Geothermics 55 (2015) 58–68

Contents lists available at ScienceDirect

Geothermics
journal homepage: www.elsevier.com/locate/geothermics

Integrated assessment of variable density–viscosity groundwater ﬂow
for a high temperature mono-well aquifer thermal energy storage
(HT-ATES) system in a geothermal reservoir
Răzvan Mihai Zeghici a,∗ , Gualbert H.P. Oude Essink b,e , Niels Hartog c,e,1 ,
Wijbrand Sommer b,d,2
a

Faculty of Building Services, RO, Romania
DELTARES, Unit of Subsurface and Groundwater Systems, Utrecht, NL, Netherlands
c
KWR Watercycle Research Institute, NL, Netherlands
d
Wageningen University, NL, Netherlands
e
Utrecht University, Faculty of Geosciences, Utrecht, NL, Netherlands
b

a r t i c l e

i n f o

Article history:
Received 18 May 2013
Accepted 31 December 2014
Keywords:
High temperature aquifer thermal energy
storage (HT-ATES)
Porous media
Groundwater
Variable density and viscosity
Dispersivity analyses
Case-study in Bucharest

a b s t r a c t
The use of groundwater systems for heat storage increasingly gains interest among water managers,
policy makers and researchers as a way to increase the efﬁciency of energy production and to allow the
re-use of waste heat. Typically, mono-well storage systems are thought to require the use of separate
aquifers. This study assessed the suitability of using heat and cold storage in a single deep geothermal
aquifer for district heating and cooling. An integrated modelling approach was used for evaluating the
controls on the energy efﬁciency of high temperature aquifer thermal energy storage (HT-ATES). The
temperature difference (T) of 40 ◦ C between the injection temperatures for the cold and warm storages
20 ◦ C and 60 ◦ C was signiﬁcant, which required accounting for transient variation of density and viscosity
due to temperature and pressure within the modelling code SEAWAT. The developed model was applied
for a geothermal reservoir from the Moesian platform, in the Bucharest area, Romania. The sensitivity
of the system efﬁciency was analyzed with respect to the main physical (density, viscosity, longitudinal
dispersivity) and operational design parameters (distance between warm and cold storage volumes, ﬂow
rates). Uncertainties in geological heterogeneity and the associated range in longitudinal dispersivity values (5–50 m) resulted in signiﬁcant efﬁciency differences (80–55%). While reducing the lateral distance
between multiple mono-well systems increased their overall efﬁciency due to positive thermal interference, a minimum vertical distance of (160 m) was required between the injection/extraction ﬁlters
to prevent interaction between the cold and warm storage volumes. Overall, this study highlights the
potential of using a cost-effective mono-well system for HT-ATES in single deep geothermal groundwater
systems.
© 2015 Elsevier Ltd. All rights reserved.

1. Introduction
During the past decade, a rising demand for sustainable energy
sources and CO2 emission reduction has led to intensiﬁed use of
aquifer thermal energy storage (ATES) systems, a cost-effective
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energy technology in support of ambitions for CO2 emission reductions. This technology provides seasonal heating and cooling for
buildings by means of the alternating injection and extraction
of heated (injection during summer, extraction during winter)
and cooled (injection during winter, extraction during summer)
groundwater via wells in aquifers (Molz et al., 1978, 1979, 1981,
1983; Tsang et al.,1980; Edworthy and Puri, 1986; Carotenuto et al.,
1991; Kim et al., 2010).
Most of these ATES systems are operated with limited temperature differences (T < 15 ◦ C) between warm (<20 ◦ C) and cold
wells (>5 ◦ C) in shallow aquifers (down to 200 m) with an ambient groundwater temperature of ∼11 ◦ C. An increasing number of
ATES systems are reported in Europe and elsewhere (Gao et al.,
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2009; Sanner et al., 2003). While the number of ATES systems that
operate at higher temperatures is still relatively limited, the use
of high temperature aquifer thermal energy storage systems (HTATES) provides the advantage of higher temperature differences
(T’s) which increases both the overall energy storage capacity
and energy efﬁciency (Drijver et al., 2012; Kabus et al., 2009).
Particularly, the implementation of HT-ATES has potential in combination with district heating as well as cooling applications, as high
temperature storage provides important ﬂexibility to interconnect
multiple energy sources (such as gas ﬁred cogeneration turbines,
solar collectors, waste heat, water source heat pumps). Since high
temperature storage is typically performed at much greater depths
than conventional ATES systems, signiﬁcant investment costs are
associated with well drilling. While the use of a mono-well system, in which cold and warm storage is separated vertically rather
than horizontally, could considerably reduce the investment costs
for such systems, increases the risk of negative impact on thermal
efﬁciency due to interaction between hot and cold storage volumes. Therefore, vertical separation of heat and cold storage by
an aquitard is typically considered for HT-ATES systems.
This study required simulation of various conﬁgurations for the
use of mono-well HT-ATES systems within a single aquifer, using
favourable storage temperatures not only for district heating but
also for district cooling. For classical cooling solutions it is common to use chilled water below 10 ◦ C but new cooling concepts use
cooling sources even over 20 ◦ C; especially in temperate continental countries where the average temperature in summer exceeds
30 ◦ C and the peaks are above 40 ◦ C. Façade cooling or asphalt cooling can also be considered as district cooling applications for which
20 ◦ C brackish water may be a proper source (Zeghici et al., 2014).
The main objective of this study was to assess the sensitivity of
the main parameters that affect HT-ATES efﬁciency, including density and viscosity variations, through numerical modelling using
the SEAWAT code, for water mass and heat transport.
2. Theoretical background
The main operational aspect related to ATES systems is the
amount of the thermal energy which can be recovered after a previous injection, which is expressed as the “Energy efﬁciency” (E)
[%]. Energy efﬁciency is calculated as the ratio between discharged
energy recovered and the initially recharged energy, following an
injection and extraction cycle:
E=

Eextraction
[%]
Einjection

(1)

where Einjection [MWh/yr] is the recharged energy (injected in the
storage) and Eextraction [MWh/yr] is the discharged energy (extracted
from storage). Thermal energy is calculated for the time t, using
the temperature of the injected water T(t) which is the temperature in the well, in reference to T0 which is the temperature of the
undisturbed aquifer.
In shallow applications, an energy balance is achieved when the
average temperature difference T between the cold storage and
warm storage is centred at the environmental background temperature of the aquifer and applying the same seasonal ﬂow rate in
cooling and heating mode. An energy balance is important for a sustainable operation of the ATES systems that is required to deliver
both cooling and heating capacities. For example, when more heat
is injected into the aquifer during summer, than extracted during
winter, this may lead to a gradual warming of the aquifer, making
it less suitable for cooling purposes.
The subsurface is characterized by a variable spatial distribution of lithological layers with various hydraulic conductivities,
resulting in various degrees of physical heterogeneity that affect
water transport. Recent studies show that energy efﬁciency (E) of
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ATES systems is generally lower for heterogeneous aquifers than
for homogeneous aquifers (Chaudhuri and Sekhar, 2006, Ferguson,
2007; Sommer et al., 2013). This is due to the wider spread of the
thermal storage volume in heterogeneous which increases mixing surfaces with the environment. The associated energy loss
can be related to the macro-dispersion coefﬁcient which describes
groundwater ﬂow due to local variations in the velocity caused by
spatial heterogeneity (Nick et al., 2008).
Many laboratory studies and tracer measurements (Anderson,
2005; Vandenbohede and Lebbe, 2003, 2006; Vandenbohede et al.,
2008, 2009) have illustrated the convection-conduction equation to
provide a satisfactory description of the mixing process in groundwater applications. The Peclet number can be applied to assess the
most dominant process. For small Peclet numbers (<1) the conductive ﬂuxes (viz. the parabolic nature of the convection-conduction
equation) prevails, whereas for large Peclet numbers (>2) the convective ﬂuxes (the hyperbolic nature) dominate. For large Peclet
numbers, the longitudinal dispersion coefﬁcient increases linearly
with injection velocity. At laboratory scales, longitudinal dispersivity, ˛L is in the order of centimetres or decimetres but in the
ﬁeld it can range from one metre to tens of metres depending on
formation heterogeneity (Marsily, 1986). It is certain that solute
dispersivity increases with the application scale (Gelhar et al.,
1992), as conﬁrmed by the interpretation of different tracer tests
(Vandenbohede and Lebbe, 2003, 2006; Vandenbohede et al., 2008).
However, there is not a clear consensus on how best to represent
the ﬁeld-scale mixing process in a quantitative way (Gelhar et al.,
1992).
Similarly, conﬂicting views on the importance of thermal dispersion can be found in literature. According to Marsily (1986),
thermal dispersivity is analogous to solute dispersivity, having the
same order of magnitude. However, other authors state assess the
thermal dispersivity at one order of magnitude smaller (Smith and
Chapman, 1983) or even neglect thermal dispersion for Peclet numbers smaller than 3000 (Bear, 1972; Hopmans et al., 2002).
A strong, physical, argument for dissimilarity states that heat
is not only transported through pore water, but also through
the sediment matrix and forms a more homogeneous medium
(Vandenbohede et al., 2008). In this case, heat transport is caused
in a large extent by thermal diffusivity, with the contribution
of dispersion being signiﬁcantly smaller. Therefore, the thermal
exchange between the ﬂuid and the porous matrix is an essential part of the heat transport in ATES systems and was considered
in our SEAWAT modelling following the method of Thorne et al.
(2006).
Relevant for the temperature-induced density differences in
HT-ATES systems, experiments on longitudinal hydrodynamic dispersion reveal that less dense ﬂuids are displaced by a denser ﬂuid.
Also raising the density difference between ﬂuids will diminish the
mixing (thermal loss) zone. Hassanizadeh (1990) and Hassanizadeh
and Leijnse (1995) suggested a new nonlinear extension of Fick’s
law for high concentrations, conﬁrmed by Schotting et al. in 1999.
For a highly permeable porous medium, the density differences
cause a decrease of the transverse dispersion. Also the mixing zone
decreases for higher density differences (Grane and Gardner, 1961).
Overall, in a ﬂow and transport regime there are two forms of
convection: forced convection in which ﬂuid motion is generated
by an external source (e.g. hydraulic gradient) and free convection
driven by density differences in the ﬂuid occurring due to thermal
gradients.
For storage in between two conﬁning layers, a mixed convection
regime is characterized as the ratio between theoretical free and
forced velocities. According to Ward et al. (2007):
M=

vfree
2rB
=
K˛
vforced
Q

(2)
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where r[m] is the plume radius, B[m] is the aquifer thickness,
Q[m3 /day] is the pumping rate, K[m/day] is hydraulic conductivity and ˛[–] is the density difference ratio (aquifer water
density/injected water density).
For M ≈ 1, free and forced convection have the same order of
magnitude. For M  1 the system is dominated by forced convection (advection) and for M  1, free convection is dominant.
For most of shallow ATES systems with limited temperature
differences (<15 ◦ C), free convection is much smaller than forced
convection, and ˛ can be neglected (Zuurbier et al., 2013). In HTATES applications (Kabus et al., 2009; Drijver, 2011; Bonte et al.,
2012) where injection temperature in the warm well goes over
60 ◦ C, density and viscosity differences becomes more signiﬁcant.
Therefore the mixed convection ratio is an important parameter
for HT-ATES systems as the transition from a forced to a free convection dominated system results in a sharp lowering of efﬁciency
(Ward et al., 2007). For ˛L = 0.2 m, system efﬁciency varies signiﬁcantly for 0.1 < M < 1 and for ˛L > 10 m, efﬁciency (E) is sensitive only
when free convection is dominant. Free convection may become
dominant for ATES systems in transition seasons, when water ﬂow
is limited, so if this occurs for extended periods a lower efﬁciency
is expected.
The Richardson number, Ri represents a measure of the buoyancy effect relative to the inertia of the external forced or free
stream ﬂow on the heat and mass transfer. When Ri → 0, forced
convection is dominant in a mixed convection regime (Aydin and
Kaya, 2009).
If the cold and warm plumes are situated above each other with
no separation by strata of low permeability, as in the considered
mono-well HT-ATES case, interference (shortage in the worst case)
due to buoyancy effects might occur. The phenomena were studied using the correlation between buoyancy parameter (Richardson
number) and local heat transfer coefﬁcients where the Richardson
number is written as:
Ri =

3
gˇ(Ti − Te )Rth

v2 Re2

(3)

where Reynolds number Re = Rw U/ is based on the injected water
radius (Rw ), average velocity (U), injected water density () and
the dynamic viscosity (). The other components to calculate the
Richardson number is also known as Grashof number formula
which contains gravitational acceleration (g), thermal expansion
coefﬁcient (ˇ), injection temperature (Ti ) and environment temperature (Te ), thermal radius (Rth ) and kinematic viscosity (v).
For heat storage between two conﬁning layers, the thermal
radius is the radius that an injected cylindrically shaped thermal volume at constant temperature would have, with its thermal
energy equal to the total heat energy of the injected ﬂuid (Doughty
et al., 1982). In our case, Rth is deﬁned as:
Rth =

V
( · H)1/2

(4)

where V represents the thermal volume and H is the length of the
well ﬁlter.
Within the thermal radius, heat transfer is governed by convection and dispersion. Outside the boundaries of the thermal radius,
the process is dominated by conduction due to temperature gradients between injected liquid and undisturbed temperature of the
environment. Mass transfer increases under favour of mixed convection and conduction. The larger values for conduction of heat
arise partially because heat is transferred through the solid matrix
as well as the ﬂuid (Anderson, 2005). When two or several systems are placed too close to each other and boundaries interfere,
their individual efﬁciency might be better or worse than without
interference.

Studies on interactions between systems in one of the most
ATES-dense regions in the Netherlands showed a general trend of
increasing efﬁciency over time for wells placed at greater distance
from each other and of lowering efﬁciency for systems which were
located next to each other. However, in the ideal situation, such
interactions between multiple ATES systems may help systems to
trap energy within their capture zones leading to an increased
efﬁciency of an individual ATES system (Bakr et al., 2013). If two
or multiple water plumes of similar temperature are placed close
enough to interact, their thermal gradient will decline towards zero
over the interfered area, reducing conductive heat loss in the next
cycles. On the other hand, if a cold plume is placed too close to
one or multiple warm plumes, interference will generate a bigger
thermal gradient, therefore increasing conductive heat loss.
3. Field case description
The ﬁeld case for this HT-ATES study is situated in the Bucharest
area in Romania (Fig. 1). Here, suitable water-saturated geological
layers (either aquifers or geothermal basins) are typically found
beneath 500 m below ground surface. Following the large scale
geothermal gradient of about 25 ◦ C per km (Fridleifsson et al.,
2008), water temperature increases with depth but in speciﬁc areas,
depending on hydro-geological structures, temperature distribution can vary strongly.
The HT-ATES model presented in this case study is positioned
in a Dolomite-Carbonate Aquifer, with the lateral boundaries of
the local model indicated in Fig. 1. The modelled area of interest
is 64 km2 , sufﬁcient to prevent any boundary effects on the thermal storage. The overall porosity in the formation, consisting of a
matrix of ﬁssures, is around 25%, indicating suitability for seasonal
energy storage (Zeghici et al., 2013).
The geothermal aquifer is capped by an impermeable rock
aquitard of which the bottom descends from −800 m in SSE to
−1600 m in NNW. The pressure distribution conﬁrms the regional
groundwater ﬂow (yellow arrow in Fig. 1) direction from SSE to
NNW. The system is planned close to an existing, unexploited well,
drilled in 1980s for underground exploration (Bandrabur et al.,
1983; Bandrabur, 1988). The mono-well is placed in the centre
of the discretized domain at approximately 4 km to the each surrounding boundary.
Fig. 2 illustrates the modelled well proﬁles for the ﬁrst extraction
cycles for the cold and warm storages used in the study case. The
injection temperatures are 20 ◦ C for the cold storage and 60 ◦ C for
the warm storage. The environment temperatures are 37.4 ◦ C at
the depth of the cold storage and 41.3 ◦ C at the depth for the warm
storage.
During injection, a part of the energy is dissipated as a result of
mixing (heat conduction and interaction with solid matrix). Both
components of injection (mixing and storage) are delimitated by
the temperature proﬁle in the wells (red and blue lines in Fig. 2).
The thickness of the aquifer is 1000 m on average which allows
the cold and warm storages to be placed at different depths using
a mono-well, although a suitable impermeable layer to separate
these thermal storages seems to be lacking. Therefore, the cold
storage ﬁlter was placed from −1500 to −1600 m and warm storage ﬁlter from −2010 to −2110 m (Fig. 4). Discharge is realized by
submersible pumping from 120 m below surface (hydraulic head
is set at 80 m below surface) (Bandrabur, 1988). The modelling
parameters for the reference case are presented in Table 1.
In short, the mono-well used under these conditions for the
new HT-ATES exploitation concept, consists of two hydraulically
circuits, placed in one telescopic well (Fig. 3). The warm storage ﬁlter is formed of a metal liner. Above the liner there is metal ﬁt out
piece, protected by concrete casing. From here, the well is formed of
prefabricated sections which host two hydraulic circuits, separated
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Fig. 1. The studied area (map retrieved after Bing-maps). The square represent the model discretization having in the middle a mono-well (MW) ATES system.

by a thermal insulation material. Several sections are perforated
on the cold storage circuit (cold side ﬁlter). On top of those sections there is a shifting mechanism which redirects the pumped
water from one circuit to the other. The next section is formed of

a concrete casing which protects the submersible pump and the
return pipe. Above there is another shifting mechanism, synchronized with the submerged one. The shifting mechanisms typically
operate only twice a year, for the change of seasons.

Fig. 2. Example of temperature proﬁles in wells for a HT-ATES system during the ﬁrst year of operation.
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Fig. 3. 3D impression of a mono-well.

Table 1
Modelling parameters of the reference case.
Parameter

Symbol

Value

Units

Model particularities/properties
Discretization (boundaries)
Cells dimension in area of interest
Screen (ﬁlter) length
Flow rate
Thermal radius of the storage
Injected water radius
Periods
Time frame

L×l
L×l×h
H
Q
Rth
Rw
P
TF

8000 × 8000
16 × 16 × 32
100
10,500
160
190
21
10

m
m
m
m3 /day
m
m
–
years

Aquifer properties
Horizontal hydraulic conductivity
Vertical hydraulic conductivity
Effective porosity
Brackish water density at 43 ◦ C
Brackish water viscosity at 43 ◦ C
Matrix density (bulk)
Longitudinal dispersivity
Transverse dispersivity
Bulk density
Thermal distribution coefﬁcient
Thermal diffusion coefﬁcient

Kh
Kv

0
0
m
˛L
˛T
b
kd
k

60
30
0.23
991.8
1043
2300
15
1.5
2200
0.00015
7.01E−10

m/day
m/day
–
kg/m3
cp
kg/m3
m
m
kg/m3
[m3 /kg]
m2 /s
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Table 2
Scenarios.
Parameter

Symbol

Units

Buoyancy
Longitudinal dispersivity
Flow variation

SEAWAT V.S. MT3D
10, 15, 20, 25, 30, 40, 50
4500, 5700, 6900, 8100,
9300, 10,500
96, 160, 224, 288, 352, 410
0.2, 0.5, 1, 2, 3

–
metres
m3 /day

Vertical distance between ﬁlters
Multisystem interference

metres
Rth

together with SEAWAT(Langevin et al., 2008). hA − hB is the head
differences across the prism parallel to ﬂow.
The dynamic viscosity variation is expressed as 0 / where 0
is the initial dynamic viscosity of the aquifer (Table 1) and  =
(C, T ) calculated as:
 = 0 +

NS

∂
k=1

∂C k

(C k − C0k ) +

∂
(T − T0 )
∂T

(7)

4.2. Parameters

Fig. 4. Mono-well principle for the Bucharest case. Cold water ﬁlter is placed
between −1500 m and −1600 m and the warm water ﬁlter is placed between
−2010 m and −2110 m. Water is extracted from −150 m below surface by submersible pumping.

4. Methods used
To determine the performance of the mono-well ATES a numerical model was constructed. The temperature dependence of density
and viscosity in the heat transport calculations were included by
using SEAWAT (Langevin et al., 2008). To evaluate the signiﬁcance
of variable density and viscosity the simulations were also performed without this temperature dependence using MODFLOW
2000 (Halford and Hanson, 2002) and MT3DMS (Zheng, 2010). The
rest of the simulations were performed only with SEAWAT.
4.1. Modelling procedure
The equation of state for ﬂuid density was modiﬁed to vary with
the temperature T of the ﬂuid as well as the concentration C of a
solute (Thorne et al., 2006) and it is written as:
(C, T ) = 0 +

∂
∂
(C − C0 ) +
(T − T0 )
∂C
∂T

(5)

where 0 is the density of the undisturbed water used as reference
density (Table 1), ∂/∂C and ∂/∂T represents the change in density with respect to concentration and temperature and C0 and T0
are prescribed initial concentration and temperature, assumed constant over time. The effect of viscosity variations on the resistance
to ground water ﬂow also was added through implementation
of the relationship between permeability, viscosity, and hydraulic
conductivity. Viscosity is incorporated into the ﬂow equation as a
function of both temperature and solute concentration.
In SEAWAT, the dynamic viscosity  is implemented as temperature and/or concentration dependent in conductance equation.
Written as:
COND =

0 Tr · W
0 K · W · H
=

L

L

(6)

where the conductance is expressed in terms of transmissivity Tr or
hydraulic conductivity K, where W is the width of the cell, L is length
of the cell and H represent the height of the cell. In the MODFLOW
equation, Darcy’s law is rewritten as Q = COND(hA − hB ), and runs

Transient simulations were made; each for 10 calendar years.
One calendar year is divided in 180 days of heating and 185 days
of cooling, deﬁned as periods. Each simulation starts with the
background conditions of steady state regional ﬂow in the NNW
direction (1st period). The following 20 periods represent the summer (extracting from the cold storage) and winter seasons. The
simulation ends with the winter season (extracting from the warm
storage) in the 10th year.
The reference model (with values in Table 1) was used for all
scenarios presented in this paper. In each scenario, one of the following parameters was varied with respect to the reference model:
longitudinal dispersivity, mass ﬂow rate, vertical distance between
ﬁlters, and horizontal distance between multiple identical monowells. The scenarios are summarized in Table 2. The results were
plotted in parallel for the warm and cold storage.
5. Results and discussion
The sensitivity of HT-ATES efﬁciency to the various parameters
tested was analyzed to identify the best suitable conditions for HTATES exploitation. Several scenarios were built and compared with
the reference case. Since the hot and cold storages in the HT-ATES
system are not conﬁned, the system behaviour was expected to differ from conventional ATES studies that focus on storage between
conﬁning layers.
5.1. Variable density effect
Results show that the efﬁciency obtained (Fig. 5) when considering density and viscosity variations in SEAWAT is signiﬁcantly
higher (>70% in the 10th year) than the efﬁciency obtained with
the MT3D model (<67% in the 10th year). Whereas the efﬁciency for
the warm and cold storage are similar for the MT3D case, efﬁciency
increase for the SEAWAT model is higher for the warm well. The
relatively lower efﬁciency increase for the cold well is explained by
forced downward convection, in the direction of free convection
that occurs due to the conﬁning layer on top of the cold storage.
Overall, density and viscosity variations therefore have a signiﬁcant
inﬂuence on the ATES performance in our case, as was observed by
Grane and Gardner (1961).
The difference between SEAWAT and MT3D modelling is illustrated by the vertical cross section through the mono-well, for six
time periods (Fig. 6). The temperature difference (SEAWAT – MT3D)
was plotted on a scale between −2 T and 2 T. We observe a
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Fig. 5. Inﬂuence of variable density and viscosity on system efﬁciency. SEAWAT code uses variable density and viscosity with respect to temperature and MT3D uses constant
density and viscosity.

Fig. 6. Vertical cross section showing the temperature difference between SEAWAT modelling and MT3D modelling.

Fig. 7. Inﬂuence of longitudinal dispersivity on system efﬁciency. The ploted lines show the efﬁciency variation for different longitudinal dispersivity values (in metres).

positive anomaly below the cold ﬁlter, meaning the temperature
at this location is higher for the case of non-density dependent
ﬂow. This is reasonable, since the cold storage in case of density
dependent ﬂow has the tendency to migrate downwards. Due to
the signiﬁcant discrepancies observed when neglecting density and
viscosity differences, SEAWAT modelling was used for all other
scenarios.
In the ATES well and the immediate surroundings, forced convection is dominant, powered by constant extractions/injections.
In our case, based on the Richardson number (Ri = 2.2E−03), free
convections is negligible Ri < 0.1 (Turner, 1973). In the vicinity (outside boundaries) of the thermal plumes, the Richardson number

indicates a free convective ﬂow (Ri = 3.46E+05). Here the buoyancy
effect becomes signiﬁcant but has less effect on the overall ATES
efﬁciency.
5.2. Longitudinal dispersivity analyses
To test the model sensitivity regarding aquifer uncertainties, seven longitudinal dispersivity values were considered
with the SEAWAT model. We set these values in accordance
with similar studies to: 10 m (Bouw and Oude Essink, 2003;
Yechieli et al., 2010; Terry and Chui, 2012), 30 m (Eusuff and
Lansey, 2004); 50 m (Michael et al., 2013); 70–80 m (Ghassemi
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Fig. 8. Inﬂuence of pumping rates on system efﬁciency.

Fig. 9. Vertical cross sections showing the well ﬁlters. The warm storage ﬁlter was moved from 410 m (reference case) to 96 m. The pictures are coupled for the same H
having above the 10th year of operation, in the winter period (extraction from the warm well and injection in the cold well) and below the summer period (reversed process).

et al., 1990); 80–100 m (Kaleris, 2006) and100 m (Cobaner et al.,
2012).
The results show that dispersivity has an important role
in mixing and therefore affects the efﬁciency (Fig. 7). Therefore, we considered a longitudinal dispersivity of 15 m (red
line in Fig. 7), with respect to the diagrams provided by
Gelhar et al. (1992), based on the aquifer nature (limestone
and dolomite) and the application scale (160 m). Horizontal transverse dispersivity was set as ˛L × 10−1 [m] and
vertical transverse dispersivity as ˛L × 10−2 [m]. Thermal
diffusion coefﬁcient was set at 3.83 × 10−1 [m2 /s] for all
simulations.

5.3. Workload variation
The objective of this analysis is to determine the system
efﬁciency for reducing working loads down to 4500 [m3 /day]
with respect to the workload in the reference scenario of
10,500 [m3 /day]. Strikingly, ﬂow rate variation resulted in opposing impacts on system efﬁciency for the cold and warm storage
(Fig. 8). Whereas in the warm storage, the efﬁciency increases with
decreasing workloads, for the cold storage the efﬁciency decreases
with decreasing workloads.
The behaviour of the cold storage is expected, as illustrated in
Eq. (2), as the mixed convection ratio depends on the ﬂow rate.
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Fig. 10. Efﬁciency sensitivity for different ﬁlter positions (different distance between cold ﬁlter and warm ﬁlter).

Although, the cold storage is only conﬁned by a cap rock aquitard
at the top, this behaviour is typical though less pronounced as for
fully conﬁned ATES systems. For the warm storage however, the
decreasing efﬁciencies with increasing working loads are explained
by the combination of lower viscosities at higher temperature and
the increased upward pressure gradient in the absence of a conﬁning layer between the hot and cold storage.
Decreasing the workload, results in proportionally twice the
decrease in the upward oriented pressure gradients. The workload
is being extracted from the overlying cold storage as it is being
injected in the underlying warm storage. As the hydraulic conductivity K is inversely proportional with viscosity, the decreasing
viscosities at higher temperatures of the warm storage will enhance
the vertical permeability of both free and forced upward convection components. The decreasing efﬁciency by loss of warm water
with increasing workloads is therefore directly proportionally to
the extent to which the forced ﬂow component in the vertical direction, acts in the upward direction of free ﬂow in the warm storage.
In contrast, for the cold storage, the enhancement of the downward
oriented free ﬂow component is limited by the reduced viscosity
at lower temperatures, contributing to a net increase of efﬁciency
with increasing workloads. Hence, higher working load will act to
reduce the contrast between warm and cold storage efﬁciencies.
5.4. Variations of the vertical distance between
injection/extraction ﬁlters (H)
The effect of decreasing the vertical separation of the warm
storage with respect to the cold storage is illustrated with vertical
cross sections for the 10th operational year (Fig. 9). The distance
between cold and warm ﬁlters (H) was decreased from 410 m
in the reference case down to 96 m. The simulation with a H of
96 m showed a signiﬁcant decrease of efﬁciency for both storages
as shown in Fig. 10. For the warm storage, as with the effect of
increased workloads, the decreased distance resulted in increased
upward pressure gradients in the direction of free convection. In
addition, the efﬁciency decrease was larger for the warm well as
it was affected by the lower environmental temperatures at shallower depths, as the warm ﬁlter was moved upward towards the
cold ﬁlter.
5.5. Mono-well ATES multi-system interferences
To test the ability to further increase heat and cold storage
capacity, the optimal distance between wells for ﬁve identical
mono-well ATES systems was considered (MW1, MW2, MW3,

Fig. 11. Mono-well multisystem setup. Five simulations were made by displacing
the mono-wells symmetrically, with respect to the regional ﬂow direction and the
reference system (MW1). In the ﬁrst simulation all wells were placed at 0.2 Rth from
each other (32 m). Regional ﬂow direction is indicated by the black arrow on NNW.
The velocity is estimated between 3 and 8 m per year, depending on location and
depth.

MW4, MW5), operating with identical injection temperatures
(20 ◦ C and 60 ◦ C) and ﬂow rates (10,500 m3 /day). The distances
were set as multiples of the thermal radius, starting from 0.2 × Rth
up to 3.0 × Rth (Fig. 11).
For the individual well performances, as shown in Fig. 12,
smaller well separation distances lead to higher energy efﬁciencies,
as compared to individual systems (e.g. Fig. 5). This is reasonable,
because for small well-to-well distances, the ﬁve wells form a single thermal plume (cluster) which gives a lower area to volume
ratio than for ﬁve separate plumes, resulting in lower energy loss
at the boundaries of the plume. MW1 has the highest efﬁciency,
as its central position in between other wells, limits heat losses
by interaction with the surrounding lower environmental temperature. Individual well performances of the outer wells, is highest
for MPW3 and lowest for MPW5. As these wells are respectively
located at the down-gradient and up-gradient side of the of regional
groundwater ﬂow direction, heat lost from up-gradient systems is
captured by MW3.
By increasing the well separation distance the systems efﬁciencies decreases, and for clusters with 1 × Rth . For 2 × Rth and 3 × Rth
well separation distances, the efﬁciencies of the individual wells are
similar as for the reference case for a single HT-ATES system (Fig. 5).
Therefore, for district heating and cooling applications, where more
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and the sensitivity of the thermal efﬁciency of the ATES system for
various parameters.
Numerical modelling was used to determine the performance
of a planned HT-ATES system with a mono-well. For the reference
case, our simulations show that the energy efﬁciency of a single
HT-ATES mono-well system increases from around 40% initially to
70% over the ﬁrst 10 years of operation. The inﬂuence of several
physical and design parameters on the overall efﬁciency was evaluated. Especially aquifer heterogeneity, represented by the thermal
dispersivity, was found to have a large inﬂuence on the resulting
energy efﬁciency. Due to increasing thermal losses caused by dispersion, the energy efﬁciency after 10 years ranges from 80% to 55%
for dispersivities of 5 to 50 m, respectively. This emphasizes the
need for careful aquifer selection and characterization for HT-ATES
projects to be successful.
Also, consideration of variable density and viscosity in the use
of SEAWAT for the numerical simulations was required to accurately describe HT-ATES behaviour. This consideration resulted in
signiﬁcantly higher estimated efﬁciencies than for the scenarios
that assumed density and viscosity independent of temperature.
Since the amount of groundwater that is extracted and injected
within ATES systems is typically determined by the end-user
demand, we have investigated the sensitivity of the energy efﬁciency for different groundwater ﬂow regimes. With workloads
increasing from 4500 to 10,500 m3 /day, the cold storage efﬁciency
improved from 67.5% to 70.2% while the warm storage efﬁciency
declined from 74.3% to 72.5%, due to the lowered viscosity that
enhanced free convection.
The warm and cold storage of ATES doublet systems are typically
placed at similar depths at some lateral distance. We showed that
when aquifer thickness is sufﬁcient, cold storage can also be placed
above the warm storage, saving on drilling costs. However, for such
a mono-well ATES system numerical simulations are required to
ensure sufﬁcient vertical separation. The minimal distance to avoid
interference for the tested conditions in this study was 160 m.
Finally, the thermal interference between multiple HT-ATES
mono-well systems was evaluated by considering a group of 5 identical mono-wells. Our simulations show that the thermal efﬁciency
of a well is not improved when the distance to the other wells
is larger than 2 × Rth . However, when this distance is reduced to
0.2 × Rth , the overall energy efﬁciency is increasing with 5%, relative
to 3 × Rth scenario. This shows that grouping multiple mono-well
ATES systems in areas with large energy demand enables higher
energy efﬁciencies due to positive thermal interference.
Acknowledgements
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Fig. 12. Multi-system interferences. This picture shows the efﬁciency sensitivity for
ﬁve identical mono-well HT-ATES systems with respect to the length between them
and the regional ﬂow.

than one mono-well system is necessary, the smallest well separation distance (0.2 × Rth in our case) gives the best overall efﬁciency
for the cluster of wells.
6. Conclusions
Our study has demonstrated the potential of using HT-ATES
mono-well systems, even in the absence of suitable conﬁning layers for separation of the hot and cold storage volumes. In addition,
we have explored a range of conditions for which this is possible
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