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The number of worldwide installed groundwater heat pump (GWHP) systems is approaching one million units.
This increase in GWHP systems creates an increasing competition for groundwater use. Thus, we have simulated
the long-term thermal impacts of such open-loop geothermal systems with numerical heat transport models, by
studying the role of ﬂow and heat transport parameters. The focus is set on transient conditions evolving over
decades of seasonally imbalanced heat injections in aquifers with diﬀering ambient ﬂow regimes. The results
demonstrate the existence of plume length peaking in moderate groundwater ﬂow velocities (0.5–1.0 m d−1).
The longitudinal and transverse dispersivity coeﬃcients have a strong inﬂuence on the plume extension and on
transient development. Reducing the injected temperature diﬀerence allows the control of the maximum temperature reached in the plume but implies a considerable hydraulic inﬂuence. Comparisons with numerical
simulations, using an average of the thermal load, shows that the ﬂow velocity and dispersity coeﬃcients
strongly condition the relevance of such simpliﬁed approaches. In addition, if satisfactory results are obtained
for seasonal or long-term estimations, those for intermediate lengths of time are insuﬃcient. This study contributes to improving the overall understanding of key elements involved in the thermal impact and the development of GWHP systems.

1. Introduction
Groundwater heat pumps (GWHP, Fig. 1a) represent a common
technology in the ﬁeld of low-enthalpy geothermal energy utilization.
They rely on the presence of groundwater at shallow depths, which is
pumped from one or more wells to extract energy for space heating, air
conditioning, industrial heat supply, as well as other applications
(Raﬀerty, 2001). The used cooled or warmed water is reinjected into a
separate aquifer and ideally, does not interact with the production well.
Often, groundwater is also utilized for cooling purposes and therefore
water warmer than the originally sourced water is reinjected into the
ground. According to Hähnlein et al. (2013) these systems may be
further distinguished based on the mode of use. A special category are
those applications with the purpose of temporal heat storage such as
aquifer thermal storage (ATES) systems (Fleuchaus et al., 2018;
Bloemendal and Olsthoorn, 2018; Bloemendal and Hartog, 2018). In
the present study however, we focus on GWHP systems that do not
consider heat storage. This is mostly the case when groundwater ﬂow is
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signiﬁcant and local heat storage is not feasible.
Utilization of groundwater as a heat carrier characterises GWHP
systems as open-loop. However, most heat pump-based geothermal
systems, are closed-loop systems with vertical borehole heat exchangers
(Transparency-Market-Research, 2018; Bayer et al., 2012) (Fig. 1b). In
urban environments with productive aquifers, the open-loop GWHPs
are growing in numbers. Around every seventh geothermal heat pump
is estimated to be an open-loop system (Transparency-Market-Research,
2018). In combination with reported global installed capacity of all
geothermal heat pumps in 2015 (Lund and Boyd, 2016), and assuming
continued marked growth rates of 10%, the equivalent number of
currently installed 12 kW GWHP units has reached more than 800,000
worldwide. As these installations are concentrated primarily in the
major cities of countries including USA, China, Sweden, Switzerland,
Germany and France, the management of the concurrent use of shallow
groundwater resources for various energy supply applications becomes
increasingly essential (Hähnlein et al., 2013; Ferguson, 2009; Rivera
et al., 2016).
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Nomenclature

q
va
x
y
z
α
λ

Symbol
C
K
n
qh
q¯h
qinj
T
Tinj
Tu
Tmax
ΔTinj
ΔT
−
ΔTinj

Volumetric heat capacity [J m−3 K−1]
Hydraulic conductivity [m s−1]
Porosity [-]
Injected heat power per unit length [W m−1]
Average value of qh [W m−1]
Injection rate per unit length [m3 s−1 m-1]
Calculated front temperature [K]
Temperature of injected water [K]
Undisturbed temperature of aquifer [K]
Maximal temperature [K]
Temperature diﬀerence between Tinj and Tu [K]
Temperature diﬀerence between T and Tu [K]
Average value of ΔTinj [K]

Speciﬁc discharge [m s−1]
Groundwater ﬂow velocity (q / n) [m s−1]
x-coordinate [m]
y-coordinate [m]
z-coordinate [m]
Dispersivity [m]
Thermal conductivity [W m−1 K−1]

Subscripts
s
S
l
t
w
Y

Soil
Seasonal
Longitudinal
Transverse
Water
Yearly

Russo et al. (2012) used numerical simulations to carry out a sensitivity
analysis by varying hydrogeological and thermal parameters gradually
from -20% to +20%, with respect to their real values at a GWHP site.
They compared the results from the various scenarios after one year of
constant injection. Their results showed that the parameters which have
the most signiﬁcant inﬂuence are those related to the advective component of the ground heat ﬂow. However, Piga et al. (2017) employed
numerical sensitivity analyses for a more extensive range of parameter
values by considering variable injections and longer simulation times of
ﬁfty years. They demonstrated that among the hydraulic and thermal
parameters, especially the Darcy velocity, thermal conductivity and
dispersity, have a signiﬁcant inﬂuence on the plume extension. For a
case study, Lo Lo Russo et al. (2014) investigated the role of the temporal discretization of the heat injection for the numerical estimation of
the thermal impact. They highlighted the need to consider a temporal
resolution that represents a temporal variation of over a year (i.e.
hourly to average monthly equivalent) of the injection rate to satisfactorily estimate thermal plume evolution in the aquifer. Piga et al.
(2017) also evaluated the ability of numerical models to estimate the
thermal impact between well doublets. They concluded that yearly
average values can only be used to estimate the plumes in the case of
heating or cooling-dominated loads. For more balanced thermal loads,
using the yearly averaged load heavily overestimates the plume length
and underestimates its width.
The ﬁndings from previous studies highlight the strong inﬂuence of
dispersivity. However, the few studies that focus on the long-term
thermal impact consider a ﬁxed ratio between longitudinal and transverse dispersivity coeﬃcients. Therefore, the separate inﬂuence on the
plume evolution is hardly understandable. The inﬂuence of parameters
that deﬁne the heat injection is also rarely studied. Furthermore, the
plume extension assessment is mostly based on the use of a ﬁxed
temperature diﬀerence threshold, for instance, 1 K, along with the potential threshold eﬀect that must be considered.
The present work uses a sensitivity analysis, based on two-dimensional (2D) transient numerical simulations. It aims to deepen the understanding of the inﬂuence of the groundwater velocity, the longitudinal and transverse dispersivity coeﬃcients and the parameters
used to deﬁne the energy load on the long-term thermal impact due to a
variable injection. We propose an approach based on the maximal
plume extension reached during a cycle of injection, and the inﬂuence
of the threshold chosen to deﬁne the plume boundary is discussed. Also,
we specify the range of applicability of simpliﬁed averaging of the
thermal load depending on the studied parameters. This simpliﬁed
averaging method contributes to the overarching objective of this study
to support authorities in the regulation of GWHP systems in crowded
areas, with the help of suitable simpliﬁed models.

Regulating multiple adjacent systems, each with slowly evolving
thermal eﬀects on the subsurface, is a challenging task. The elementary
tools for predicting and managing GWHPs are models that simulate the
physical processes in the ground. In recent years, European cities in
particular have reﬁned their management strategies of thermal
groundwater use through the application of numerical groundwater
ﬂow and transport models. Prominent examples of their use are in
London (Fry, 2009; Arthur et al., 2010), Zürich, Basel in Switzerland
(Epting et al., 2017a; Mueller et al., 2018), Zaragoza in Spain (Epting
et al., 2017b; Maya et al., 2018), and Turin in Italy (Sciacovelli et al.,
2014; Bucci et al., 2017; Russo et al., 2014) among others. Moreover,
Yu et al. (2016) and Liang et al. (2011) showed their results for the
Beijing plain and Zhou and Zhou (2009) for Chengdu, China. Rodríguez
et al. (2018) inspected GWHP systems for district heating in Puente
Alto, Chile. For decades, numerical codes have been used for examination of GWHP thermal impacts in US American cities (e.g. Warner
and Algan, 1984). However, often data and technical capacity are inadequate for a detailed simulation. Therefore, models are often calibrated with a limited amount of data and are based on previous experience with similar systems already in use. In such cases,
simpliﬁcation of numerical and analytical models were proposed for a
more straightforward analysis of potential thermal breakthrough between well doublets consisting of extraction and injection wells
(Lippmann and Tsang, 1980; Gringarten and Sauty, 1975; Casasso and
Sethi, 2015; Piga et al., 2017; Milnes and Perrochet, 2013; Banks, 2009;
Gandy et al., 2010).
From the perspective of regulators, special attention needs to be
given to the potential interaction between neighbouring installations,
water protection areas (Haehnlein et al., 2010; Park et al., 2017;
Pophillat et al., 2018) as well as groundwater ecosystems (Brielmann
et al., 2011). Some related studies have presented sensitivity and scenario analysis of crucial factors for thermal plume development through
the employment of analytical and numerical models. For example, Lo

Fig. 1. Scheme of open and closed shallow geothermal systems: a) ground
water heat pump (GWHP) system and b) ground source heat pump (GSHP).
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2. Materials and methods

Based on the reference case, three distinct inﬂuences are conﬁgured
for the sensitivity analysis resulting in 20 diﬀerent scenarios (Table 1).

The methodology applied in this work is based on simulation of
transient plumes evolving from injection wells. By systematic variation
of parameter settings in diﬀerent theoretical scenarios, the dominant
factors for the thermal impact of seasonally operating GWHP systems
are revealed. In the following passage the model scenarios are introduced, and the evaluation procedure to compare diﬀerent model
predictions is presented. Additionally, the speciﬁcations of the numerical models are described.

(i) Inﬂuence of the groundwater ﬂow velocity: Six scenarios are introduced to evaluate the inﬂuence of the ambient groundwater
ﬂow velocity. They are implemented by varying the ﬂow velocity
of the reference case (va =1 m d−1) by the factors 0.1, 0.2, 0.5, 2, 5
and 10. The corresponding scenarios are therefore deﬁned by a
ﬂow velocity varying between va =0.1 m d−1 and va = 10 m d−1.
These velocities are obtained by keeping the hydraulic gradient at
0.5% and varying the hydraulic conductivity of the aquifer from
6.94 × 10-5 m s−1 to 6.94 × 10-3 m s−1. These values correspond
to materials varying from very ﬁne sand to coarse gravel (Spitz and
Moreno, 1996). Note that groundwater ﬂow velocity varies
strongly among diﬀerent ﬁeld sites depending on various hydrogeological conditions. Even if two orders of magnitudes are studied
for va, this range does not cover the full scope of observed velocities in practice.
(ii) Inﬂuence of the dispersivity coeﬃcients: By revisiting ﬁeld data
reported in the literature, Zech et al. (2015) showed that the
longitudinal dispersivity, αl, and in particular its asymptotic value
for an extended observation distance, depends strongly on the
structural properties of the aquifer. Based on their analysed data
sample, this asymptotic value remained lower than 10 m. Furthermore, the survey by Gelhar et al. (1992) demonstrated that the
ratio αl/αt varies for each case between 1 and 100. Because of
these observations, ten scenarios are deﬁned to evaluate the inﬂuence of longitudinal and transverse dispersivity. Six of these
scenarios investigate the speciﬁc role of the transverse dispersivity.
The value of αl is kept at 5 m as in the reference case, and αt is
varied by the factors 0.1, 0.2, 0.5, 2, 5 and 10 (the ratio αl/αt thus
varies between 1 and 100). Four scenarios inspect the role of the
longitudinal dispersivity, αl. According to Zech et al. (2015), its
value is kept below 10 m. The transverse dispersivity αt is set ﬁxed
at 0.5 m as in the reference case, and the αl is varied by the factors
0.1, 0.2, 0.5 and 2, i.e. the anisotropy ratio αl/αt thus varies between 1 and 20.
(iii) Inﬂuence of parameters describing the heat injection: The injected
heat ﬂux per unit length of the injection well is deﬁned by
qh = qinj Cw ΔTinj , where Cw is the heat capacity of water. The
variable heat ﬂux (i.e., heat supply by the GWHP) given in Fig. 2a
can thus be implemented by varying qinj or ΔTinj . Four scenarios are
deﬁned to scrutinize the inﬂuence of qinj and ΔTinj maintaining the
similar heat budget. Two scenarios (Δ T-5 and Δ T-2.5) focus on
the formulation of a ﬁxed ΔTinj (5 K and 2.5 K). Accordingly, during
the injection period, qinj varies between 0.03 and 0.24 l s−1 m−1
and 0.06 and 0.48 l s−1 m-1, respectively. Two further scenarios
(q-0.12 and q-0.24) evaluate the inﬂuence of a ﬁxed value of qinj
(0.12 l s−1 m−1). The corresponding values of ΔTinj vary between
1.2 K and 9.8 K (with a mean value of 5 K), and between 0.6 K and
4.9 K (with a mean value of 2.5 K).

2.1. Studied scenarios
A porous, homogeneous and conﬁned aquifer with adiabatic upper
and lower boundaries is inspected. This aquifer has a porosity of
n = 30%, and hydraulic conductivity of K = 6.94 × 10−4 m s−1, simulating the typical characteristics of a coarse, sand aquifer (Bayer
et al., 2011). The thermal properties are considered homogeneous with
a bulk thermal conductivity of the water-saturated aquifer material of
λm = 2.24 W m−1 K−1 (water: 0.578 W m−1 K−1, solid: 4.0 W m-1
K−1) and a composite heat capacity of 2.888 MJ m−3 K−1 (water:
4.185 MJ m−3 K−1, solid: 2.332 MJ m−3 K−1) (Woodside and
Messmer, 1961). The undisturbed temperature is Tu = 12 °C (285.15 K).
In diﬀerent scenarios, further settings are varied based on a reference
case with an undisturbed uniform hydraulic gradient of 0.5% which is
considered a moderate value for an urban aquifer (Attard et al., 2016a).
The resulting groundwater ﬂow velocity (or seepage velocity) is va
=1 m d-1 (which corresponds to a speciﬁc discharge of q = va · n
=0.33 m d-1). The default longitudinal and transverse dispersivity of
this reference case are set αl = 5 m and αt =0.5 m, respectively
(Stauﬀer et al., 2013).
In our theoretical study, the implemented GWHP system is only
used for cooling during the summer season and is operated for 20 years.
The thermal impact from a similar system which was used for heating
would be equivalent, but with a cold plume instead of the heat plume
simulated here. The assigned time-dependent function for injection is
oriented at a realistic air-conditioning demand for a tertiary building
located in the area of Lyon (France). In line with the results by Lo Lo
Russo et al. (2014) on appropriate temporal discretization, the injection
is described by using a modulation function with monthly increments
(Fig. 2). Given that the analysis is based on a 2D approach, the various
parameters describing the injected heat ﬂux are given per unit length of
the injection well. The injected heat ﬂux by unit length of the well qh
considered in the reference scenario is therefore constant over a month,
and the value corresponds to the monthly mean of the real injected ﬂux
(Fig. 2a). The corresponding water injection is characterized in the
reference scenario by a constant temperature diﬀerence of ΔTinj = 10 K
between groundwater and injected water, and a variable injection rate
per unit length of the well, qinj . During the injection period, qinj values
vary accordingly between 0.01 and 0.12 l s−1 m-1. Per unit thickness of
the aquifer, the annual total volume of water injected is 8172 m3 and
the annual total energy content is 3.42 1011 J.

Fig. 2. (a) Injected heat ﬂux qh of reference scenario; (b) corresponding injection rate qinj and temperature diﬀerence ΔTinj.
3
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Table 1
Deﬁnitions and parameter speciﬁcations of studied scenarios. Bold values denote those who are varied with respect to the settings of the reference case. Additionally,
those physical parameter values are listed, which are kept constant in all scenarios.
Scenarios

Parameter values and ranges

Description

Abbreviation

qinj (l s−1 m−1)

ΔTinj (K)

K (m s−1)

Reference
Inﬂuence of the groundwater ﬂow velocity
Reference value × 0.1
Reference value × 0.2
Reference value × 0.5
Reference value × 2
Reference value × 5
Reference value × 10
Inﬂuence of the dispersivity coeﬃcients
Transverse dispersivity
Reference value × 0.1
Reference value × 0.2
Reference value × 0.5
Reference value × 2
Reference value × 5
Reference value × 10
Longitudinal dispersivity
Reference value × 0.1
Reference value × 0.2
Reference value × 0.5
Reference value × 2
Inﬂuence of parameters describing the heat injection
Fixed temperature value
Reference value × 0.5
Reference value × 0.25
Fixed injection rate
Δ¯T = 5 K
Δ¯T = 2.5 K
Fixed parameters
i (-)
n (-)
Tu (K)
0.005
0.3
285.15

Ref.

[0.010.12]

10

6.94 × 10−4
−5

αl (m)

αt (m)

5

0.5

v-0.1
v-0.2
v-0.5
v-2
v-5
v-10

[0.010.12]
[0.010.12]
[0.010.12]
[0.010.12]
[0.010.12]
[0.010.12]

10
10
10
10
10
10

6.94 × 10
1.39 × 10−4
3.47 × 10−4
1.39 × 10−3
3.47 × 10−3
6.94 × 10−3

5
5
5
5
5
5

0.5
0.5
0.5
0.5
0.5
0.5

αt
αt
αt
αt
αt
αt

-0.05
-0.1
-0.25
-1
-2.5
-5

[0.010.12]
[0.010.12]
[0.010.12]
[0.010.12]
[0.010.12]
[0.010.12]

10
10
10
10
10
10

6.94 × 10−4
6.94 × 10−4
6.94 × 10−4
6.94 × 10−4
6.94 × 10−4
6.94 × 10−4

5
5
5
5
5
5

0.05
0.1
0.25
1
2.5
5

αl
αl
αl
αl

-0.5
-1
-2.5
-10

[0.010.12]
[0.010.12]
[0.010.12]
[0.010.12]

10
10
10
10

6.94 × 10−4
6.94 × 10−4
6.94 × 10−4
6.94 × 10−4

0.5
1
2.5
10

0.5
0.5
0.5
0.5

ΔT-5
ΔT-2.5

[0.030.24]
[0.060.48]

5
2.5

6.94 × 10−4
6.94 × 10−4

5
5

0.5
0.5

q-0.12
q-0.24

0.12
0.24

[1.29.8]
[0.64.9]

6.94 × 10−4
6.94 × 10−4

5
5

0.5
0.5

λw (W m−1 K-1)
0.578

λs (W m−1 K-1)
4

Cw (J m−3 K-1)
4.185 × 106

Cs (J m−3 K-1)
2.332 × 106

parameters used for the calculations are listed in Table 1.
In order to compare results with a simplifying seasonal average of
the energy loads, the models described above are also used with continuous ﬁxed heat injection. The yearly average q¯h Y of the thermal load
is used with both a one-year and twenty-year simulation time. We also
assess the ability to estimate seasonal impact (longer than ﬁve months)
by using the seasonal average of the thermal load q¯h S .

2.2. Numerical simulation
Groundwater ﬂow and heat transport are simulated using the
commercial code FEFLOW (Diersch, 2014). This software is based on
the ﬁnite element method and was applied for heat transport in related
studies (Epting et al., 2017a; Lo Russo et al., 2014; Attard et al., 2016b;
Wagner et al., 2012; Hecht-Méndez et al., 2010; Zhu et al., 2015;
Dehkordi and Schincariol, 2014). The 2D numerical model domain used
for all scenarios is illustrated in Fig. 3. The domain covers a rectangle of
3000 m by 300 m. Only the injection well is simulated assuming that
the production well is located far away from it and that there is no
hydraulic interference among them both. The injection well is located
at 150 m from the east and north boundaries. A horizontal mesh is
applied using a triangular algorithm. The size of the elements ranges
from several centimetres near the injection well to about three meters
at the domain boundaries.
Fig. 3 shows the boundary conditions (BCs) applied. Concerning the
ﬂow problem, Dirichlet BCs (ﬁxed hydraulic head) are assigned to the
west and east boundaries, resulting in a forced ﬂow from west to east
(Fig. 3). The water injection is simulated by assigning a variable nodal
source BC to the well node. Concerning the heat transport problem,
Dirichlet BCs (ﬁxed temperature) are set at the east boundary to ﬁx the
temperature of the ﬂuid entering through these boundaries. The hot
water injection is simulated by implementing a variable heat nodal
source BC to the well node and using the divergent form of the heat
transport equation (Diersch, 2007). As we focus on a 2D approach, heat
conduction into conﬁning layers of the aquifer is not considered. Consequently, all the results are representative for GWHP systems with a
suﬃciently long well screen.
For each scenario, 20 annual cycles of transient injection are simulated. An annual cycle starts at the beginning of the injection phase
(May 1st) and lasts 365 days. The hydrogeological and thermal

2.3. Indicators
In the reference case the injection, and thus the shape of the thermal
plume, varies throughout an annual cycle. However, after a suﬃciently
long time at a given location, the plume evolution during a cycle follows the same pattern each year, i.e. the annual trend of the thermal
impact is identical. The time it takes to reach this dynamic stability is
hereafter called “stabilization time” (St). This is deﬁned as the minimal
number of years after which T becomes a periodic (annual) function,
meaning that for all points of the studied area and for all t >St , we get
T (x , y, t ) = T (x , y, t + 1 year) .
In our analysis, we focus on the area where the thermal impact

Fig. 3. Numerical model geometry, injection well position (nodal source) and
boundary conditions (BCs).
4
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exceeds 1 K (1 K-plume), which is commonly used to describe the
thermal impact or the so-called thermally aﬀected zone (TAZ) caused
by shallow geothermal systems (Piga et al., 2017; Lo Russo et al., 2012,
2014; Molina-Giraldo et al., 2011a, b; Alcaraz et al., 2016). Aside from
this, two other thresholds (0.5 K and 2 K) are used to discuss the role of
this threshold on the results. For time-dependent management and
especially for regulations, maximal eﬀects are of special interest
(Hähnlein et al., 2013). The maximal temperature ﬁeld is thus determined by computing the maximum temperature reached at each
point of the domain since the beginning of the simulation:

Tmax (x , y, t f ) = max T (x , y, t )
tε [0; t f ]

(1)

Based on this ﬁeld, the 1 K-max-plume (0.5 K-max-plume and 2 Kmax-plume) is deﬁned as the area where the thermal impact exceeds
1 K (0.5 K and 2 K, respectively) at least once since the beginning of the
simulation. It expands each new annual cycle and stabilizes when dynamic stability is reached.
Subsequently, we focus on the maximum plume at the end of the
simulation (t f ), which characterizes the maximal impact reached over
the total period of 20 years. For illustration, Figure 4 shows the stabilized shape of 1 K-plumes during the 20th annual cycle and the corresponding 1 K-max-plume.
The plumes extension is analysed based on focusing on the length
and maximal width of the plume downgradient from the injection well.
Comparisons between scenarios are made by calculating the relative
diﬀerence between the maximum plume length, width and stabilization
time values according to:

RDX = 100 ∙

X − XREF
%
XREF

(2)

where X denotes the considered parameter (length, width or stabilization time) value and XREF its reference value (i.e. of the reference scenario).
Fig. 5. Inﬂuence of the groundwater ﬂow velocity: a) 1 K-max-plumes after 20
years; b) relative diﬀerence with the reference scenario depending on the ﬂow
velocity (x-axis is log scale); c) 1 K-max-plume energy content and area after 20
years depending on the ﬂow velocity (x-axis is log scale).

3. Results
3.1. Simulation of the reference scenario
The ﬁnal plume of the reference scenario is visualized in Fig. 4b.
Ambient groundwater ﬂow moves the thermal plume in the downstream direction. Anisotropic dispersion deforms the plumes and expands them in the longitudinal direction, while together mechanical
dispersion and diﬀusion control continuous spreading. This results in a
gradual decrease of the maximum temperature in the downgradient of
the well. The 1 K-max-plume length and width are 623 m and 46 m
respectively, and it takes six annual cycles to reach the dynamic stability.
However, the thermal eﬀect of the GWHP reaches much further
than the 1 K-plume boundary. A crucial determinant for the plume

extension is the chosen temperature threshold. To illustrate the role of
the threshold, an animation is added in the supplementary material
(SI_ref.avi). It illustrates the transient evolution of the 2 K-, 1 K- and
0.5 K-plumes during eight years of injection for reference conditions.

3.2. Inﬂuence of groundwater ﬂow velocity
When the groundwater ﬂow velocity is low (va =0.1 m d−1), the
injection induces a higher local hydraulic gradient around the injection
well than for the reference case. It yields a wide 1 K-max-plume

Fig. 4. The 20th annual cycle of the reference scenario: 1 K-max-plume and 1 K-plume for a) day 153 (end of the injection phase), and b) day 365 (end of the phase
without injection).
5
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on the 1 K-max-plume width and on the stabilization time (Fig. 7c).
The inﬂuence of the transverse dispersivity value on the 1 K-maxplume extension is shown by Fig. 7b and d. In these scenarios, the
longitudinal dispersivity is kept at αl = 5 m. The lowest αt yields a thin
and long 1 K-max-plume (Fig. 7b), which is 165% longer than for the
reference case and has a high stabilization time. When αt increases, the
1 K-max-plume width also increases and its length greatly decreases
(Fig. 7b). The stabilization time also declines. The relative inﬂuence of
αt on plume length, width and stabilization time is signiﬁcantly more
pronounced than for αl. For the considered ranges, the 1 K-max-plume
lengths are between 177 m and 1655 m for variable αt, and between
598 m and 1242 m when changing αl, indicating a considerable inﬂuence of transverse dispersivity.
Complementary information of the inﬂuence of the dispersivity
values can be obtained by focusing on the fate of the plumes generated
by subsequent injection phases (Figure S2). Increasing αl (or αt) (i.e.
increasing the plume spreading in longitudinal (or transverse) direction) conducts to accelerate the decrease of the energy concentration
into the plume and consequently, to reduce the distance from which its
maximal temperature passes below 1 K (Figure S2). Again, the temperature threshold is elementary for the derived ranges. As can be seen
from Fig. 8a, the higher the threshold, the higher the relative inﬂuence
of αl is, and by contrast, the lower the relative inﬂuence of αt is.

characterized by a much higher maximum width (> 250%) and a
slightly smaller length. In fact, for ﬂow velocities lower than 0.5 m d−1,
the dynamic stability is not reached after 20 cycles. Furthermore, the
1 K-max-plumes in Fig. 5 delineate the state of this simulation period,
but not steady state conditions.
When increasing the ﬂow velocity in the further scenarios, the local
hydraulic eﬀect of the injection well reduces and the hydraulic regime
in the aquifer is increasingly dominated by the ambient ﬂow regime.
Additionally, higher ﬂow velocities induce more mechanical dispersion,
both in the longitudinal and in the transversal direction. The plume gets
gradually thinner when the ﬂow velocity increases. Also, the 1 K-maxplume length grows and reaches a peak value for a ﬂow velocity between va =0.5 m d−1 and va =1 m d−1. For a ﬂow velocity of 0.5 m
d−1, the maximum plume length reaches 1463 m. It drops to 623 m for
va =1 m d−1 and for higher velocities the length of the 1 K-max-plume
and the stabilization time gradually decrease. In comparison, the relative shrinking of the plume width is less pronounced. For a very high
groundwater ﬂow velocity of 10 m d−1, the plume is very small. The
high dispersion associated with this velocity results in a large spreading
of the injected heat and the maximum temperature quickly falls below
1 K following the completion of a heat injection phase.
Computing the Peclet number for each of these scenarios shows that
they are always characterized by an advection dominated heat transport. Results show the existence of a limit velocity value (between 0.5
and 1 m d−1) beyond which a sharp decline of the 1 K-max-plume
length (Fig. 5b), area and energy content (Fig. 5c) are observed. As
illustrated in Fig. 5a, the plume area declines at higher ﬂow velocity as
a consequence of growing longitudinal spreading. At lower ﬂow velocity, the eﬀect of dispersive spreading diminishes, yielding a maximum
of plume length and surface at va =0.5 m d−1. As smaller ﬂow velocity
and thus advection attenuates downgradient propagation of the plume,
plume length and area decrease again. Under such conditions, conduction has a signiﬁcant eﬀect on the heat transport but obviously is
less inﬂuential than advection and dispersion. In fact, the energy content within the 1 K-max-plume rises when lowering the ﬂow velocity.
This reﬂects that the plume may be deformed by advection, but its
energy content is mostly linked to the dispersive spreading of the
plume. Increase of ambient ﬂow velocity thus yields a variable plume
size depending mainly on advection and dispersion, whereas the energy
content is governed by dispersion. Small plumes in case of small velocity thus have relatively high temperatures. The associated enhanced
lateral conduction, however, does not substantially inﬂuence the energy content of the plume. The reversal points in the curves shown in
Figs. 5b,c depend on the temperature threshold. The higher the
threshold, the smaller the velocity value corresponding to the reversal
point (Fig. 6).

Fig. 9 depicts the results for changing the heat injection by modifying the temperature diﬀerence ΔTinj and the injection rate, qinj . When
reducing ΔTinj we increased qinj to keep the same power of injection. The
stronger hydraulic eﬀect of injection generates more radial spreading
and thus a greater plume width. Therefore, the lower the value of ΔTinj ,
the shorter, but the wider the 1 K-max-plume is, especially close to the
injection well. For instance, for a ﬁxed ΔTinj of 2.5 K the 1 K max plume
is almost 30% shorter and 50% wider than in the reference scenario.
Using a ﬁxed qinj of 0.12 l s−1 m−1 implies setting a ΔTinj that varies
between 1.2 K and 9.8 K with a mean value of 5 K. As can be seen from
Fig. 9, it yields a 1 K-max-plume that lies between those generated by
injection with constant ΔTinj of 5 K and 10 K. Also, a ﬁxed qinj of 0.24 l
s−1 m−1 implies setting a ΔTinj that varies between 0.6 K and 4.9 K with
a mean value of 2.5 K. It yields a 1 K-max-plume extension between
those from plumes generated by injection with constant ΔTinj of 2.5 K
and 5 K. Therefore, when ΔTinj varies during the injection (between its
minimal value ΔTmin and its maximal ΔTmax with an average value Δ¯T ),
the 1 K-plume extension is between those generated by an identical heat
injection with a ﬁxed temperature diﬀerence ΔTinj = ΔTmax and
ΔTinj = Δ¯T .

3.3. Inﬂuence of dispersivity coeﬃcients

3.5. Seasonal averaging of the injection

We keep the reference settings and focus on the eﬀect of the
transverse and longitudinal dispersivity coeﬃcients. We thus consider
the variation of the dispersion in each direction separately. The inﬂuence of dispersivity values on 1 K-max plumes is shown in Fig. 7. Also,
two Figures (S2 and S3) were added as supplementary material to understand the individual role played by αl and αt. They show the 1 K
plumes (instead of 1 K-max-plumes) at the end of each month of the
20th annual cycle of injection for the scenarios related to the longitudinal and transverse dispersivity coeﬃcients.
The inﬂuence of the longitudinal dispersivity value on the 1 K-maxplume extension is shown by Fig. 7a and c. In these scenarios, the
transverse dispersivity is kept at αt = 0.5 m. Results show that the
lowest αl considered (αl =0.5 m) causes a long 1 K-max-plume, which is
99% longer than for the reference case and has a higher stabilization
time. When αl increases, the 1 K-max-plume length gradually decreases.
For αl ≥ 2.5 m, the relative inﬂuence of longitudinal dispersivity variation becomes less pronounced (Fig. 7c). It also has a reduced inﬂuence

Fig. 10 shows the relative diﬀerence on the 1 K-max-plume extension obtained by considering the variable thermal load or its seasonal

3.4. Characteristics of the heat injection

Fig. 6. Absolute lengths of the 0.5 K, 1 K and 2 K-max-plumes depending on the
groundwater ﬂow velocity (x-axis is log scale).
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Fig. 7. Inﬂuence of the dispersity coeﬃcient. 1 K-max-plumes after 20 years for various values of αl (a) and αt (b). Relative diﬀerence compared to the reference
scenario for various values of αl (c) and αt (d) (horizontal axis is log scale).

As seen in Fig. 10, using the yearly average of the thermal load q¯h y
to estimate the thermal impact after a year yields less accurate results.
The quality of the results increases with the time until the dynamic
stability state is reached. However, determining the long-term impact
by means of q¯h y yields satisfactory results only for a groundwater ﬂow
velocity lower than 1 m d−1, a longitudinal dispersivity coeﬃcient
higher than 5 m, a transverse dispersivity higher lower than 0.5 m and a
temperature diﬀerence higher than 5 K. Outside this range, the quality
of the estimation dramatically decreases.
4. Discussion
The inﬂuence of the background velocity has been assessed by using
an extensive range of groundwater ﬂow velocities representative of
realistic hydrogeological conditions. Our results conﬁrm previous
ﬁndings that show the strong inﬂuence of the background velocity on
the seasonal plume shape and its long-term evolution (Piga et al., 2017;
Russo et al., 2012). We found a similar trend for the maximal plume
width. However, in contrast to previous studies, our results show the
existence of a peak for the maximal length.
The present study provides the ﬁrst insight into the individual inﬂuence of the longitudinal and transverse dispersivity coeﬃcients on
the thermal plume caused by a long-term variable injection of hot
water. By varying both longitudinal and transverse coeﬃcients separately within realistic ranges, we demonstrate their strong inﬂuence.
Nevertheless, the longitudinal dispersivity does not have a substantial
inﬂuence on the plume width. The inﬂuence of a relative increase of the
longitudinal dispersivity on the plume length decreases for values over
2.5 m, which is less pronounced for the transverse dispersivity. Overall,
the latter has a signiﬁcantly stronger inﬂuence on both plume extension
and stabilization time. As shown in previous studies, αt is the main
driver for mixing with pristine groundwater (Zhu et al., 2015). By using
a simultaneous variation of both parameters with a constant ratio of 10
between longitudinal and transverse dispersivity, Piga et al. (2017)
found that varying the longitudinal dispersivity below 2 m is negligible
for the plume extension. We do not observe such a trend for a separate
variation of the parameters and thus further studies should be done to
deepen the understanding of the inﬂuence of the degree of anisotropy in
mechanical dispersion.
For all presented scenario groups, results highlight the crucial role

Fig. 8. Inﬂuence of the threshold choice on the dispersivity coeﬃcients inﬂuence evaluated as relative diﬀerence with the reference scenario (x-axis is log
scale): a) longitudinal dispersivity; b) transverse dispersivity (length values for
transverse dispersivity below 0.5 m exceed the domain size).

average. .The simpliﬁed model estimates are evaluated for the various
scenarios (except q-0.12 and q-0.24) after ﬁve months (using the seasonal average of the load q¯h s ), one year and twenty years (using the
yearly average of the load, q¯h y ).
Estimating the seasonal impact (at ﬁve months) using a constant
load q¯h s yields satisfactory results (relative error < 20%), except for
cases when the groundwater ﬂow velocity > 2 m d−1 (see Fig. 9a).
Overall, the plume width is underestimated and its length overestimated. This resulting trend is reinforced by the increase of the ﬂow
velocity and reﬂects the increase of relative importance of the injection
peak on the plume development.
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Fig. 9. Inﬂuence of the characteristics of the heat injection: 1 K-max-plumes after 20 years for scenarios considering a ﬁxed ΔTinj (a) and a ﬁxed qinj (b); relative
diﬀerence with the reference scenario for scenarios considering a ﬁxed ΔTinj (c) and a ﬁxed qinj (d).

facilitates the understanding of the parameters’ role by providing a
representation that is easier to interpret than a transient plume. In
addition, it avoids underestimations of the plume extension which
could occur when considering instantaneous plumes in time and it is
therefore suitable for operational purposes. In practice however, it may
be of interest to monitor and manage the seasonal or long-term transient plume evolution of GWHP systems in detail.
This work is intended to focus on the speciﬁc role of various parameters. Given this objective, it is based on the use of two-dimensional
(2D) numerical models. If the inﬂuence of vertical heat exchange

of the temperature threshold chosen to qualify and understand the
impact of the key parameters. On the one hand, the resulting physical
parameters’ inﬂuence may be diﬀerent. On the other hand, these
parameters inﬂuence the plume spread and therefore the distance between the computed plume isotherms. When considering the operational management of a large number of installations, the suitability of
referring to arbitrary thresholds should be reconsidered. An example to
improve this would be at the least to inspect plume fringes within
threshold ranges.
The maximal annual temperature ﬁeld as proposed in this work,

Fig. 10. Relative diﬀerence on the 1 K-max-plume extension computed using a variable thermal load (reference) and a constant load: a) Inﬂuence of the groundwater
ﬂow velocity (x-axis is log scale); b) inﬂuence of the longitudinal dispersivity; c) inﬂuence of the transverse dispersivityd) inﬂuence of the injected temperature
diﬀerence.
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cannot be neglected in the assessment of long-term thermal impacts
(Piga et al., 2017), they are expected to attenuate the plume extension
and the sensitivity of the plume evolution on the parameters studies
here. Further analyses should be done with three-dimensional (3D)
models to scrutinize vertical heat loss and also to examine the role of
further processes such as hydraulic recharge from rainfall.
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5. Conclusions
The number of groundwater heat pumps (GWHP) systems has
sharply increased during this last decade potentially leading to cumulative thermal impacts in several urban settings. However, these systems generate thermal impacts that strongly depend on their size, as
well as on the present hydrogeological conditions. As these thermal
impacts are likely to aﬀect the eﬃciency of neighbouring installations,
a good understanding of the role of various site-speciﬁc parameters on
the thermal plume evolution is required to set up adapted management
strategies. Our results deepen the knowledge of the role of the ﬂow
velocity, the longitudinal and transverse dispersity and the parameters
used to describe the heat injection.
We demonstrate the strong inﬂuence of the groundwater ﬂow velocity on both plume extension as well as the time it takes to reach a
dynamic stability state. We also highlight the non-monotonous relation
between the velocity and the plume length and width, with a peak that
occurs for moderate ﬂow velocity (0.5–1.0 m d−1). By contrast, the
plume width gradually decreases when the velocity increases and the
overall lowest extension and stabilization time is obtained for high ﬂow
velocities (> > 1 m d−1). The dispersivity inﬂuence has been inspected by separately varying the longitudinal and transverse coeﬃcients in a broad, realistic range. The longitudinal dispersivity has no
signiﬁcant inﬂuence on the plume width and stabilization time. Its inﬂuence on the length is strong for low values, and it decreases remarkably for a values over 2.5 m. In comparison, the transverse dispersivity has a more pronounced inﬂuence on the plume length, width
and on the stabilization time.
Several scenarios were used to inspect the inﬂuence of the parameters deﬁning the variable injection mode of a GWHP system. Our
results show that if the maximal temperature diﬀerence reached within
the plume can be kept under a threshold (by adjusting ΔTinj ), the hydraulic impact will be higher. For a threshold below ΔTinj the plume will
be shorter but wider close to the well compared to when obtained with
an identical power injection using a higher ΔTinj . Therefore, such a
strategy could be used to avoid thermal interference with neighbouring
installations in urban areas.
Simpliﬁed models considering the seasonal average of the thermal
load have been tested in order to specify their range of applicability.
The groundwater ﬂow velocity, as well as the dispersity coeﬃcients,
strongly condition the relevance of the seasonal averaging. Also, if satisfactory results are obtained for seasonal or long-term estimations,
results for mid-lengths of time are weaker. If such models cannot precisely determine the actual shape of the plume, in their scope of applicability they can yield satisfactory estimates of the maximal impact
within a short simulation time. This makes such models suitable for
supporting GWHP management in the ﬁeld. However, considering the
relative errors obtained, they should only be used for ﬁrst-tier assessment of the thermal impact. Additionally, the applicability of analytical
solutions such as those proposed by Pophillat et al. (2018) should be
scrutinized for long-term assessment.
This study highlights the advantages of considering the annual
maximal temperature ﬁeld to represent the thermal plume generated by
a variable injection. Our results also demonstrate the considerable inﬂuence of the given temperature threshold to delineate the plume
boundary. Accordingly, spatial management of GWHP systems should
not rely on arbitrary thresholds but should compare the role of diﬀerent
thresholds on the computed isotherms, or ideally should consider the
full temperature ﬁeld that is evolving from GWHP systems.

Appendix A. Supplementary data
Supplementary material related to this article can be found, in the
online version, at doi:https://doi.org/10.1016/j.geothermics.2019.
101721.
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