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Thermal perturbation produced in the subsurface by open-loop groundwater heat pump systems (GWHPs) must be predicted and
constantly controlled, especially in the shallow aquifers of more densely urbanized areas, in order to guarantee plants’ long-term
sustainable use and to avoid adverse eﬀects on adjacent geothermal systems. Transient conditions in the ﬂow dynamic can be
successfully modelled by means of numerical modelling tools. However, for small plants in suitable hydrogeological systems, an
alternative tool for predicting the thermally aﬀected zone (TAZ) around the injection well can be found in analytical solutions
for steady advective transport in a shallow aquifer. The validity of using steady analytical solutions to predict the TAZ
development at the end of two diﬀerent cooling seasons (2010 and 2016) was tested in the Politecnico di Torino GWHP system
(NW Italy). When ﬁxing the constant thermal diﬀerence (ΔT) between the injection and abstraction wells at 5°C, results
revealed that a rather reliable assessment of the TAZ of Politecnico di Torino GWHPs, in Turin shallow aquifer, can be
performed by plotting the cumulative distribution function of the injected discharge rate (Q) and setting 63% as a steady value.

1. Introduction
Among low-enthalpy geothermal systems, open-loop groundwater heat pumps (GWHPs) currently represent one of the
major technologies applied in the heating and cooling of
buildings. These systems were designed to take advantage
of the heat available in the shallow subsurface (<400 m) by
withdrawing water from a well or a surface water source,
passing it through a heat exchanger and redischarging water
into an injection well or nearby river [1].
However, the continuous increase in the implementation
of open-loop GWHPs and their reinjection of warmer water
could potentially cause, even in the short term, a signiﬁcant
subsurface environmental impact associated with local variations in groundwater temperature within the thermally
aﬀected zone (TAZ), especially in the shallow aquifers of more
densely urbanized areas. As thermal plumes could adversely

aﬀect adjacent and neighbouring geothermal systems, the
TAZ extension must be well predicted and constantly controlled in order to guarantee the systems’ long-term sustainable use. For this purpose, numerical models have been
widely applied in the past years. Simulation approaches have
made it possible to better understand and predict subsurface
heat transport mechanisms [2–6]; however, these simulations
require the use of complex, expensive, and time-consuming
numerical calculation tools [7].
Therefore, many authors have attempted to develop analytical methods to analyse heat transport in the subsurface for
small plants in simpliﬁed conduction–advection-dominated
systems [8–10].
Among others, Banks [10] proposed a robust and simpliﬁed analytical solution to solve the problem of the assessment
of the expected extension of TAZ associated to simple conﬁguration plants in a homogeneous shallow aquifer.
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The use of analytical solutions in place of more complex
numerical modelling creates several advantages in terms of
the reduction of the time and technical complexity required
for plant design; therefore, the applicability of such solutions
to real plants needs to be veriﬁed.
To allow for correct analytical solution application, many
assumptions should in fact be validated concerning sitespeciﬁc characteristics. Moreover, analytical solutions have
been strictly designed for steady abstraction and reinjection
ﬂow conditions both in terms of discharge rate, temperature
variation in the heat pump, and temperature of the reinjected
groundwater.
The described constraints on the current analytical solutions limit their applicability because, even for the cases in
which the hydrogeological conditions are similar to those
that are assumed for the validity of the equations, steady
operating arrangements are usually far from reality.
The ordinary functioning conditions of open-loop
GWHPs are dynamic and time variable.
In modern plants, the inverter technologies tend also to
modify the operating conditions of the heat pump together
with the pumps in the abstraction wells, following the real
energy demand of the building’s heat needs.
Daily and hourly cycles of the outdoor temperatures
variations, along with variabilities in the usage of the building, usually induce a dynamic running functioning of the
systems including the heat pump, abstraction wells, and
reinjection wells. As a result, the pumping rate in the
abstraction wells (with the correspondent reinjection rate)
and the temperature of the reinjected groundwater are time
variable.
In order to provide reliable modelling, transient ﬂow
conditions should therefore be considered both for the discharge rate and for the reinjection temperature.
While each of these main conditions allow to enhance the
ﬁeld of applicability of numerical modelling to solve the
problem of the TAZ assessment, at the same time, they
reduce the potential of the analytical solutions.
In this paper, we address the main problem of the applicability of analytical solutions to a real hydrogeological and
plant context by evaluating the accuracy of their results for
the estimation of TAZ dimensions at the end of diﬀerent
system-functioning seasons.
In detail, we veriﬁed the reliability of the analytical solution proposed by Banks [10] to predict the thermal perturbation induced by a real open-loop GWHP plant serving the
Politecnico di Torino (Turin, northern Italy). We initially
validated the transient condition numerical modelling results
provided by the ﬁnite-element code FEFLOW® 6.2 [11]
through a comparison with the groundwater temperature
data collected during two diﬀerent cooling seasons (2010
and 2016).
Then, following a statistical approach, we individuated
the steady discharge rate and the constant reinjection
groundwater temperature that should be used in Banks’s
[10] analytical solutions for assessing the TAZ dimensions
of Politecnico di Torino GWHP plant, in order to provide
reliable results considering a system where ﬂow rate and temperature are both time-variable parameters.
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2. Materials and Methods
2.1. Test Site. The analysed test site (Politecnico di Torino
open-loop GWHPs) is located in Turin, Piedmont region in
NW Italy (geographical coordinates: 45°03 ′ 45″ N, 7°39 ′ 41″
E, elevation: 248 m a.s.l).
As shown in Figure 1, the Politecnico di Torino openloop geothermal system (CF1) is composed of a 40 m deep
pumping well (P2), a 47 m deep injection well (P4), and a
35 m deep monitoring piezometer (S2), located downgradient of P4. Distances among the described components, measured along ﬂux lines, are, respectively: P2 – P4 = 77 m,
P4 – S2 = 35 m, and P2 – S2 = 109 m.
The described well-doublet system works only during the
spring and summer seasons, to cool some university buildings.
All CF1 system components aﬀect the Turin shallow
unconﬁned aquifer [12] (Figure 2). From a geological and
hydrogeological point of view, the Politecnico di Torino test
site is already well known, as it has been studied in previous
works [5, 13].
2.2. Geological Setting. The Turin plain extends from the
Rivoli-Avigliana Morainic Amphitheatre (RAMA) on its
western extreme to the Torino Hill on its eastern border
(Figure 2). Several rivers delimit the Turin urban area: the
Stura di Lanzo River (northern boundary), the Sangone River
(southern boundary), and the Po River (eastern boundary).
Piemonte [14] documented the hydrogeology of the plain
area with a high degree of conﬁdence. Information from
drilled wells and downhole log tests has conﬁrmed the presence of two diﬀerent lithological units with distinct hydraulic
properties, stratigraphic units 1 and 2 (Figure 3).
Stratigraphic unit 1 (Middle Pleistocene–Holocene) consists of a continental alluvial cover, primarily composed of
coarse gravel and sandy sediments with local subordinate
clay lens inclusions (≤1.5 m thick). Stratigraphic unit 2 (early
Pliocene–Middle Pleistocene) includes shallow marine environment deposits (Sabbie di Asti and Argille di Lugagnano)
composed of fossiliferous sandy-clayey layers with subordinate ﬁne gravelly and coarse sandy marine layers as well as
quartz-micaceous sands [15, 16]. The outwash plain substrate (unit 3 in Figure 2) consists of a Cenozoic terrigenous
marine succession composed of conglomerates, sandstones,
and marls (Piemont Tertiary Basin) [17].
2.3. Hydrogeological Setting. The main surface water drainage
network of the Turin plain (Stura di Lanzo, Sangone, Dora
Riparia, and Po rivers) communicates hydraulically with an
unconﬁned aquifer extending over the entire urban plain
(NNW–SSE gradient of 0.29% towards the Po river).
By means of a step drawdown test on the abstraction well
(47 m deep) of the GWHP system, an unconﬁned aquifer
hydraulic conductivity value (K1) of 2:5 × 10−3 ms−1 was
evaluated. Based on the aquifer lithology determined by
examining well-drilling logs, an eﬀective porosity of 0.20
was estimated. In addition, for stratigraphic unit 1, a volumetric heat capacity value equal to 1:3 × 106 J·m-3K-1 was calculated as a composition-weighted mean based on the
lithological records [5].
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Figure 1: Politecnico CF1 plant GWHP system overview. P2: abstraction well, P4: reinjection well, S2: control piezometer. Dotted line
indicates the direction of the cross-section line reported in Figure 3 [12].
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Figure 2: Hydrogeological map of the Turin area and test site location (modiﬁed from [18]).
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Figure 3: Schematic hydrogeological cross section of the study area [12].

2.4. Heat Transport in Porous Shallow Aquifers. Heat transport theories have been studied for several decades [8, 9,
19], and attention on underground heat transport has been
continuously increasing over the last years due to the growth
in the exploitation of shallow geothermal energy.
Focusing on shallow unconﬁned aquifers, thermal energy
movement is predominately realized by advection caused by
the ﬂuid motion inside the medium and conduction driven
by the temperature gradient through the solid phase and
the heat exchange between the solid and ﬂuid phases.
Additionally, the diﬀerential groundwater ﬂow paths
at the pore scale and the heterogeneity of the permeability ﬁeld at macroscopic scale create the thermal dispersion
phenomenon.
These mechanisms are described by the equation for heat
transport in porous media with the assumption of a groundwater ﬂow aligned with the x-axis (2D form, x-y horizontal
plane), as follows [19]:
ρm cm

∂T
∂T
∂2 T
∂2 T
+ ρ f c f vd
− λx 2 − λy 2 = H,
∂t
∂x
∂x
∂y

ð1Þ

(for nomenclature, see Table 1).
The ﬁrst term in Equation (1) represents the energy variation over time, where ρm cm can be computed as the
weighted arithmetic mean of the solids ðρs cs Þ of the aquifer
and water ðρ f c f Þ [19]:
ρm cm = ne ρ f c f + ð1 − ne Þ ρs cs :

ð2Þ

The second term in Equation (1) is the advection term,
which is a function of Darcy velocity (vd ):
vd = −K

∂h
= −Ki:
∂x

ð3Þ

Table 1: Nomenclature of thermal and hydrodynamic parameters.
Parameter
Horizontal hydraulic conductivity
Vertical hydraulic conductivity

Symbol

Unit of
measure

K xx − K yy

[ms-1]

K zz

[ms-1]

ne

[-]

Volumetric heat capacity of the ﬂuid

ρf cf

[J·m-3K-1]

Volumetric heat capacity of the solid

ρ s cs

[J·m-3K-1]

ρm cm

[J·m-3K-1]

Heat conductivity of the ﬂuid

λf

Heat conductivity of the solid

λs

Heat conductivity of the porous media

λm

[W·m-1K1
]
[W·m-1K1
]
[W·m-1K1
]

α

[m·s-1]

Longitudinal dispersivity

αL1

[m]

Transverse dispersivity

αT 1

[m]

Temperature

T

[°C]

Time

t

[day]

Flow rate

Q

[m3day-1]

Volumetric heat source

H

[Wm-3]

Darcy velocity

vd

[ms-1]

Hydraulic gradient along the x-direction

i

[-]

Aquifer thicknesses

m

[m]

Eﬀective porosity

Volumetric heat capacity of the porous
media

Thermal diﬀusivity

The third and fourth terms in Equation (1) are the conduction terms, which, respectively, depend on the longitudinal (λx ) and transverse (λy ) thermal conductivity of the
porous medium [Wm−1 K−1 ], deﬁned by the bulk thermal
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Table 2: Thermal and hydrodynamic parameters used as input data in FEFLOW modelling (unit 1 and unit 2) [12].

Parameter

Symbol

Unit of measure

Test site value

K xx1 − K yy1

[ms-1]

0.0025

Unit 1
Horizontal hydraulic conductivity

-1

Vertical hydraulic conductivity

K zz1

[ms ]

Eﬀective porosity

ne1

[-]

0.00001
0.2

Volumetric heat capacity of the ﬂuid

ρf c1f

Volumetric heat capacity of the solid

ρs c1s

[10 J·m K ]

1.3

Heat conductivity of the ﬂuid

λ1f

[J·m-1·s-1K-1]

0.65

Heat conductivity of the solid

λ1s

[J·m-1·s-1K-1]

3

Longitudinal dispersivity

αL1

[m]

5

Transverse dispersivity

αT1

[m]

0.5

K xx2 − K yy2

[m·s-1]

0.00027

Vertical hydraulic conductivity

K zz2

[m·s-1]

0.000054

Eﬀective porosity

ne2

6

-3

-1

6

-3

-1

[10 J·m K ]

4.2

Unit 2
Horizontal hydraulic conductivity

[-]

0.2

Volumetric heat capacity of the ﬂuid

ρf c2f

Volumetric heat capacity of the solid

ρs c2s

[10 J·m K ]

2.52

Heat conductivity of the ﬂuid

λ2f

[J·m-1·s-1K-1]

0.65

Heat conductivity of the solid

λ2s

[J·m-1·s-1K-1]

3

Longitudinal dispersivity

αL2

[m]

5

Transverse dispersivity

αT2

[m]

0.5

conductivity of the porous media (λm ) and the thermal dispersion coeﬃcient (αx,y ρ f c f vx,y ):
λx = λm + αx ρ f c f vx ,
λy = λm + αy ρ f c f vy :

ð4Þ

Referring to the ﬁrst term in Equation (1), instantaneous
thermal equilibration between the groundwater and soil can
be assumed, which means that a single point in an aquifer system (both the matrix and the mobile groundwater) is characterized by a single temperature (T) at any given time (t) [20].
In addition, groundwater ﬂow advection usually has the
principal impact on heat transport in the porous medium.
If there is a lack of groundwater ﬂow, heat transport occurs
only due to diﬀusion. Due to the fact that natural groundwater ﬂow is present under most conditions, thermal conduction can be considered insigniﬁcant and be neglected [12].
Lo Russo and Taddia [21], by analysing the groundwater
monitoring data from the surroundings of the injection wells
of open-loop geothermal plants, have highlighted the prevalence of the advective heat transport component, enabling
us to correctly refer to the thermal front velocity associated
with the Politecnico di Torino open-loop system as an
advective-type velocity.
The value of thermal plume advective velocity diﬀers
from the natural groundwater velocity by a factor R (thermal

6

-3

-1

6

-3

-1

[10 J·m K ]

4.2

retardation factor) (Equation (5)), derived by factoring out
the second term of heat (Equation (1)):
R=

vd
ρ c
= m m :
vpl ne ρ f c f

ð5Þ

By assuming, for the Turin saturated porous shallow
aquifer, an eﬀective porosity value of 0.20, Lo Russo et al.
[12] estimated an R factor equal to 2.4: natural groundwater
velocity would therefore have 2.4 times the migration velocity of the thermal plume (approximately 1.30 mday−1).
2.5. FEFLOW Model Setup. Heat transport mechanisms in
the unconﬁned aquifer have been modelled by using the
ﬁnite-element code FEFLOW® 6.2 [11], to evaluate the thermal perturbation induced by the water reinjection in Politecnico di Torino open-loop well doublets.
Starting with hydrodynamic and thermal parameters
assigned to unit 1 and unit 2 by Lo Russo et al. [12] (see
Table 2) and available hourly datasets of Q [m3day-1] and T
[°C] measured continuously by probes ﬁxed in Politecnico
di Torino GWHP’s injection well (P4), we performed a
two-unit conceptual model simulation wherein hydrostratigraphic unit 1 represents the exploited unconﬁned alluvial
aquifer (Figure 4).
A complete list of the hydrodynamic and thermal parameters assigned to Unit 1 and Unit 2 is provided in Table 2.
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Figure 4: FEFLOW 3D model view. The two diﬀerent units are distinguished with diﬀerent colors (unit 1 in light blue and unit 2 in orange).
Blue lines indicate the hydraulic level.

The dimensions of the plan-view grid in the model
were set equal to 1914 m (NW–SE) and 1525 m (SW–
NE): the model area was designed to be larger than the
site under investigation in order to reduce any impact of
the assumed boundary conditions on model outcomes.
The average mesh spacing domain was 15 m, reﬁned to
3 m in areas near the wells to improve thermal plume resolution. The selected grid spacing was deﬁned after a suitable
trial test.
Due to lack of inﬁltration data and the surface characteristics of the model area, which is mostly covered by buildings
and roads and therefore considered impermeable, rainfall
inﬁltration rate was not taken into account.
In addition, based on groundwater level continuous
monitoring, the unperturbed groundwater ﬂow can be considered stable throughout the year. Constant heads (Dirichlet
conditions) are set on the western (230 m a.s.l.) and eastern
(220 m a.s.l.) boundaries in accordance with available onsite
potentiometric surface measurements [14].
Using the results from diﬀerent thermal logs performed
in the extraction and injection wells (P2-P4) before pumping
and in the piezometer (S2), which showed negligible vertical
temperature variation, average natural groundwater temperature was set to 15.0°C throughout the aquifer.
Due to the unsaturated zone thickness and the lack of
detailed information about its hydraulic and thermal characteristics, adiabatic conditions were established for the
ground-surface over the unsaturated zone.
Eventually, as the Politecnico di Torino GWHPs operate
at variable loads PðtÞ, depending on the building cooling

demands, heat transport mechanisms in the subsoil were simulated by considering transient ﬂow conditions. By means of
multiparameter probes installed in the P2 and P4 wells and
in the S2 piezometer, potentiometric levels [m], temperature
[°C], and pumping and reinjection rates [m3day-1] were constantly recorded.
In detail, the performed simulation covered the hourly
cooling period dataset from 2010 (from 25th May to 30th
September—operating time of 129 days) and the hourly cooling period dataset from 2016 (from 6th July to 30th September—operating time of 90 days). To assess the reliability of
the generated numerical models, calibration for both the
2010 and 2016 datasets was performed by comparing diﬀerent simulated temperature values with the available temperature measurements from the piezometer (S2).
Following model calibration, a second modelling scenario was created by moving the reinjection well location
(P4) downstream with respect to the abstraction well (P2).
This condition was necessary in order to create a good
comparison between the results obtained by the simulation
model and Banks’s analytical solution. The presence of a
reinjection well located downstream of the abstraction well
along groundwater ﬂow direction is indeed one of the primary assumptions for the analytical solution’s applicability.
2.6. Banks’s (2011) Analytical Solutions. Thermal plume size
results from the simulation model were compared to those
obtained using the 2D analytical solutions for thermal
plume evolution under steady state conditions provided
by Banks [10].
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According to Banks [10], the thermal plume length (Lpl )
can indeed be approximated as shown in Equation (6), while
the maximum downstream width (W pl ) is given by Equation
(7) (see Figure 5).
Lpl = vd
W pl =

ρf cf
t,
ρm cm

Qpl
,
mvd

ð6Þ
ð7Þ

where Qpl is a constant fraction of maximum injected ﬂow
rate [m3day-1] which is not recirculated to the abstraction
wells.
In addition, using Equation (7), the Darcy velocity vd can
be derived as follows:
vd =

Qpl
:
m W pl

ð8Þ

By using Equation (8), it is then possible to also rewrite
the 2D analytical solution for thermal plume length (Lpl ) as
a function of Qpl (Equation (9)):
Qpl ρ f c f
Lpl =
t:
m W pl ρm cm

ð9Þ

The applicability of the described Banks’s [10] analytical
solutions is however strongly bound to the validity of the following main assumptions:
(1) A homogeneous, isotropic aquifer of constant
thickness
(2) The presence of conﬁned or unconﬁned aquifers
where head variations are small with respect to total
thickness
(3) The presence of fully penetrating wells
(4) Instantaneous thermal equilibrium between the
groundwater and matrix
(5) An injection well immediately downgradient of the
abstraction well
(6) Lack of vertical heat conduction (thermally conﬁned
aquifer)
(7) Neglected dispersion phenomena
(8) Constant pumping rate and injection temperature
Considering the analysed Politecnico di Torino test site,
each of these assumptions can be considered valid except for
the presence of a constant pumping rate and injection temperature, as both pumping rate and injection temperature
are parameters that continuously change over time following
the real energy demands associated with building needs.
We therefore provided a reconstruction of an equivalent
steady state by means of estimating the temperature [°C]

and average pumping rates [m3day-1] over long-term monitored periods (summer seasons 2010 and 2016) by analysing
the statistical distribution of available hourly ﬂow rate values
[m3day-1].
From a statistical point of view, hourly reinjection ﬂow
rates (Qt ) introduced into the aquifer during the plant’s operating period represent a real function deﬁned on a sample
space where for every real value x which can take the random
variable X, there exists a probability P [X < x].
Every random variable X is characterised by its
probability-density-function PðxÞ (PDF) and its cumulative
distribution function FðxÞ = P ½X ≤ x (CDF), described by
its statistical parameters: mean value and variance (or standard deviation) [22].
Mean value (μ) is the centre of gravity of the probability
density function (Equation (10)) while the standard deviation (Equation (11)) is a measure of the dispersion around
the mean value.
μ=

∑Ni=1 X i
,
N

ð10Þ

σ=

∑Ni=1 ðX i − μÞ2
,
N

ð11Þ

where N is the population size.
Starting from available hourly values of reinjected Q
[m3day-1] and T [°C], for both analysed seasons, we ﬁrst estimated, by means of Equation (12), the hourly and total thermal load value [W]:
Ptot = ρ f c f

ðt
0

Qðt Þ ∗ ΔT ðt Þdt,

ð12Þ

(for nomenclature, see Table 1).
Second, in order to make the available datasets of the two
diﬀerent analysed seasons (2010 and 2016) statistically comparable, we recalculated the hourly ﬂow rate values (Qt ) by
using the available hourly values of the thermal load (Pt )
and ﬁxing a constant positive thermal diﬀerence (ΔT) between
the injection and abstraction wells (ΔT) at 5°C (Figure 5).
Recalculated hourly ﬂow rate data [m3day-1] (N values:
3672 for 2010; 2172 for 2016) were then plotted in cumulative distribution functions (CDFs) to determine a reinjection
steady discharge rate value (Qt ) which could be correctly
employable in Banks’s [10] analytical solution (Equation (7)
and Equation (9)) to provide reliable results of TAZ dimensioning comparable to those obtained by simulations.

3. Results and Discussion
3.1. Calibration Models. To assess the reliability of the generated numerical models, calibration for both the 2010 and
2016 datasets was performed by comparing the diﬀerent simulated temperature values with the available piezometer measurements (S2).
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Figure 5: Recorded hourly ﬂow rate data [m3s-1] for each monitored season (2010 and 2016).

Table 3: Simulated and analytically estimated thermal-load values [KW] for each monitored season 2010 (128 days) and 2016 (90 days).

Season 2010
Season 2016

Start day

End day

Days

Simulation
KW

Analytical formula
KW

25/05/2010
06/07/2016

01/10/2010
05/10/2016

129
90

8.50E+06
1.58E+07

8.61E+06
1.59E+07
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Figure 6: Geometric representation of the TAZ plan view.
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Figure 7: Politecnico di Torino open-loop geothermal system thermal aﬀected zone after seasons 2010 and 2016. We highlighted the
reinjection well (P4) in the real location and its projection downstream of the abstraction well, along groundwater ﬂow direction.
Table 4: Simulated maximum thermal plume width (W pl ) and
length (Lpl ) for each monitored season, 2010 (128 simulation
days) and 2016 (90 simulation days).

m

Simulation width
(isotherm 16 °C)
m

Simulation length
(isotherm 16°C)
m

32.24
31.24

43.75
87.60

166.69
141.79

Depth
Season 2010
Season 2016

The 2010 calibration simulation returned a root-meansquare error (σ) of 0.15°C; the simulation model performed
by considering the 2016 dataset returned a root-meansquare error (σ) of 0.65°C. The match between the simulated
and measured temperature is a conﬁrmation of the validity of
the modelling assumptions and of the reliability of the TAZ
extension obtained by FEFLOW simulation.
Although the RMSE value for 2016 season is higher than
that calculated for 2010, its value can be considered acceptable
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Figure 8: Simulated vertical variation of thermal plume length (Lpl ) for each monitored season (2010 and 2016).
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Figure 9: Simulated vertical variation of thermal plume width (W pl ) for each monitored season (2010 and 2016).
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Figure 10: Relative value of Qt , evaluated by ﬁxing CDF-selected value equal to 63%. (a) Functioning season 2010; (b) Functioning
season 2016.
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Table 5: Detailed results of plume width evaluated by ﬁxing CDF equal to 63%.
CDF value

Simulation width
(isotherm 16°C)
[m]

ΔW pl

[m day ]

Thermal plume width
(isotherm 16°C)
[m]

1033.09
1020.36

65.97
65.16

43.75
87.60

22.23
22.44

Qt value
3

Season 2010
Season 2016

63%
63%

-1

[m]

Table 6: Detailed results of plume length evaluated by ﬁxing CDF equal to 63%.
CDF value
Season 2010
Season 2016

63%
63%

Simulation length
(isotherm 16°C)
[m]

ΔLpl

[m3day-1]

Thermal plume length
(isotherm 16°C)
[m]

1033.09
1020.36

167.21
116.66

166.69
141.79

0.52
25.13

Qt value

likewise. Both RMSE values turned in fact to be lower than
the reference unit (1°C) chosen for the sizing of the thermal
plume (16°C with undisturbed temperature of the aquifer
equal ﬁxed equal to 15°C).
3.2. Numerical Simulation Results. By working on the 2010
and 2016 heat transport simulations, total cooling thermal
load and maximum values of thermal plume Lpl and W pl
were calculated at the end of each analysed season.
The values of thermal load obtained at the end of the
simulations (Table 3) are comparable with those analytically
estimated using Equation (12), which conﬁrms the reliability
of the elaborated model. Thermal plume dimensions were
determined considering the isotherm of alteration equal to
1°C (isotherm 16°C) compared to the initial temperature of
15°C (natural groundwater temperature): Lpl was calculated
as the downstream distance (m) from the rejection well;
W pl was deﬁned as the maximum extension of the 16°C isotherm perpendicular to the groundwater ﬂow direction
(Figure 6).
Detailed results of the maximum dimensions of the thermally aﬀected zone after seasons 2010 and 2016 are represented in Figure 7 and reported in Table 4.
As can be also seen in Figures 8 and 9, the TAZ reached
its maximum dimensions at a depth between 30 and 32
meters for both analysed seasons, with a maximum simulated
length of the plume (L) along the groundwater ﬂow direction
of 166.69 and 141.79 meters, respectively.
3.3. Comparison with Banks (2011) Analytical Solutions. Subsequently, using the recalculated hourly ﬂow rate data distribution [m3day-1], the cumulative distribution function
(CDF) was performed (Figure 10).
For both simulation periods, thermal plume dimensions
were compared to those obtained using the reinjection steady
discharge rate value (Qt ) with values associated to a CDF of
63% (63% of chance that a randomly selected data point from
the hourly Q dataset is lower than the corresponding selected
Q value) (Figure 10).
By means of error analysis, a CDF of 63% was identiﬁed
as a value, valid for the combined analysis of both datasets,
which allows for the estimation of the thermal plume width

[m]

by minimizing the dimensioning errors (for detailed results,
see Table 5).
As reported in Tables 5 and 6, Banks’s [10] analytical formula (Equation (7) and Equation (9)) was able to provide
values relating to TAZ dimensioning at the end of the 2010
plant functioning season with a good degree of accuracy:
both TAZ dimensions are in fact conservatively overestimated by ﬁxing the CDF value equal to 63%.
In contrast, for the 2016 cooling season, despite the fact
that thermal plume width and length turned to be slightly
underestimated, dimensioning error was limited to about
20 meters for both dimensions (for detailed results, see
Tables 5 and 6).

4. Conclusions
Thermal plumes associated with open-loop geothermal systems must be well predicted and constantly controlled, especially in the shallow aquifers of more densely urbanized
areas, not only to guarantee long-term sustainable use of
plants but also to avoid adverse eﬀects on adjacent and neighbouring geothermal systems.
For the small geothermal plant of the Politecnico di
Torino, the analytical solutions proposed by Banks [10] was
found to be a possible alternative to the use of more complex
numerical simulation software for TAZ sizing at the end of
each operating season.
In this paper, to verify the reliability of the analytical
solutions proposed by Banks [10] to predict the thermal perturbation, we reconstructed an equivalent stationary state,
starting from parameters that, for the Politecnico di Torino
open-loop GWHP plant, are time variable.
In detail, we recalculated equivalent hourly ﬂow rate data
[m3day-1] by using measured thermal load values (Pt ) and
ﬁxing a constant temperature diﬀerence (ΔT) between the
injection and abstraction wells at 5°C. Obtained values were
then analysed by plotting cumulative distribution functions
(CDFs).
For this particular case study, results of TAZ dimensions
of the Politecnico di Torino GWHP system, obtained by
using a Qt value [m3day-1] associated to a cumulative frequency of 63% in Banks’s [10] analytical solutions, were

Geoﬂuids
found to be overall comparable with L values modelled in
transient mode by using the ﬁnite-element code FEFLOW®
6.2 [11].
If correctly validated for (1) hydrogeological systems
characterised by geological and hydrogeological features
comparable to those of the case study analysed and (2) geothermal plants with characteristics similar to the one considered, the proposed approach could represent a useful tool to
preliminarily predict TAZ dimensions for cases in which
hourly ﬂow rate data are available, but it is not possible to
develop any simulation models.
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