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1000 Ljubljana, Slovenia

* Correspondence: simona.adrinek@geo-zs.si

Abstract: To achieve sustainable and efficient use of shallow geothermal resources, it is important
to understand the heat transfer in the subsurface of the planned geothermal system. In the City
Municipality of Murska Sobota, NE Slovenia, the use of geothermal open-loop systems has increased
in recent years. Their high spatial density raises the question of possible mutual interference between
the systems. By compiling geological, hydrogeological, and thermal data, obtained from the monitor-
ing network, fieldwork, and knowledge of regional hydrogeological conditions, we have developed a
transient groundwater flow and heat transfer model to evaluate the impact of the open-loop systems
on the subsurface and surrounding systems. The transient simulation showed that the thermal state
in the observed area is restored over the summer, when the systems are not in operation. Also, the
systems do not have significant mutual interference that would affect their efficiency. However, as
interest in installing new systems in the area increases, simulations of the thermal plumes of new
geothermal systems are needed to ensure sustainable and efficient use of shallow geothermal energy
in the future.

Keywords: geothermal energy; open-loop system; groundwater heat pump; intergranular aquifer;
numerical modelling; thermal plume

1. Introduction

The current energy crisis has fostered the need to make the EU less dependent on
fossil fuels. The REPowerEU plan proposed raising the EU’s renewable energy target to
45% of gross final consumption by 2030 [1]. If Slovenia wants to achieve the set energy
and climate targets, the use of shallow geothermal energy (SGE) must also be increased [2].
For the sustainable use of SGE, dimensioning of the geothermal system that assures its
long-term efficiency is needed. Essential for that is knowledge of the site-specific properties
of the subsurface and an understanding of heat transfer in the natural environment [3,4].

Shallow geothermal energy is a renewable energy source, defined as “energy stored
in the form of heat under the surface of solid earth” [5,6]. It can be used through ground
source heat pump technologies, including open-loop systems (Figure 1). In groundwater-
based open-loop systems pumped groundwater is used directly in the heat exchanger and
then injected into the aquifer, rivers or ponds [7–10]. A typical configuration of such a
system consists of a well doublet (pumping and injection well). The distance between these
wells must be enough to prevent hydraulic short-circuits or thermal breakthroughs [11].
A thermal plume is an area of temperature change in the subsurface caused by open-
loop systems. Depending on the hydrogeological conditions and the mode of the system,
i.e., heating or cooling, the plumes can vary in size [12]. The threshold for defining the
thermal plume is usually the isotherm that has a 1 K difference from the natural background.
The open-loop systems are energy efficient, which is measured as the ratio between the
thermal energy transferred and the mechanical work performed by the heat pump (called
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coefficient of performance) and most often ranges between 4 and 5 [13–15]. However, this
can be achieved only if the site is located on a highly permeable aquifer that provides
sufficient yield and groundwater has a suitable chemical composition, so that maintenance
problems related to scaling, clogging, and corrosion are avoided [5,14].
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cities. They pointed out that the results are not intended to replace numerical simulations 
but could be a complementary tool to improve the groundwater management.  

Numerical models at the urban scale that simulate the propagation of thermal plumes 
for investigated groundwater bodies are becoming increasingly used as a powerful 
decision-support tool for the management of shallow geothermal resources [17,18,22,25–
30]. Thermal interference between open-loop systems has been analysed in the Po-Venice 
Plain region (IT), where a low hydraulic gradient and a lack of available space in densely 
populated historic urban areas make it difficult to install these systems [20]. Studies have 
also been made for urban areas with a high density of open-loop systems and a high 
hydraulic transmissivity, such as Basel (CH) or Zaragoza (ES) [22,26]. Additionally, 
Mueller et al. [22] assessed the thermal condition in Basel (CH) and proposed how this 
knowledge could be incorporated into urban planning. They found that elevated 
subsurface temperatures are mainly the result of anthropogenic activities, such as the 
sealing of surfaces, thermal groundwater use and the construction of deep buildings 
reaching the groundwater level. They suggested that monitoring and modelling tools 
should be integrated into the thermal management of urban groundwater bodies to 
ensure sustainability. On the other hand, Garcia-Gil et al. [28] analysed positive feedback 
from thermal interference between two open-loop systems (i.e., nesting system). The hot 
thermal plume generated by an upgradient cooling system had a positive effect on a 
downgradient heating system, which absorbs the heat from the thermal plume to satisfy 
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An evaluation of the impact of shallow geothermal systems on the subsurface is nec-
essary, due to the rapid increase in the number of installed open-loop systems in recent
years [3,16–22]. Analytical solutions of flow and heat transfer equations are easy to use
and therefore used in supporting open-loop system licensing procedures (e.g., in Guide-
lines for the use of groundwater heat pump systems in the state of Baden-Wuerttemberg,
Germany [23]). Pophilat et al. [24] performed a comparison between three 2D analyt-
ical methods (radial, linear-advective and planar-advective heat transport model) and
a 3D numerical method to specify the range of applicability of each analytical solution
under different hydraulic conditions, to support integrated spatial planning in cities. They
pointed out that the results are not intended to replace numerical simulations but could be
a complementary tool to improve the groundwater management.

Numerical models at the urban scale that simulate the propagation of thermal plumes
for investigated groundwater bodies are becoming increasingly used as a powerful decision-
support tool for the management of shallow geothermal resources [17,18,22,25–30]. Thermal
interference between open-loop systems has been analysed in the Po-Venice Plain region
(IT), where a low hydraulic gradient and a lack of available space in densely populated
historic urban areas make it difficult to install these systems [20]. Studies have also been
made for urban areas with a high density of open-loop systems and a high hydraulic
transmissivity, such as Basel (CH) or Zaragoza (ES) [22,26]. Additionally, Mueller et al. [22]
assessed the thermal condition in Basel (CH) and proposed how this knowledge could
be incorporated into urban planning. They found that elevated subsurface temperatures
are mainly the result of anthropogenic activities, such as the sealing of surfaces, thermal
groundwater use and the construction of deep buildings reaching the groundwater level.
They suggested that monitoring and modelling tools should be integrated into the thermal
management of urban groundwater bodies to ensure sustainability. On the other hand,
Garcia-Gil et al. [28] analysed positive feedback from thermal interference between two
open-loop systems (i.e., nesting system). The hot thermal plume generated by an upgradient
cooling system had a positive effect on a downgradient heating system, which absorbs
the heat from the thermal plume to satisfy its heating needs. Such a practice can only be
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used under controlled conditions, where the hydrogeological and thermal conditions are
well known.

Piga et al. [31] have performed a sensitivity analysis with 3D numerical simulations
on a representative model to assess the changes of dimensions of thermal plumes resulting
from variations in hydrodynamic and thermal properties of the subsurface. Their results
show the strong influence of groundwater flow velocity on the plume size and, for the
long-term evolution of the plume, the influence of the ground thermal properties.

The aim of this study was to evaluate the impact of selected open-loop systems on the
subsurface in the city centre of the City Municipality of Murska Sobota, NE Slovenia. The
spatial density of installed open-loop systems in this area is increasing, and consequently
also the risk of mutual interference between the systems which can lead to unsustainable
use of geothermal potential. Based on the established monitoring network, fieldwork
and known hydrogeological and thermal conditions in the area, we have developed a 3D
numerical groundwater flow and heat transfer model to simulate thermal plumes and to
provide information on the potential for new geothermal systems.

2. The Study Area

The study area is located in NE Slovenia, in the city centre of Murska Sobota (Figure 2).
The City Municipality of Murska Sobota covers an area of 64 km2 and has 18,651 inhabitants.
It is a flat area with an altitude ranging from 176 to 218 m a.s.l. and characterized by a
continental climate. During the period 1961–2022, the average heating season duration was
240 days and average heating and cooling degree days were estimated to 3295 K/day and
38 K/day, respectively [32].
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has increased in this area since 2014, and by 2022, 441 water permits and 216 permits for 
recorded special use of water had been granted (Figure 2B) [34,35]. The geometric mean 
of pumping rates in these geothermal systems was 1.1 L/s, with a minimum pumping rate 

Figure 2. (A) The location of the study area within Slovenia is marked with a red square, together
with the basic hydrogeological map (* after [33]), on which the boundary of the City Municipality of
Murska Sobota is marked with a green line. (B) Locations of existing water permits for heat use are
marked with red circles [34,35]. The study area is marked with a blue line (source: [36]).

The use of low-temperature geothermal potential for heating with open-loop systems
has increased in this area since 2014, and by 2022, 441 water permits and 216 permits for
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recorded special use of water had been granted (Figure 2B) [34,35]. The geometric mean
of pumping rates in these geothermal systems was 1.1 L/s, with a minimum pumping
rate of 0.5 L/s and a maximum pumping rate of 16 L/s. The maximum annual allowed
groundwater withdrawal of all open-loop systems in total is around 4,900,000 m3 [34].
The high density of open-loop systems in this area is related to the presence of a highly
productive, unconfined intergranular aquifer with an annual average groundwater tem-
perature of 12 ◦C and a groundwater level averaging 3 m below the surface [37]. The
general direction of the groundwater flow is from northwest to southeast (Figure 2A). The
hydraulic conductivity of the aquifer ranges from 1 × 10−3 ms−1 to 5 × 10−3 ms−1 [37,38].
Groundwater in this area is mainly recharged by precipitation and partially by inflows from
NW and from the hilly hinterland of Goričko on the northern edge of the Mura field [39].

The study area is part of the Mura field that is located on the western edge of the
Pannonian Basin [40] and is filled with Quaternary, Pleistocene and Holocene sandy gravel
sediments from the Mura River and its tributaries [41]. The Quaternary deposits are
between 2 and 25 m thick, and their thickness gradually decreases towards the north-
western part of the field. In the study area, Quaternary deposits are between 10 and 20 m
thick and covered with a 0.3 to 4 m thick layer of fine-grained sediments from floodplains
(sandy loam, sandy or silty clay) [41,42]. The base of the Quaternary sediments consists of
Pliocene siltstones and sands, marls with sandstone and marly clays. The surface of the
base dips in a southeasterly direction. In the northwestern part of the study area, the base
is around 9 m below the surface, while in the southeastern part, it deepens to a depth of
18 m [41,42].

3. Materials and Methods
3.1. Monitoring Network

Groundwater level and temperature data were collected from the 15 wells, 7 pumping
and 8 injection wells. The monitoring network was established on 15 December 2019 and is
still operating. The recording interval was set to 15 min. In February 2021, we rearranged
the monitoring network by moving the pressure and temperature sensors from 6 injection
wells to pumping wells (Figures 3 and 4). Additionally, in June 2021, we added 3 sensors in
the pumping wells, where no impact from open-loop systems is anticipated.

With this monitoring network, we have covered 16 water permits out of 388 permits
(Figure 2B) issued in our study area inside the Municipality of Murska Sobota. If the
installed capacity of groundwater heat pumps does not exceed 30 kW, owners are not
obliged to have a system monitoring. Therefore, due to the fact that most of the small
systems (<30 kW) are not monitored, we did not have the necessary data to include them
in our numerical model. Nevertheless, we considered all larger systems in the city centre
(>30 kW) and also set up monitoring for three smaller systems. The latter have similar
annual pumping rates that the open-loop systems not included (the median of their allowed
maximum pumping rate is 0.9 L/s), so we were able to analyse their extent and define
whether there could be any other thermal impacts on the simulated thermal plumes.

The fluctuation of groundwater level and temperature in monitored wells are shown
in Figure 4. During the monitored period, a positive trend in groundwater levels can be
observed. This is consistent with groundwater levels recorded at national measurement
stations in the vicinity, where a positive trend has also been evident over the last 30 years,
which is related to increased precipitation in the area [32].

Due to the shallow groundwater level in the unconfined aquifer, a rapid response of
groundwater level to precipitation is observed (Figure 4). Large short-term groundwater
level and temperature fluctuations (Figure 4) indicate the operation period of the open-
loop systems. Daily pumping data was obtained from the local operator of the open-
loop systems.
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Figure 3. Locations of the observation, pumping and injection wells included in the monitoring
network, and the position of the cross-section is presented in Figure 5 (source: [36]).

3.2. FEM Numerical Model

Modelling was performed with the use of the FEM (Finite Element Model) numerical
code FEFLOW 8.0 [43]. A steady-state groundwater flow and thermal simulations were
performed to define the initial conditions with fixed boundary conditions and material
properties. The aquifer was simulated as unconfined with an upper phreatic layer, which
means that the elements in this layer can become dry or partially saturated [43]. The Darcy
equation was used for the other layers. The resulting hydraulic head and temperature distri-
bution formed the basis for further transient simulations of groundwater level fluctuations
and temperature distributions.
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Figure 4. Groundwater level and temperature measurements in pumping (a,b), injection (c,d) and
observation wells (e).

3.3. Model Setup

A total of 6 layers and 7 slices were integrated into the model to adequately include the
measurements of groundwater level and temperature. While the layers define the extent
of each prism and contain the material properties, the slices define the upper and lower
boundaries of each prism and are associated with the nodes of the prismatic elements to
which the computational results refer [43]. The assigned material properties for the layers
are presented in Table 1, and the cross-section through the study area is shown in Figure 5.
The lowest layer represents the base of the alluvial aquifer and was uniformly set to 10 m
thickness (slices 6 and 7). Slice 6 was determined based on the lithological profiles and
borehole reports of the 99 wells [38,44–51]. Layers 2, 3, 4 and 5 represent the alluvial aquifer
and have the same properties.



Sustainability 2023, 15, 13797 7 of 24

The top of layer 2 (slice 2) corresponds to the boundary between clayey/silty and
sandy/gravely sediments, observed in the lithological profiles of 96 wells. Slice 3 represents
the depth of temperature sensors in pumping wells, slice 4 represents the top of the filters
in wells, and slice 5 represents the depth of temperature sensors in injection wells. The
vertical division of the alluvial aquifer into layers was performed to increase the modelling
resolution of the heat exchange around the open-loop systems and in the wells’ filter zones.
Layer 1 represents more silty sands and gravel sediments covering the alluvial aquifer,
which partially slow the vertical flow of rainwater through the cover [38]. In some areas,
the layer is only a few decimetres thick and therefore provides low natural protection for
the aquifer. The topography of the model (slice 1) was derived from a digital elevation
model with a 20 m resolution [52]. The elevation decreases from northwest to southeast
and ranges from 193.4 m a.s.l. in the northwest to 183.7 m a.s.l. in the southeast.
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Figure 5. Lithological cross-section A–B from northwest to southeast of the study area. The location
of the profile is shown in Figure 3.

Table 1. Hydraulic and thermal material properties are assigned to the model layer as a uniform
value, together with the layer thickness.

Layer

1 2, 3, 4 and 5 6

Layer thickness (m) 0.1–12.5 4.8–18.5 10

Material property

Hydraulic conductivity (ms−1) 2.8 × 10−5 [a] 1.0 × 10−3 [b] 1 × 10−7 [c]

Effective porosity (Fluid) (-) 0.4 [c] 0.15 [a] 0.5 [c]

Total porosity (Heat) (-) [d] 0.5 0.25 0.6
Volumetric heat capacity of solid material (MJm−3K−1) [d] 1.5 2.5 2.5

Thermal conductivity of solid material (Wm−1K−1) [d] 1.5 3.0 3.7
[a] field measurements [38,44,45]; [b] borehole reports [46–51]; [c] borehole reports [53,54]; [d] laboratory measurements.

3.4. Mesh Geometry

The finite element mesh covers an area of 5470 m × 5104 m and includes the observed
open-loop systems and an additional area created with a buffer distance of 500 m. We used
this buffer zone to reduce the influence of boundary conditions on observed open-loop
systems. The mesh consists of 68,706 elements and 40,397 nodes. The resulting volume of
the 3D model is 3.19 × 108 m3, with an overall depth of 35.5 m.

The discretisation of the study area was performed with a triangular algorithm. The
refinement of the mesh was performed in the proximity of the pumping and injection wells.
The maximum side length for the elements directly at the refined point was set to 3 m,
while the smoothness of the transition from the fine elements to the coarser elements was
set to 2. To reduce truncation errors during the numerical computation and to improve the
convergence behaviour of the model, we smoothed the finite-element mesh three times.
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We manage to smoothen the maximum interior angle of triangles from 77◦ to 73◦. The well
positions were not part of the smoothing to avoid shifting of their positions.

3.5. Boundary Conditions

The Dirichlet boundary condition (BC) at the northwestern and southeastern bound-
aries was set parallel to the average piezometric lines of the Rankovci, Krog, Nemčavci
and Rakičan measurement stations and perpendicular to the groundwater flow (yellow
points in Figure 2A) [37]. For initial conditions, we set the upstream groundwater level
at 187.36 m a.s.l. and downstream at 182.46 m a.s.l. For the transient simulation, we set
Dirichlet BC using daily groundwater level data from the Nemčevci measurement station in
the northwest and the Rakičan measurement station in the southeast. Eastern and western
boundaries were set as no-flow boundaries.

Soil temperature measurements at 50 cm depth at the Rakičan measurement station
were used as a temperature BC at the top of the model [32]. The thermal balance of the
aquifer under steady-state conditions was reproduced by applying the undisturbed soil
temperature of 12.5 ◦C (average soil temperature in 2020) on the top of the model domain.
On the bottom of the model, a constant geothermal heat flux of 0.145 Wm−2 was set as
Neumann BC [55]. The average depth of the aquifer is only 10 m, and since thermal
conditions in the aquifer are mainly influenced by the ambient or surface temperature,
we did not define detailed vertical temperature-depth boundary conditions at the lateral
boundaries of the model. We assigned time-varying temperature BC at the top of the model
for areas without buildings. To account for the thermal input from the buildings [3], we
assigned a constant temperature of 15 ◦C to the areas with buildings. Due to the scarcity
of data about temperature conditions and the depth of building basements, it is a roughly
estimated BC.

On the top layer, we have included polygons with different land use (Figure 6), to
distinguish between urban and agricultural areas. For these areas, different infiltration
values were calculated using daily precipitation and evapotranspiration data from the
Rakičan measurement station [32]. Additionally, we reduced the obtained infiltration
values based on the runoff coefficient for urban (0.2) and agricultural (0.5) areas [56].
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The pumping and injection rates were assigned to specific depths for individual wells,
corresponding to their filter depths, through the multilayer wells BC (Table 2). We included
also the pumping rates of the three wells, which are used for drinking water supply (F-V1,
F-V2, F-V3 in Table 2). For 16 open-loop systems, we assigned the reported daily pumping
(P) and injection (I) rates. Data on the P/I rates were available for the entire open-loop
system, but not for individual wells within the system. Therefore, we considered one well
doublet for each open-loop system, even if there are multiple doublets used (Table A1 in
Appendix A). For open-loop system 6 (Table 2), we assigned P/I rates for 2 of 4 doublets.
The average distance between pumping wells in each system is approximately 10 m. These
wells do not operate simultaneously, but alternate based on predefined settings provided
by the local operator. Consequently, representing these wells as a single well in the model
does not compromise the model’s reliability significantly.

Table 2. Open-loop doublets and drinking water supply wells used in the numerical simulation.
Pumping (P) and injection (I) rates are presented for the time period of 746 days, excluding days
without P/I.

Open-
Loop

System

Well Name
with

Assigned P
or I Rate

GKX GKY Well
Depth (m)

Filter
Section

Depth (m)

Type
of Well

Number of
Operating

Days

Average P
or I Rate

(m3day−1)

Total P or I
Volume (m3)

1
BS1-2/19 169114 589108 10.5 8.5–10.5 P

518 ±194.102 ±100,545
BS1-3/19 169141 589137 10.5 8.5–10.5 I

2
BM2-1/19 169107 589141 10.5 8.5–10.5 P

504 ±130.716 ±65,881
BM2-4/19 169082 589189 10.5 8.5–10.5 I

3
BS3-2/19 169042 589117 10.5 8.5–10.5 P

502 ±217.833 ±136,460
BS3-3/19 169048 589161 10.5 8.5–10.5 I

4
BLM-1/19 169149 589187 12 9.0–11.0 P

542 ±190.703 ±103,361
BLM-4/19 169139 589222 10.5 8.5–10.5 I

5
BLK-2/16 169071 589338 10.5 7.5–9.5 P

746 ±258.922 ±192,410
BLK-5/16 169087 589396 10.5 7.5–10.5 I

6

MDC-2/18 170933 590922 12 10.0–12.0 P
735 ±173.756 ±126,976

MDC-6/18 170849 590871 11.5 9.5–11.5 I

MDC-4/18 170945 590874 13.5 10.5–12.5 P
746 ±179.110 ±133,616

MDC-8/18 170857 590846 11.5 9.5–11.5 I

7
CMC-1/17 168888 589387 12 9.0–11.0 P

508 ±140.075 ±71,158
CMC-4/17 168851 589421 12 9.0–11.0 I

8
BKM-1/19 169163 589331 11 8.0–10.0 P

466 ±158.089 ±73,669
BKM-4/19 169127 589387 10.5 9.5–10.5 I

9
V1 169346 588570 10.5 8.5–9.5 P

746 ±15.715 ±11,723
V1_P 169343 588583 9 8.0–9.0 I

10
V2 169097 589898 9 8.0–9.0 P

746 ±12.577 ±9382
V2_P 169087 589892 6 6.0–9.0 I

11
V3 168804 588699 11 8.0–9.0 P

746 ±17.294 ±12,901
V3_P 168806 588709 10 8.0–9.0 I

12
VBK-1/16 169125 589307 10.5 8.5–10.5 P

683 ±101.929 ±69,618
VBK-3/16 169127 589332 10.5 7.5–9.5 I
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Table 2. Cont.

Open-
Loop

System

Well Name
with

Assigned P
or I Rate

GKX GKY Well
Depth (m)

Filter
Section

Depth (m)

Type
of Well

Number of
Operating

Days

Average P
or I Rate

(m3day−1)

Total P or I
Volume (m3)

13
BV3-1/19 169065 589246 10.5 8.5–10.5 P

498 ±216.639 ±107,886
BV3-3/19 169039 589294 10.5 7.5–9.5 I

14
BSR-1/19 169303 589508 10.5 8.5–10.5 P

494 ±144.255 ±71,262
BSR-4/19 169292 589541 6 6–10.5 I

15

VGMS-
1/13 169070 588955 12 8.5–9.5 P

746 ±62.564 ±46,673

VGMS-
3/13 169074 588982 12 8.5–9.5 I

16
HLM-1/14 168464 588480 9 8.0–9.0 P

550 ±57.186 ±31,452
HLM-2/14 168459 588490 9 8.0–9.0 I

Drinking
water
supply

F-V1 169859 588789 11 5.0–9.0 P 746 +935.418 +697,822

F-V2 169732 588631 11 5.0–9.0 P 738 +866.003 +639,110

F-V3 169673 588554 11 5.0–9.0 P 737 +218.414 +160,971

The temperature difference between pumping and injecting water was set as a constant
value of 3 K. Assuming this temperature differential, the injection temperature depends on
the unknown extraction temperature, which cannot be determined by a statically given
boundary condition but must be calculated dynamically during the simulation. Therefore,
we used the OpenLoop plug-in, which is integrated in the FEFLOW 8.0 software [57].

Locations, well depths, filter depths, pumping and injection rates included in the
model are presented in Table 2.

3.6. Calibration and Validation

The model is based on data from 15 December 2019 to 31 December 2021. Continuous
groundwater level and temperature data from 29 locations, ranging from 366 to 745 days
(year 2021) were used to calibrate the groundwater flow and heat models. The validation
of the models was based on a simulation time of 0 to 365 days (year 2020) at 19 locations,
which were also used in the calibration procedure. The second year of monitoring data
obtained was used for calibration, as we had more data than the first year, which was then
used for the validation.

Groundwater level and temperature data were extracted from the model 5 m north of
the actual wells, except for observation wells. We moved the observation points because
of large fluctuations in the measured data during system operation due to pressure losses
in the pumping wells or artificially elevated groundwater levels in the injection wells.
To exclude these influences from interfering with the calibration procedure, we used the
maximum and minimum moving average for 3 to 6 days. The same was completed for the
measured temperature data, as these are influenced by the operating pumps in the wells.

The hydraulic and thermal parameters were calibrated using the PEST algorithm for
automatic parameter estimation implemented in FEFLOW with the FePEST utility [58]. The
calibration of transient numerical models requires a high effort in terms of the number of
runs and computational time. Since the number of simulations required for the automatic
calibration algorithm is proportional to the number of variable parameters identified, the
parameter space was optimised to reduce the computation time [58]. Only the layers
representing the aquifer (layers 2, 3, 4 and 5) were selected for spatial calibration of the
parameters. The parameters of the other layers remained zonally constant, with the initial
parameters listed in Table 1.



Sustainability 2023, 15, 13797 11 of 24

To further optimise the computational time for calibration, the number of calibrated
parameters was reduced to hydraulic conductivity for the flow model and total porosity
and dispersivity for the heat transfer model. The parameters were chosen based on the first
iteration, where the influence of the initial parameter values on the observations is expressed
in a Jacobian matrix. Table 3 presents the calibrated parameters, their initial values, and
upper and lower limits. The lower and upper limits of hydraulic conductivity were based
on reported values [46–51], and for the thermal parameters laboratory measurements were
used which formed the basis for the simulated spatial variability. Thermal dispersivity
(longitudinal, transverse) in heterogeneous aquifers has a greater impact on the distribution
of thermal plumes because it is related to the advective component of the heat flow [59,60].
In the study area, no field data are available for the estimation of dispersivity. Longitudinal
thermal dispersivity in sediments can range from 0 to 100 m [59]. Based on previous
studies of similar intergranular aquifers [60], we decided to define the range of thermal
longitudinal dispersivity between 4 and 30 m.

Table 3. Hydraulic and thermal parameters calibrated in the model.

Parameter Initial Value Lower Limit Upper Limit

Hydraulic conductivity (kx,y) (ms−1) 1.0 × 10−3 1.0 × 10−4 1.0 × 10−2

Total porosity (Heat) (–) 0.25 0.15 0.50
Thermal conductivity of solid (Wm−1K−1) 3 0.6 3.5
Volumetric heat capacity of solid (Jm−3K−1) 2.5 1.5 3.5
Longitudinal/transverse dispersivity (m) 5/0.5 4/0.4 30/3

The deviation between the measured and simulated groundwater levels and tempera-
tures was evaluated by comparing their daily root mean square error (RMSE).

4. Results and Discussion
4.1. Calibration

The composite sensitivity values determined for the hydraulic and thermal param-
eters (Figure 7) are derived from the Jacobian matrix and indicate the extent to which
all simulations are sensitive to an individual parameter [61]. The calibrated values for
hydraulic conductivity are on average 2.2 × 10−3 ms−1. To minimise the error between the
measured and simulated groundwater temperature for the heat transfer model, the total
porosity and thermal dispersivity were selected for calibration, according to their higher
composite sensitivity (Figure 7). The calibrated total porosity in the study area averages
0.35. The calibrated longitudinal dispersivity is on average 13.8 m. Transverse dispersivity
is assumed to be 10 times lower.
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The calibration results are shown in Figure 8 by plotting the average daily values of
measured and simulated groundwater levels and temperatures. The daily variations of the
measured and simulated data for each location, with their RMSE values, are in Appendix A
(Figures A1, A2 and A5).
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The average RMSE between simulated and measured groundwater level data during
the dynamic simulation is lowest for the observation wells (RMSE = 0.09 m) (Figure A5).
The error remains constant during almost the entire simulation period. It increases by 0.1 m
in the last 80 days of calibration when new data from the edges of our model are added.
For the pumping wells, the average error during calibration is 0.19 m and for the injection
wells, it is 0.16 m. The RMSE values show that the BC and the parameters in the model are
adequately defined when compared to the calibration results of models of similar aquifers,
like Basel or Milano (RMSE is on average 0.3 m) [22,27].

The average RMSE between simulated and measured temperature data during the
dynamic simulation is 0.76 ◦C for the observation wells. It shows clear seasonal variations,
with the error ranging from 0–1.5 ◦C (Figure A5). For the pumping wells, the average
RMSE is 0.95 ◦C and is almost constant during the simulation period. On average, the
error in the temperature data in the wells is higher during the summer months when the
open-loop systems are not in operation. The simulated temperatures are lower than the
measured ones, which is probably due to locally underestimated thermal sources at the
surface (sewage, plumbing, buildings with more than one basement and roads). The RMSE
between simulated and observed groundwater temperatures for the aquifer beneath Milano
(IT) [27] and Basel (CH) [22] showed errors in a similar range (0.3–1.2 ◦C) as our results.
As possible main causes for the errors, they pointed out additional thermal sources at the
subsurface, misrepresented phasing of the temperature signal due to thermal parameters
and the warming trend of the subsurface, which were not considered in the simulations.

4.2. Validation

The simulated groundwater level and temperature regime were validated by compar-
ing the model results with data from 20 locations, for a simulation period of 0 to 365 days
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(Table 4, Figures A3, A4 and A6 in Appendix A). The comparison between the average
measured and simulated data is shown on a scatter plot (Figure 9).

Table 4. Comparison of average measured and simulated groundwater levels and temperature, together
with their RMSE (validation period). P—pumping well, I—injection well, O—observation well.

Well Type of Well
(P/I/O)

Measured GWL
(m a.s.l.)

Simulated GWL
(m a.s.l.)

RMSE
(m)

Measured
¯
T (◦C)

Simulated
¯
T (◦C)

RMSE
(◦C)

OPA O 185.59 185.63 0.14 11.6 12.1 0.85
BS1-2 P 185.42 185.48 0.11 13.4 11.9 1.43
BS1-3 I 185.59 185.75 0.16 - - -
BS1-4 I 185.32 185.52 0.21 - - -
BM2-4 I 185.04 185.44 0.40 - - -
BS3-2 P 185.18 185.38 0.21 13.6 12.4 1.18
BS3-3 I 185.35 185.45 0.08 - - -

BLM-4 I 185.36 185.48 0.08 - - -
BLK-2 P 185.04 185.18 0.16 11.5 11.7 1.30
BLK-5 I 185.22 185.40 0.20 - - -
MDC-6 I 186.81 186.94 0.15 - - -
CMC-4 I 184.62 184.89 0.28 - - -
BKM-4 I 185.31 185.33 0.20 - - -
BV3-1 P 185.18 185.31 0.15 12.0 11.4 0.66
BV3-2 P 185.05 185.29 0.25 11.9 11.3 0.71
BSR-1 P 184.95 185.42 0.47 15.4 14.1 1.26
BSR-3 P 184.91 185.23 0.18 13.0 12.3 0.82

VGMS-3 I 185.48 185.54 0.14 - - -
HLM-1 P 185.40 184.79 0.61 12.7 12.0 0.76

VGMS-1 P 185.96 185.47 0.49 15.1 12.5 2.63
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The results show that the simulated groundwater levels differ from the observed by
0.2 m on average. The deviation could be caused because of simplifying the operation of
open-loop systems, which use a total pumping rate that is not separated into individual
well doublets. On the other hand, the simulated groundwater temperatures are on average
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1 K lower than the measured values (Figure 9b). Even higher differences can be seen for
number 30, which is related to the short observation period for this well, which was not
included in the calibration. The underestimation of the simulated temperature data is
especially visible in the summer months when the systems are not operating (Figure A4 in
Appendix A). As mentioned, this might be related to some additional thermal sources on
the surface, such as heat input from buildings and roads and underground infrastructure.
Their influence is difficult to assess, due to the lack of monitoring data in the unsaturated
zone. Similar deviations between simulated and measured groundwater temperatures have
been observed in the unconfined aquifer of Basel and Locarno City (Switzerland) and Milan
City (Italy) [22,27,62]. Their results suggest that the heat inflow in the summer months is
underestimated (difference around 2 K or even higher), which could be the consequence of
an underestimated initial temperature in specific locations, an underestimated or neglected
thermal energy released by specific sources in the subsurface, and/or incorrectly estimated
parameters that could prevent heat accumulation in the aquifer. Due to the lack of tem-
perature measurements, they did not investigate further which heat source or parameter
was misestimated.

4.3. Simulated Thermal Plumes Downgradient from Injection Wells

In Figure 10 we see that the simulated thermal plumes of wells V2 and VGMS-3 have
a maximum dimension of 2 m to 20 m, respectively. We believe that the pumping rates of
wells V2 and VGMS-3 are similar for most open-loop systems (small individual houses)
that were not included in the numerical model due to no monitoring data. Based on these
dimensions of the thermal plumes (wells V2 and VGMS-3) we believe that there were
no additional hydraulic or thermal influences on the simulated thermal plumes of the
open-loop systems that were included in the numerical simulation.
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The transient numerical simulation of the impact of observed open-loop systems
in the city centre has shown that the thermal plumes propagate downgradient from the
injection wells between 50 m and 100 m, and their width is at most 120 m. Their dimensions
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depend on the pumping rate and the proximity of the other injection wells, which can
lead to a merging of two plumes and consequently cause larger groundwater temperature
changes. In Figure 10, we see the maximum dimensions of the thermal plumes that occur
in mid-April, when groundwater temperatures reach their lowest values. Groundwater
temperatures at the pumping wells are restored during the summer when the systems are
not in operation, so the thermal plumes do not extend throughout the year.

At two locations (BLK-5 and MDC-6 (Figure A7 in Appendix A)) the thermal plumes
are not fully restored until the beginning of the new heating season. This is because these
open-loop systems are also in operation during the summer months to meet the demand
for domestic hot water.

Migrating thermal plumes in the city centre during the heating period generally do
not affect the efficiency of other open-loop systems. The only locations where simulated
groundwater temperatures are affected by nearby cold thermal plumes are locations BM2-1,
BV3-1, BV3-2, and VBK-2 (Figure 10). For location BM2-1, we do not have real data on
groundwater temperatures because monitoring in the well was not possible due to lack of
space in the pumping well BM2-1. Therefore, we cannot confirm our simulated results. For
the location with pumping wells BV3-1 and BV3-2, the measured groundwater temperature
is on average 1 K lower than in the pumping wells located upgradient (BS1-2, BS3-2)
(Figure 4b). This can also be seen in Figure 10, where cold thermal plumes from wells
BM2-4 and BS3-3 reach the pumping wells, and change the groundwater temperature by
1 to 2 ◦C. The extent of this cold thermal plume shown in Figure 10 (BM2-4, BS3-3) is
highest at the end of the heating season because a larger volume of cold groundwater is
injected and the injection wells are too close to each other so that they begin to interfere
with each other. In other months, the extent of the cold thermal plume is not so great and
therefore does not influence the groundwater temperature in the downgradient pumping
wells BV3-1 and BV3-2. For location VBK-2 (Figure 10), the simulated lower groundwater
temperature in the well is not the result of an upgradient cold thermal plume but is related
to a nearby injection well of the same open-loop system, that was drilled too close, resulting
in a thermal breakthrough in pumping well VBK-2. The actual measured groundwater
temperature is also quite low (Figure 4b). Besides the thermal breakthrough, the improper
construction of well VBK-2 was probably also the reason that cold rainwater could infiltrate
into the aquifer and additionally lower the groundwater temperature.

5. Conclusions

We developed a complex numerical model that provides insights into the hydraulic
and thermal conditions of the shallow alluvial aquifer, as well as the possible interactions
between the observed open-loop systems and their long-term efficiency. The established
monitoring network at the city scale in NE Slovenia was the basis for the development
of the groundwater flow and heat transport model. The thermal plumes caused by open-
loop systems need to be well predicted and continuously monitored, especially in the
shallow aquifers of densely populated areas, like in our study area in the City Munic-
ipality of Murska Sobota. This is important not only to ensure long-term sustainable
use of the systems but also to avoid negative impacts on the efficiency of neighbouring
geothermal systems.

The results represent simulated groundwater flow and thermal regime from December
2019 to the end of December 2021. The sensitivity analysis showed the highest composite
sensitivity values for hydraulic conductivity, porosity and dispersivity parameters, which
were further calibrated with FePEST to minimize the error between groundwater level and
temperature. The RMSE for the simulated groundwater level ranges from 0.09 to 0.19 m
and from 0.14 to 0.26 m for the calibration (29 wells) and validation (20 wells) datasets,
respectively. For the groundwater temperature data, the RMSE values range between
0.76 and 0.95 ◦C and between 0.85 and 1.01 ◦C for calibration (18 wells) and validation
(10 wells) datasets, respectively.
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The results of the groundwater flow model correspond well with the measured average
groundwater levels. On the other hand, the thermal model shows higher deviations from
the measured data, especially in the summer months when the simulated groundwater
temperatures do not exceed 14.3 ◦C, while the measured temperatures reached even 15.4 ◦C.
These deviations could be related to the effects of local thermal sources on the surface
(e.g., sewage pipes, plumbing, buildings with more than one basement and roads), which
were not considered in our model. The results are comparable to other studies on similar
aquifers under larger cities in Europe [22,27,62] mentioned in the discussion, where the
deviation between measured and simulated groundwater temperatures also reached 2 K.
As thermal dispersivity in heterogeneous aquifers can have a greater impact on heat
transport in the vicinity of open-loop systems a push-pull test could be performed in the
field in the future to confirm the accuracy and currently defined ranges in the heat transfer
model [59,63].

The simulated thermal plumes caused by the existing open-loop systems in the city
centre of the Murska Sobota generally show no mutual interference between the systems
that could significantly affect their efficiency. The transient simulation showed that the
thermal plumes do not propagate throughout the year, which indicates that groundwater
temperatures recover in summer when the systems are not in operation.

Appropriate management concepts are required for the future sustainable develop-
ment of subsurface resources. Due to the high density of existing systems in the studied
area, it is recommended that simulations of the thermal plumes of new geothermal sys-
tems are conducted before installing them, so they will not affect the efficiency of the
existing systems.

Author Contributions: Conceptualization, S.A., M.J. and M.B.; data curation, S.A.; formal analysis,
S.A. and M.J.; funding acquisition, M.J.; investigation, S.A.; methodology, S.A. and M.J.; project
administration, M.J.; supervision, M.J. and M.B.; validation, S.A. and M.J.; visualization, S.A.; writing—
original draft, S.A.; writing—review and editing, M.J. and M.B. All authors have read and agreed to
the published version of the manuscript.

Funding: The research was funded by the Slovenian Research and Innovation Agency (ARIS) through
research program P1-0020 Groundwater and Geochemistry in the frame of the Young Researchers
programme, and by the UNESCO IGCP Project 684—The Water-Energy-Food and Groundwater
Sustainability Nexus. The equipment for the monitoring network was co-financed by the Republic
of Slovenia, Ministry of Education, Science and Sport and the European Union from the European
Regional Development Fund through the project “Development of research infrastructure for the
international competitiveness of the Slovenian RRI space—RI-SI-EPOS.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Acknowledgments: The authors wish to thank Uroš Klemenčič, from Ouček d.o.o. company, for the
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Appendix A

Table A1. Number of doublets for an individual open-loop system.

Open-Loop System Well Name with Assigned P/I Rate Number of Pumping Wells Number of Injection Wells

1
BS1-2/19

2 2
BS1-3/19

2
BM2-1/19

2 2
BM2-4/19

3
BS3-2/19

2 2
BS3-3/19

4
BLM-1/19

2 2
BLM-4/19

5
BLK-2/16

3 3
BLK-5/16

6

MDC-2/18

4 4MDC-6/18

MDC-4/18

MDC-8/18

7
CMC-1/17

2 2
CMC-4/17

8
BKM-1/19

2 2
BKM-4/19

9
V1

1 1
V1_P

10
V2

1 1
V2_P

11
V3

1 1
V3_P

12
VBK-1/16

2 2
VBK-3/16

13
BV3-1/19

2 2
BV3-3/19

14
BSR-1/19

3 1
BSR-4/19

15
VGMS-1/13

2 2
VGMS-3/13

16
HLM-1/14

1 1
HLM-2/14

Drinking water supply

F-V1
3 /F-V2

F-V3
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Figure A1. Daily measured (black line) and simulated (dashed blue line) groundwater levels for 3 
observed, 15 pumping and 10 injection wells after calibration. Figure A1. Daily measured (black line) and simulated (dashed blue line) groundwater levels for
3 observed, 15 pumping and 10 injection wells after calibration.
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Figure A2. Daily measured (black line) and simulated (dashed red line) groundwater temperatures 
for 3 observed and 15 pumping wells after model calibration. Figure A2. Daily measured (black line) and simulated (dashed red line) groundwater temperatures
for 3 observed and 15 pumping wells after model calibration.



Sustainability 2023, 15, 13797 20 of 24

Sustainability 2023, 15, 13797 19 of 23 
 

Figure A2. Daily measured (black line) and simulated (dashed red line) groundwater temperatures 
for 3 observed and 15 pumping wells after model calibration. 

Sustainability 2023, 15, 13797 20 of 23 
 

 

Figure A3. Daily measured (black line) and simulated (dashed blue line) groundwater levels for 1 
observed, 9 pumping and 10 injection wells in the validation process. 

 

 

Figure A4. Daily measured (black line) and simulated (dashed red line) groundwater temperatures 
for 1 observed and 9 pumping wells in the validation process. 

  
Figure A5. RMSE between simulated and observed groundwater level (a) and temperature (b) after 
calibration. 

Figure A3. Daily measured (black line) and simulated (dashed blue line) groundwater levels for
1 observed, 9 pumping and 10 injection wells in the validation process.
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Sustainability 2023, 15, 13797 20 of 23 
 

 

Figure A3. Daily measured (black line) and simulated (dashed blue line) groundwater levels for 1 
observed, 9 pumping and 10 injection wells in the validation process. 

 

 

Figure A4. Daily measured (black line) and simulated (dashed red line) groundwater temperatures 
for 1 observed and 9 pumping wells in the validation process. 

  
Figure A5. RMSE between simulated and observed groundwater level (a) and temperature (b) after 
calibration. 

Figure A5. RMSE between simulated and observed groundwater level (a) and temperature
(b) after calibration.

Sustainability 2023, 15, 13797 21 of 23 
 

  
Figure A6. RMSE between simulated and observed groundwater level (a) and temperature (b) in 
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Figure A7. Simulated thermal plume from injection wells MDC-6 and MDC-8 in the middle of April 
2020, when their dimensions are the greatest (a) and at the end of September 2020, when their 
dimensions are the lowest (b). 
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