cording to experimental measurements performed in (Perego et al., 
2021). The thermal conductivity of the metamorphic bedrock, consti-
tuted of gneiss, was set to 3 W/mK according to (Dalla Santa et al., 2020) 
while the thermal conductivity of loose alluvial sediments in dry con-
ditions, was set to 0.7 W/mK according to lab measurements (Perego 
et al., 2021) performed with an experimental method developed to 
measure thermal conductivity for gravel samples, as described in liter-
ature (Dalla Santa et al., 2017). 

4.2. Boundary conditions 

The 1st kind transient upstream hydraulic head BCs was obtained 
from the regional transient model (Perego et al., 2021) while 1st kind BC 
Lake Maggiore hydrometric levels were taken from OASI (Environ-
mental Observatory of southern Switzerland, (Repubblica e Cantone 
Ticino 2020)). 1st kind BC shallow (0-20m) monthly Lake Maggiore 
temperatures were provided by CNR-IRSA (National Research Council of 
Italy (CNR) 2021); at a depth higher than 20m a constant temperature of 
7◦C (plurennial average for deep portion of the lake) was assigned. 1st 

kind BC daily air temperature was also retrieved by OASI data. 2nd kind 
geogenic heat flux flowing upwards was set to 50 mW/m2 according to 
Swiss geothermal map (Federal Office of Topography Swisstopo, 2011). 

The northwestern boundary was set as parallel to isopiezometric line 
from regional transient calibrated model and perpendicular to ground-
water flow. A constant groundwater temperature of 14◦C, identified as 
the current urban undisturbed groundwater temperature was set as 
northwestern boundary condition, simulating the upgradient arrival of 
warmer groundwater. The northern boundary was set as 2nd kind BC “no 
flow” since it is constituted by compact gneiss and no mountain front 
recharge was considered. The eastern boundary is represented by Lake 
Maggiore with a transient 2nd kind BC, while southwestern boundary 
(Maggia river) was not considered in the model since as reported in the 
regional model of (Perego et al., 2021) the hydraulic and thermal in-
fluence of the river towards Locarno city center can be considered as 
negligible. Therefore, Maggia river was considered as a watershed and 
imposed as “no flow” BC. 14 wells located in the study area draw 
groundwater for thermal use reinjecting the abstracted groundwater 
through infiltration trenches or directly into pipelines that discharge 
clearwater into Lake Maggiore. 

The numerical model also considers production wells of systems not 
directly restituting water in the aquifer (reinjection is through rainwater 
collectors pipes) and systems with restitution in the vadose zone through 
infiltrating trenches. The length of the infiltration trenches ranges from 
2 to 20 m, depending on the amount of groundwater to be discharged 
back into the aquifer, with a typical width of 1m and 1m depth, with a 
total surface between 8 and 30 m2. Table S1 reports the information of 
all closed and open-loop systems implemented in the numerical model: 
for open-loop systems only the information of the production well are 
reported. Fig. 4 shows the test site conceptual 3D model with the 
imposed hydro/thermogeological BCs. 

Closed-loop systems were implemented as nodal sink/source 
boundary conditions (2nd kind BC), due to the amount of BHE (99) and 
to the great complexity of the numerical model. Since the only available 
information related to the energy performance of closed-loop systems 
was the total installed power, the thermal energy demanded to the 
ground equals to ¾ of the total installed power (1/4 of total energy is 
provided by electrical energy hypothesizing an average geothermal heat 
pump SCOP of 4). 

The heat extraction/injection rate to the ground was then divided by 
the number of nodes containing heat sink/source BCs, depending on the 
single system, from layer 1 (1m depth) to probe foot. Open-loop systems 
were implemented as multi-layer wells by setting the corresponding 
depth, screened portion, diameter, pumping rate and ΔT, between 
production and restitution/reinjection wells. According to official 
authorization information, ΔT ranged from ±3◦C to ±8◦C, depending 
on the well doublet system. The reinjection wells of the underground 
structure were set as continuously injecting at a rate of 1,500 L/min as 
locally measured from in-situ test executed within the underground 
structure by using a saline tracer (with a SalinoMadd device), with a 
temperature monthly varying between 16.5 and 18.5◦C. For the GWHP 
systems reinstating the thermally modified groundwater by infiltrating 
trenches, the continuous infiltration rate was set as the pumping rate of 
the production well divided by the trench surface area. 

The temperature of the infiltrated water in trench was set to 14◦C, 
which is the average of the urbanized area plus or minus the imposed ΔT 
(e.g. in winter 11, 9, 7◦C, in summer 17, 19, 21◦C). The simulations use 
measured data from July 2015 and June 2020 repeated cyclically to 
consider the period between July 2015 and June 2025, with daily res-
olution, except for Lake Maggiore temperatures, which were set as 
monthly basis because no historical daily data were available. 10 years’ 
simulation corresponds to the referential concession/authorization 
period in Switzerland for a SGS, both closed and open. 

4.3. Simulation scenarios 

Once the model was set, three scenarios were considered, to repre-
sent different conditions of SGS utilization. 

The first simulations were set by hypothesizing a continuous oper-
ation of both the GWHP and GSHP systems at the maximum con-
cessioned pumping rate and with the declared ΔT in heating mode 
(inducing underground cooling), with no specific information on the 
exploitation patterns of the analyzed systems. In particular, the heating- 
only scenario with maximum pumping rate and maximum ΔT is the 
most common scenario when performing thermal sustainability assess-
ments with simplified tools, since the majority of open and closed-loop 
systems in Canton Ticino are mainly designed to provide heat to 
buildings, both residential and commercial. 

The authorized pumping rate/power and ΔT of the geothermal sys-
tems are also considered for a second scenario with a thermal rein-
statement of the subsurface through an additional cooling period 
between May and September. This would represent the environmentally 
best-case scenario since there is a partial reinstatement of the heat 
abstracted in winter, during the summer cooling period. 

A third scenario was performed by implementing the real use of each 
SGS as reported Table S1 (supplementary material): this information 
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was set by hypothesizing a utilization pattern, with a modulation 
function that shows energy peaks at August (cooling) and January 
(heating). The modulation function represents a percentage of the 

maximum authorized pumping rate/installed power used in that specific 
month, derived from a real system energy demand and representing the 
amount of hours/month at which systems typically operate (Fig. 5). The 

Fig. 4. 3D conceptual model of the study area, reporting the main geological setting and hydro/thermo BCs.  

Fig. 5. Realistic exploitation pattern for coupled systems, expressed as a factor of the maximum concessioned flow rate (GWHP)/thermal power (GSHP). For heating- 
only systems the cooling period was not foreseen, while for cooling-only industrial systems a continuous heat injection was simulated during the year. 
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heating season was therefore set from January to April and from October 
to December in agreement with Cantone Ticino typical climatic condi-
tions, for a total of 212 days per year while the cooling season was set 
from May to September, for a total of 153 days/year. The boundary 
conditions and the modulation functions were set as cyclic in order to 
simulate a 10-year period. In all simulations the mentioned underground 
structure has been set as continuously injecting heat in the ground, as 
experimentally verified. 

5. Results 

5.1. Heating-only (A) and heating/cooling (B) scenarios 

Fig. 6 shows the resulting thermal status of the subsurface at 15 m 
depth in the case of a heating-only scenario, while Fig. 7 shows the 
underground temperature distribution after 10 years (end of June 2025) 
at the same depth, considering the geothermal systems working in both 
heating and cooling mode. The thermal plumes of SGS in heating mode 
are often intersecting and mutually interacting, creating large zones of 
thermally modified groundwater. Ten cycles of heating without a cool-
ing period of partial reinstatement of the thermal field have the result of 
progressively depleting the stored thermal energy. This could result in 
loss of efficiency of downgradient systems due to the progressive 
lowering of abstracted groundwater temperature. The thermal plumes of 
smaller systems are often “engulfed” by plumes produced by larger ones, 
due to the hydrogeological alteration of natural hydraulic gradient, 
controlled by abstraction and injection wells operations. Moreover the 
continuous extraction of heat from the ground for 10 years increases the 
extension of the low temperature plumes, that often reach Lake 
Maggiore. 

The second scenario therefore considers the presence of a cooling 
period with an inverted cycle of the heat pump (production and rein-
jection wells remain the same), which act as a source of thermal energy. 
Fig. 7 shows the thermal state of the subsurface at 15 m depth after 10 
cycles of SGS operation (end of June 2025), hypothesizing the operation 

of each SGS in both heating and cooling mode. It can be seen that the 
visible extent of the thermal plumes is narrower than in the heating-only 
scenario, since the abstracted heat is reinstated by a cooling period, 
therefore reducing the overall thermal alteration of groundwater. 
Conversely to the previous scenario, potential positive thermal in-
terferences could occur where SGS layouts and particular hydro-
geological conditions are encountered. 

As an example, a potential positive interference could occur when an 
upgradient system produces a hot thermal plume in summer season, 
starting from May and ending in September, or when the downgradient 
system draws the hot plume between October and April, therefore with a 
time lag between 1 and 5 months from upgradient restitution and 
downgradient production, with the maximum benefits considering a 
time lag of 3 months. A positive thermal interference in the cooling 
season would be possible if the upgradient cold thermal plume is drawn 
by the downgradient system after 1 to 7 months. Of course this occurs 
considering a heating season of 7 months and a cooling season of 5 
months: the positive thermal interference strongly depends on the 
exploitation patterns and mutual distances of the installed SGS, there-
fore it could vary depending on the length of heating/cooling periods. 

5.2. Real scenario and model verification 

The real scenario simulation returned the current situation of the 
subsurface thermal state, considering the use of SGS and the actual 
exploitation pattern presented in Fig. 5. To understand the reliability of 
the model results, a verification between model results and real 
groundwater level and temperature measurements, described in chapter 
3, was performed. 

Fig. 8 reports the comparison between measured and simulated 
groundwater levels and temperatures. The trends of computed ground-
water levels is consistent with measured ones, with an average MAE and 
RMSE of respectively 0.38 and 0.5 m while the difference between 
measured and calculated groundwater temperature is higher, but 
oscillating around 1◦C. Shallow piezometers OBS 8, 1, and 2 show 

Fig. 6. Simulated groundwater temperature field at 15m depth after 10 years (June 2025) for the heating-only scenario.  
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seasonal oscillations attributed to the downward thermal propagation of 
air temperature in both the saturated and unsaturated zone. The greater 
bias observed in piezometer OBS 20 could be due to fact that the esti-
mated exploitation patterns of upgradient open-loop SGS (as reported on 
the authorization documents) could vary from the real situation, espe-
cially for the GW3 system, which showed a highly transient thermal 
behavior, with restitution temperatures that abruptly vary during the 
same day. This highly transient behavior of the groundwater thermal 
conditions produces a resulting complex footprint on the aquifer which 
is currently not well understood. In this particular location the model 
underestimates the real groundwater temperature, but this problem 
could be easily overcome by creating a monitoring point downgradient 
from the GW3 system, in order to provide some more insights on the 
thermal status of the subsurface in this area, affected by anomalous high 
groundwater temperatures. 

From the view reported in Fig. 9 it can be observed that the infil-
tration wells of the underground structure, located in the northwestern 
part of the study area, affect the downgradient groundwater tempera-
ture for a wide extent, thus increasing the system efficiency of SGS 
devoted to heating purposes. On the other hand, the excessive heat 
produced by the structure worsens the efficiency of systems utilized for 
cooling purposes. In addition, the warm thermal plume, located in the 
center of the model area and produced by an open loop system dedicated 
for cooling commercial spaces, creates favorable conditions in winter for 
the surrounding small SGS designed for heating. The overall 10-years 
simulation results can be appreciated in the attached Video supple-
ment 1. 

After the verification procedure, the results provided by the model in 
the real scenario have been analyzed in detail in order to derive sug-
gestions that can be useful to improve the management of the SGS in 
terms of influence of the water body, thermal short-circuiting, thermal 
interferences (positive/negative) among proximal SGS and types of 
groundwater restitution. 

5.3. Influence of surface water body 

The model results also highlight the influence of Lake Maggiore level 
on the propagation of the thermal plumes. Considering the simulated 
hydraulic head in piezometer OBS1, which is the location with the most 
accurate model prediction (MAE of 0.11 m) and the hydrometric level of 
Lake Maggiore, some interesting insights could be derived for the period 
2015-2020, where measurements of the lake levels were available. 

Fig. 10 reports the graphic comparison between simulated ground-
water level in OBS1 and the measured hydrometric level of Lake Mag-
giore, with the calculated difference reported in pink. It can be seen that 
the plurennial difference between the two levels amounts on average to 
+0.2 m, with a hydraulic gradient flowing towards the lake, with a 
magnitude of approximately +0.0005. This relation between ground-
water and lake level abruptly changes when some significant precipi-
tation events contribute to rapidly increase (few days) the lake level, 
causing a temporary inversion of the groundwater flow with hydraulic 
gradients between -0.00025 and -0.00135 (e.g. meteorological events 
between 26th of October and 10th of November 2018, with a total 501.5 
mm of rainfall) with the lake level increasing of 3 m and recharging the 
aquifer. This has a strong effect on the propagation of the thermal 
plumes, which apparently stop migrating towards the lake and start 
developing around the restitution/reinjection wells, as happens for 
aquifer thermal energy storage systems, where the low groundwater 
flow velocity allows for the storage of heat to be exploited in the 
following conditioning season (see Video 1). 

5.4. Thermal short-circuiting 

The first type of observed thermal interference is commonly called 
“thermal short-circuiting” (Galgaro and Cultrera, 2013). It is a phe-
nomenon observed in the operation of GWHP systems when the 
groundwater restituted to the aquifer after use is caught back by the 
production well, resulting in a progressively decreasing production 
temperature. At each cooling/heating cycle, the groundwater drawn by 

Fig. 7. Simulated groundwater temperature field at 15m depth after 10 years (June 2025) for the coupled heating and cooling scenario.  
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the system becomes progressively colder/hotter due to inadequate dis-
tance between production and restitution, therefore the temperature 
variation cannot fully dissipate. Usually designers find help in analytical 
formulas (e.g. SIA 384/7) that allow calculating a minimum required 
distance to prevent thermal short-circuiting, that is: 

L >
2Z
Tπi

(1)  

Where L is the minimum distance between production and reinjection 
well along groundwater flow direction to prevent hydraulic (and theo-
retically thermal) short-circuiting, Z is the maximum or demanded 
pumping rate (m3/s), T is the aquifer transmissivity (m2/s) and i is the 
natural hydraulic gradient (-). 

As all analytical formulas, it depends on the parameters value, which 
are sometimes tricky to evaluate (especially aquifer thickness or repre-
sentative hydraulic conductivity), and it neglects the broader context e. 
g. presence of other wells that could modify the hydrodynamic field. The 
future authorization of a second open-loop system in the proximity of 
the analyzed one, especially with significant pumping rates, could 
therefore induce alterations in the hydrodynamic flow, varying the 
conditions at which the first system was designed, such as the hydraulic 
gradient. This could result in an induced thermal short-circuiting. 

The phenomenon is reported in Fig. 11 where it can be seen that the 
developed thermal plume is drawn back from the same production well, 
resulting in its progressive temperature change. This implies that in 
winter the production well would draw the colder groundwater resti-
tuted from the downgradient reinjection well, while in the case of a 

coupled system such as GW28, the drawn water in summer could be 
hotter due to the circuiting: in both cases there is a decrease in energy 
efficiency. The cases of short-circuiting reported hereafter are moderate, 
since the deviation from a theoretically undisturbed groundwater tem-
perature of 14◦C amounts to approximately 1.5-3◦C in the 10 years’ 
simulation, (Figure S2, supplementary material). 

5.5. Negative mutual interference 

The second analyzed case is represented by a large (in terms of 
concessioned pumping rate) GWHP and a proximal small one, with the 
production well of the small system completely engulfed by the thermal 
plume of the bigger one (Fig. 12). Given that different geothermal sys-
tems designers only know the location of production wells, they could 
locate the production well of their parcel very close to the reinjection 
well of the adjacent cadastral parcel, with consequent interference risk. 
The graph of Fig. 12 reports the progressive temperature decrease in 
production well PR34 due to the presence of RE11. Particularly in 
heating periods it can be seen that the abstracted groundwater tem-
perature would be much lower (even 9◦C instead of undisturbed 14◦C), 
with consequent system efficiency issues. 

5.6. Positive mutual interference 

The presence of a great density of SGS in limited space, with different 
exploitation patterns could also randomly produce synergic conditions. 
This means that depending on the location of upgradient and 

Fig. 8. Comparison between measured and simulated groundwater levels and groundwater temperatures by the numerical model.  
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downgradient production/reinjection wells and depending on the local 
hydrodynamic field and aquifer characteristics, neighboring SGS could 
also be subject to induced favorable conditions during specific periods. 
The experimental verification of this phenomenon was observed in the 
production temperatures of GW3, where the abstracted groundwater 
temperature oscillates between 16 and 18◦C during the year, compared 
to natural groundwater temperature of 13-14◦C. The heated ground-
water probably comes from an upgradient underground structure, 
where warmer water is continuously infiltrated during the years as a 
result of the cooling of electro-mechanical devices. This results in an 
improved efficiency during the heating period of GW3, but with an ef-
ficiency decrease during the cooling period, since warmer groundwater 
produces a worse thermal exchange. 

The presence of positive thermal interferences is more intuitively 

reported in Fig. 13. In this case a commercial GWHP with large pumping 
and restitution rates and with a significant ΔT between production and 
restitution (used for cold rooms during the year), releases heat in the 
subsurface. 

The system is surrounded by smaller GWHP and GSHP systems 
designed to provide heating to residential buildings, therefore drawing 
heat from the ground in the winter period. This establishes a synergic 
condition, since the drawn heat from the smaller systems is reinstated by 
the significant heat injection operated by the commercial system. The 
temperature field is therefore partially reinstated during the year and 
during a 10-years simulation by the smaller surrounding residential 
systems. The downgradient systems benefit from higher groundwater 
temperature restituted by the GW8 operation. The presence of higher 
groundwater temperature down to a depth of approximately 40 m has a 

Fig. 9. Simulated groundwater temperature field at 15m depth after 10 years for the realistic scenario (end of April 2025).  

Fig. 10. Comparison between the simulated groundwater level in OBS1 and measured Lake Maggiore level. The magenta curve represents the calculated difference 
between the two time series. Black dots represent the measured groundwater level in OBS1. 
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positive effect on the efficiency of downgradient geothermal systems, 
and no particular detrimental factor is observed, since they are designed 
for space heating proposes, with minimum groundwater temperature 
never falling below 12◦C. The potential presence of a cooling period in 
all the downgradient systems could however raise groundwater heating 
issues, since the ground thermal budget would be more significantly 
shifted towards heat surplus. Observation points for closed-loop systems 
(Figure S3, supplementary material), located at half of the BHEs depth, 
between 40 and 70m, show slight temperature variations both due to the 
presence of GW8, which thermally affects a thick portion of subsurface 
and due to their respective exploitation thermal patterns. 

Considering the 8 SGS present in this neighborhood (5 open-loop 
systems and 3 closed-loop systems downgradient, namely C2, C3 and 
C4) (see Fig. 13), the formula reported below represents the total 
amount of heat exchanged with the ground: 

G = ZSVCΔT (2)  

With G (expressed in W) as the exchanged thermal power with the 
aquifer, Z the amount of extracted water per second (l/s, considering 
water density as 1 kg/l), SVC the volumetric heat capacity of water (J/lK) 
and ΔT the difference between injection temperature and production 
temperature (K). G represents heat injected in the aquifer if ΔT >0, or 
extracted if ΔT<0 and allows estimating the exchanged thermal power 
for all systems (in extraction or injection). Considering the modulated 
function of Fig. 5 and considering the systems operating continuously 
24/7 during the year, the annual heat load for each system can be 
calculated by multiplying the monthly exchanged thermal power (Gmon) 

of that system for the number of hours per month. The heat approxi-
mately injected by commercial system therefore amounts to 2.3 GWh/ 
year, while the heat approximately extracted by neighboring systems 
amounts to 1.51 GWh/year, with a surplus of 780 MWh. The 66 % of 
injected thermal energy was therefore drawn by neighboring systems 
operating in heating-only mode, therefore only 7 months per year, while 
the cooling system was imposed as running 24/7 during the year. These 
results highlight the importance of creating urban-scale models in order 
to integrate the respective SGS exploitation patterns for assessing the 
potential thermal sustainability of neighboring systems and 
interferences. 

5.7. Types of groundwater restitution 

Types of different groundwater restitutions were simulated by 
creating a “synthetic” model, namely the real scenario where only two 
pairs of selected SGS were activated, leaving the other as inactive. This 
was done in order to remove potential interferences produced by other 
SGS that could alter the results analysis. The synthetic model for the 
comparison of different restitution types was run by imposing both a 
heating and cooling period for the two pairs of SGS, therefore drawing 
and releasing heat in the aquifer to test different restitution strategies for 
both conditioning seasons. The initial ground temperature was homo-
geneously set to 14◦C in order to have comparable results for each 
couple of systems. 

The restitution of thermally modified groundwater into the aquifer 
was analyzed for two pairs of systems: the first couple is represented by a 

Fig. 11. Three examples of moderate thermal short-circuiting: (top left) GWHP system with a authorized pumping rate of 670 L/min; (top right) GWHP system with a 
authorized pumping rate of 420 L/min; (bottom) GWHP system with a concessioned pumping rate of 200 L/min. Isotherms (color scale) and isopiezometric (m a.s.l., 
in black) curves are also reported. 
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typical 15m reinjection well directly into the aquifer versus an infiltra-
tion well dug 1m deep in the vadose zone, with equal infiltration rate of 
500 L/min and equal thermal alteration of ±3◦C. The second couple 
consists in a reinjection well of 19m depth against an infiltration trench 
of 30 m2, dug at 1 m depth. The flow rate of reinjected groundwater 
through the well is 200 L/min while the rate of infiltrated water through 
the trench is slightly higher, equal to 220 L/min (0.122 L/ms) with the 
ΔT equal to ±5◦C. In Fig. 14 (a) the simulated groundwater tempera-
tures at 10, 15 and 20 m depth below the restitution locations of systems 
GW 22 and GW12 are reported. 

It can be clearly observed that the infiltration in the vadose zone 
through an infiltration well produces a lower temperature modification 
into the used aquifer, compared to the direct underground reinjection, 
with the absolute average temperature difference between the two 
scenarios varying from 1.4◦C (20 m depth) to 3.7◦C in correspondence of 
the restitution depth (15 m). The thermal plume of the groundwater 
infiltrated through the vadose zone mainly propagates horizontally and 
almost completely dissipates the thermal alteration in the first 20 m of 
depth, while the reinjection well influences the groundwater tempera-
ture down to a depth of 26-27 m. In this case, imposing a ΔT of ±5◦C 
between inlet and outlet heat carrier water, results an absolute mean 
temperature difference between 3◦C (10 m depth) and 5.2◦C (20 m 
depth), since the reinjection well influences the groundwater tempera-
ture even deeper than 30 m. It can be observed that an infiltration trench 
produces a wider but shallower plume, depending also on the surface 

trench postion and condition, but with less deep thermal modification 
than a reinjection well. Temperature modification into the acquifer, 
induced by geothermal plant operation, is lower even if the unsaturated 
portion is very thin (depth to groundwater in the simulated scenario 
amounts to 3-4 m depending on lake oscillations). 

The infiltrated groundwater therefore propagates in the aquifer 
mainly horizontally, vertically affecting only the first 20 m of subsur-
face, in a zone where the downward propagation of air temperature can 
smooth and phase out the thermal change of groundwater. The bidi-
mensional comparison of different restitution methods, considering also 
different cross-section views is reported in Video supplement 2. 

6. Discussion 

What firstly emerges from results is that the continuous injection of 
warmer water from the underground structure contributes to deliver a 
large amount of heat and therefore altering the natural thermal state of 
the groundwater, as experimentally measured. This creates a new 
background thermal state, influencing design needs: it can be advanta-
geous for some specific systems and operation patterns but can be very 
disadvantageous for others in the summer period, namely systems 
designed only for cooling or coupled systems during the cooling period. 

The presence of several neighboring SGS in Locarno urban area and 
particularly large thermal wells, modifies hydraulic gradients compared 
to a regional natural groundwater flow, even resulting in a temporary 

Fig. 12. Case of a large (intended as pumped/reinjected flow rate) system producing a cold thermal plume which engulfs the production well of a nearby open SGS. 
Isotherms (color scale) and isopiezometric (black) curves are also reported. 
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inversion of flow directions. This can cause large systems to capture 
thermal plumes produced by nearby smaller systems (in terms of 
authorized pumping rate and well radius) or, more importantly, the 
production wells of small SGS could draw the groundwater thermally 
modified by large GWHP systems, with consequent variation of system 
efficiency. 

The modifications of hydraulic gradients also affect the design of 
new GWHP systems, since the designed minimum distance between 
production and reinjection well to avoid thermal short-circuiting could 
not be adequate to cope with the change of hydraulic gradient and flow 
direction. Some systems show in fact thermal short-circuiting, an issue 
that was theoretically not foreseen in the design phase with simplified 
assumptions. 

Closed-loop systems alone do not consistently modify groundwater 
temperature, since their impact caused by their heat extraction/injec-
tion rate is greatly smoothed by the groundwater advective heat trans-
port, which promotes thermal exchange processes, given the presence, 
in the area, of a thick fluvio-glacial aquifer with good hydraulic prop-
erties. Even the largest present BHE field does not significantly alter 
groundwater temperature since the thermal impact is distributed along 
the first 100m of subsurface and is well dissipated by the significant 
groundwater velocity. 

Lake Maggiore level variations greatly affect the migration velocity 
of the produced thermal plumes in specific time frames. After significant 
rainfall events the lake level increases above the groundwater level at 
the shoreline borders, producing temporary inverted hydraulic gradient, 
forcing the groundwater recharge from lake towards the hinterland 
delta. This condition occasionally slows and even moves back the 
thermal plumes produced by SGS: this could have consequences on the 
design of current SGS, since during these events the thermal plumes do 
not move towards the lake and remain in the proximity of the restitution 
location, increasing the chance of potential thermal short-circuiting. 

The most frequent occurring phenomenon is the presence of thermal 
interferences between different types of SGS. The thermal plumes of 
open-loop systems (cold and hot plume) horizontally propagate for tens 
of meters (the widest but shallower one, produced by an infiltrating 
trench, reaches a diameter of 180 m after 10 years of operation) and 

vertically for 20-30 m of aquifer (in case of restitution by injection 
wells). 

As expected, the interaction between thermal plumes of GWHP and 
GSHP systems occur within the first 20-30 m of aquifer, where often the 
GSHP plume is partially engulfed by GWHP systems plumes. The impact 
on BHEs systems performances caused by GWHP systems should be 
however mitigated by the greater depth of BHEs and by the thickness of 
exploited subsurface volume. 

The potential mutual interference for adjacent closed-loop systems 
positioned along groundwater flow direction could be significant when 
all systems have the same exploitation pattern or when the distance 
between upgradient and downgradient system does not produce a pos-
itive interference. 

An important observed planning/technical issue is related to the 
thermal interaction between the injection well of a doublet and the 
production well of a second doublet located downstream. 

If the progressive alteration of groundwater temperature produced 
by the upstream system reaches in the same conditioning season the 
production well of a downgradient system, groundwater temperature 
would progressively become colder in winter or warmer in summer, 
leading to geothermal system efficiency losses. 

Model results also highlighted the presence of unintended positive 
interferences, produced by specific layouts and in the case of different 
exploitation patterns of the proximal GWHP or GSHP systems (e.g. 
hospital, underground structure). The potential change in the exploita-
tion patterns of the proximal systems would drastically alter the synergic 
effects. 

6.1. Management issues 

From an underground thermal energy management standpoint, 
simulations highlight that there is the presence of a large number of 
different groundwater users which mutually interact. Results show that 
the designers of open-loop projects do not know where the restitution of 
another doublet in a proximal parcel lot is placed, given that the com-
mon procedure for the thermal assessment does not consider any nearby 
system except from the designed one. 

Fig. 13. Case of commercial GWHP system, designed for cooling building spaces, surrounded by both residential GWHP and GSHP, with heating-only energy demand 
(end of April 2025). The dashed lines represent the simulated isopiezometrics. 
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The high installation rate of new systems cannot be properly 
managed by the current sparse use of analytical tools in the authoriza-
tion scheme, not considering adjacent systems, the relationships be-
tween the aquifer and the local hydraulic systems (such as rivers, lakes) 
and the three-dimensionality of the phenomenon. This overly simplistic 
approach, could lead to inaccurate design of the geothermal system, 
neglecting potential systems interference that could be both negative 
and positive. 

6.2. Technical proposals for an improved shallow geothermal 
management 

Results highlighted that the accurate characterization and simulation 
of the hydro/thermogeological status of the aquifer and potential evo-
lution in urban areas, expressed as current groundwater levels and 
temperatures, is fundamental for a sustainable management of shallow 
geothermal energy. This would return an accurate and updated vision of 
the aquifer status, identifying zones that need further investigations due 
to anomalous groundwater levels or temperatures (Mueller et al., 2018). 

Having a holistic view of the hydro/thermogeological status of the 
aquifer could in fact allow evaluating the authorization procedure for 
new systems request by considering the present thermal state and the 
potential thermal consequences of a new authorization/concession. To 
understand if a potential new system could be authorized, exploitation 

patterns of nearby ones, both closed and open systems, should also be 
considered: as an example if the majority of SGS already installed in a 
particular area are designed to provide building heating by extracting 
thermal energy and by producing cold plumes, an improved manage-
ment would push the applicant of the new system for choosing a more 
energy balanced exploitation pattern, authorizing the new system only if 
designed for cooling or only if heat injection is also foreseen, in order to 
obtain a thermal reinstatement. Vice versa, when there is already the 
presence of several proximal systems injecting heat in the ground, a new 
authorization could be granted only to systems extracting heat, in order 
to balance the extracted/injected thermal energy and ensure long-term 
plant sustainability. This would be important technical information to 
improve the allocation scheme since a more balanced thermal budget of 
the ground could be achieved; moreover, areas with thermal issues 
would be more easily identified and considered for mitigation. 

Depths of production/reinjection wells in open-loop systems should 
be managed: this feature was already considered for some of the 
investigated GWHP systems but it must be furtherly pushed since the 
extraction of groundwater at a lower elevation (higher depth) could 
allow drawing groundwater closer to its natural or undisturbed tem-
perature since the thermal impact of GWHP systems lies approximately 
in the first 20-30m of subsurface, therefore the probability of catching 
the thermal plume of a nearby system would be lower. Consequently, the 
restitution wells should be far shallower than the production wells in 

Fig. 14. Comparison between simulated groundwater temperatures in the case of: (a) an infiltration well against a reinjection well, considering the same infiltration/ 
restitution rate and the same ΔT of 3◦C between abstracted and restituted water; (b) an infiltration trench against a reinjection well, considering a greater infiltration 
rate for the trench and the same ΔT of 5◦C between abstracted and restituted water. 
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order to produce thermal plumes preferably constrained in the first 10m 
of subsurface: usually within this depth the downward propagation of 
air temperature by conduction partially dissipates the thermal variation. 

In order to propose technical solutions for an improved management 
of the shallow geothermal resource, different approaches for the resti-
tution of thermally modified groundwater were evaluated, this time 
with the help of a synthetic model, namely the previous realistic nu-
merical model where SGS other than the analyzed ones were deacti-
vated, in order to remove potential interferences produced by other SGS 
that could alter the results analysis. 

Infiltration wells and infiltrating trenches could be thermally sus-
tainable solutions to partially or totally dissipate the thermal alteration 
produced in the groundwater for heating/cooling purposes even in low 
groundwater depth locations, such as in the analyzed study area hy-
draulically affected by the presence of a lake. This happens since the 
groundwater is infiltrated in a trench or infiltration well that is exca-
vated at very shallow depth (usually at 1-2 m, or at least 1 m above the 
maximum groundwater level, according to Swiss Water Protection 
Ordinance (Swiss Federal Council, 1999)) and with a significant heat 
exchange surface: thermally modified groundwater is partially subject to 
the influence of air temperature and to the heat exchange with both the 
solid matrix and the voids of the vadose zone. The infiltrated water 
exchanges heat with the unsaturated ground, which acts as a thermal 
buffer during the year. Of course the more the groundwater depth, the 
more heat would be dissipated from (in cooling operation) or absorbed 
by (in heating operation) the infiltrated water, reaching temperatures 
closer to groundwater undisturbed state. This would also help reducing 
the amount of groundwater by using a slightly higher ΔT between inlet 
and outlet water supply, furtherly dissipated by restitution in the vadose 
zone. 

The proposal would be to push for restitution in trench, then infil-
tration well, then directly into groundwater or lake, according to the 
environmental sustainability guidance (OFEFP, 2004). Of course the 
restitution through the unsaturated zone would be possible only if field 
infiltration tests return suitable ground vertical permeability. The work 
described in the present paper requires modeling skills, a significant 
computational effort and a good knowledge of the hydrogeological 
setting, with a good level of detail. When these aspects are not 
completely available from the scientific consultant or from the manager 
standpoint, the level of detail can be reduced by considering a smaller 
extent of the study area, by reducing complexity in the hydrogeological 
characterization and by using spatially applied simplified models or 
solutions (e.g. use of analytical formulas for the estimate of thermal 
plumes in GIS environment for both BHEs (Attard et al., 2020) and 
GWHP (Pophillat et al., 2020)), simulating closed-loop and open-loop 
systems separately. This simplified approach could be useful to 
pre-emptively assess if thermal interferences could occur between 
closed-loop systems and open-loop systems and focusing on specific 
criticalities. 

7. Conclusions 

The increasing SGS deployment in an urban area located in southern 
Switzerland is assessed through a holistic modeling approach, consid-
ering the authorized SGS and the main factors affecting the hydro/ 
thermogeological status of the urban aquifer, such as underground 
structures and the presence of surface water bodies. 

The calibrated numerical modeling tool provided insights on the 
hydraulic and thermal interactions between both closed and open-loop 
systems produced by the proximity of different SGS, due to the stable 
authorization trend in progressively more limited space, defined by 
groundwater protection regulation. 

Results showed that thermal interferences between SGS can be 
extremely negative or positive, for their energy efficiency, depending on 
hydrogeological conditions which influence the effects of the thermal 
plumes induced by thermal uses. SGS induced and natural 

hydrogeological conditions as groundwater/surface water interactions, 
proved to play a significant role in the shape of the produced under-
ground thermal plumes, affecting their migration patterns and velocities 
during the year. 

Different restitution methods of thermally altered groundwater were 
also modeled in order to understand the different impacts on aquifer 
temperature. The comparison between the restitution well and the 
infiltration trench revealed that the use of an infiltrating trench pro-
duces less thermal modifications compared to a restitution well even if 
the amount of infiltrated groundwater is 10 % more than the amount 
injected by the well. Results showed that both infiltration wells and 
trenches, restituting groundwater through the vadose zone, could be 
valid solutions, with trenches being better to dissipate the thermal 
alteration of groundwater due to their wider heat exchange surface. This 
would be also preferable in light of the absence of further connections to 
the aquifer, potentially resulting in higher probability of contamination. 

Accurate geodatabases and SGS information, detailed geothermal 
monitoring networks data, realistic 3D litho-stratigraphic re-
constructions should be implemented to ensure a proper geothermal 
management and thermal allocation scheme at local scale, especially in 
urban contexts, where great density of currently installed and future SGS 
occur. The proposed numerical model approach could be updated with 
new hydrogeological and SGS information in order to make it more 
reliable and accurate in simulating future scenarios and suggest the best 
environmentally and energetic sustainable choice. 

The building conditioning sector will increasingly rely on SGE in the 
next years to reach CO2 emissions reduction targets ate Europe scale. As 
a result, an increasing number of SGS authorization requests in spaces 
often firmly bounded by groundwater protection regulations will occur. 
Holistic studies, such as the proposed one, will therefore be more 
frequently required to address complex scenarios and assessing the long- 
term thermal sustainability of SGS exploitation, especially in cases of 
high SGS density. 

Video supplement 
Video 1: 10 years’ simulation of the real scenario (2015 – 2025). It is 

possible to evaluate the heat released by the underground structure in 
the northwestern part of the city and the thermal plumes, both hot and 
cold, developed from closed and open-loop systems. The video signifi-
cantly highlights the influence of the Lake Maggiore level in the devel-
opment of the thermal plumes: during high precipitation events and 
consequent hydraulic gradient inversion they stop migrating towards 
the lake and stand in the proximity of the restitution well/trench, 
similarly to heat storage systems. https://doi.org/10.5281/zenodo. 
4291854. 

Video 2: Comparison of different types of restitution of the thermally 
modified water in groundwater, exploited by open-loop shallow 
geothermal systems. The comparison shows that the restitution in the 
vadose zone in more thermally sustainable, since the produced thermal 
alteration is lower when reinstating the aquifer by trenches or infiltra-
tion wells rather than using a restitution well directly in groundwater. 
These would be wiser solutions to avoid an overheating/overcooling of 
the aquifer at higher depths, especially in urban areas where the density 
of shallow geothermal systems is constantly increasing. The white line 
represents the elevation of the groundwater table calculated by the 
model for each simulated day. https://doi.org/10.5281/zenodo. 
4291861. 
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City of Genéve, 2020. City of Genéve: Web GIS [WWW Document]. URL https://ge.ch/ 
sitg/cartes/interactives. 

Dalla Santa, G., Galgaro, A., Sassi, R., Cultrera, M., Scotton, P., Mueller, J., 
Bertermann, D., Mendrinos, D., Pasquali, R., Perego, R., Pera, S., Di Sipio, E., 
Cassiani, G., De Carli, M., Bernardi, A., 2020. An updated ground thermal properties 
database for GSHP applications. Geothermics 85. https://doi.org/10.1016/j. 
geothermics.2019.101758. 

Dalla Santa, G., Peron, F., Galgaro, A., Cultrera, M., Bertermann, D., Mueller, J., 
Bernardi, A., 2017. Laboratory Measurements of Gravel Thermal Conductivity: An 
Update Methodological Approach. Energy Procedia 125, 671–677. https://doi.org/ 
10.1016/j.egypro.2017.08.287. 

De Carli, M., Bernardi, A., Cultrera, M., Santa, G.D., Di Bella, A., Emmi, G., Galgaro, A., 
Graci, S., Mendrinos, D., Mezzasalma, G., Pasquali, R., Pera, S., Perego, R., 
Zarrella, A., 2018. A database for climatic conditions around europe for promoting 
GSHP solutions. Geosci 8. https://doi.org/10.3390/geosciences8020071. 

Diersch, H.-J.G., Bauer, D., Heidemann, W., Rühaak, W., Schätzl, P., 2010. Finite element 
formulation for borehole heat exchangers in modeling geothermal heating systems 
by FEFLOW. FEFLOW White Pap 5. 

Diersch, H.J.G., 2014. FEFLOW: Finite element modeling of flow, mass and heat 
transport in porous and fractured media. FEFLOW: Finite Element Modeling of Flow, 
Mass and Heat Transport in Porous and Fractured Media. https://doi.org/10.1007/ 
978-3-642-38739-5. 

Environment Division Office of water Protection and Water Supply, 2019. Statistical 
annex. 

Epting, J., García-Gil, A., Huggenberger, P., Vázquez-Suñe, E., Mueller, M.H., 2017. 
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