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Numerical modeling of aquifer thermal energy efﬁciency
under regional groundwater ﬂow: a case study at Oslo
Airport
Zerihun Kinfe Birhanu, Nils-Otto Kitterød, Harald E. Krogstad
and Anne Kværnø

ABSTRACT
The main purpose of this paper is to present a robust forward model for simulating extraction and
storage of thermal energy in an aquifer. The model is a local three-dimensional ﬁnite element model
with boundary conditions derived from an analytic large-scale model based on the regional water
balance. Numerical investigations and thermo-hydraulic evaluation of a typical dipole injection/
extraction system are presented. Most of the simulation results are focused on the spatio-temporal
extension of the hot water plume close to the injection well where the main challenges occur with
respect to numerical stability. Because the (aquifer thermal energy storage system is located close to
the groundwater divide, the energy recovery is less sensitive to the well conﬁguration with respect to
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the groundwater ﬂow direction.
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INTRODUCTION
The demand for energy is omnipresent, and there is a press-

heat exchanger and used for cooling. This increases the

ing need for alternatives to fossil carbon energy for

temperature of the production water to T3 . Before injection

environmental and economical reasons. Deep geothermal

of production water into a hot well, temperature is further

energy has been exploited commercially for a long time,

increased to T4 . In winter, the process is reversed. Warm

but shallow aquifers also offer some promising opportunities

water T10 is pumped from the hot well and sent through

for energy storage and extraction. One option, explored in

the heating system to pre-heat the buildings’ air intake. In

this study, is to employ heat pump technology. Ground

transferring thermal energy to the air, water becomes

source heat pumps transfer heat to or from the ground and

cooler. This cooler water (T40 ) is returned to the cold well.

use it for heating or cooling of buildings. They are also com-

The performance of the ATES system depends on the differ-

monly referred to as geothermal heat pumps, groundwater

ence between temperature demand (T2 or T20 ) and

heat pumps, geo-exchange systems, and earth energy sys-

temperature of pumping water (T1 or T10 ). The smaller the

tems. In this paper, the term aquifer thermal energy

temperature difference ΔT ¼ T2  T1 , the less energy is

storage (ATES) has been used.

required in the energy plant.

ATES is a system which utilizes inter-seasonal heat sto-

Researchers have long highlighted numerical modeling

rage. This involves storage of excess energy from summer for

for analysis and optimization of ATES systems. A three-

use in winter heating applications, and the storage of cool-

dimensional numerical model for simulating coupled

ing potential from winter for free cooling in summer

groundwater ﬂow and thermal energy transport was devel-

(Figure 1). For typical summer conditions, low-temperature

oped and validated by Molson et al. (). Kim et al.

water (T1 ) from a cold well is pumped through a simple

()
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Principal ATES conﬁguration. In summer, groundwater of temperature T1 is pumped from the cold wells for cooling the airport buildings. The heated water of temperature T4 is
returned to the warm wells. In winter, the direction of the heat pump is reversed. Groundwater of temperature T10 is retrieved from the formation, and the heat is extracted and
used to warm the airport buildings before the cold water of temperature T40 is returned to the cold wells.

modeling of a cyclic mode (pumping and injection wells are

the well geometry and production volumes will improve

switched by the season) in order to identify the thermal

the performance of the ATES system, and the forward

interference by the distance between boreholes, the hydrau-

model we propose is a ﬁrst step to implement the essential

lic conductivity, and the injection/pumping rate on the

physics. Efﬁciency of the ATES at Oslo Airport under the

system performance. Their studies, however, derived con-

regional groundwater ﬂow is also analyzed. This study is

clusions based on the simulation results for ATES systems

mainly focused on the temperature anomaly around the

without considering the effects of regional groundwater

hot water well. The most signiﬁcant problems during pro-

ﬂow. It is well known that groundwater ﬂow may have a sig-

duction occur in the high-temperature domain of the

niﬁcant impact on the system performance (Nagano et al.

aquifer. The problems are related to chemical precipitation,

). Numerical simulation of the continuous operation

and bacteria growth reduces the pumping capacity (Harder

of an ATES system under regional groundwater ﬂow was

). The spatio-temporal extension of the hot water plume

carried out by Lee (). He emphasized the inﬂuence of

is therefore important for two reasons. First, it deﬁnes the

regional groundwater ﬂow on the performance of the

energy storage efﬁciency of the ATES system which is deci-

system under various operation scenarios. The present

sive for the economical outcome; second, it deﬁnes what

work extends previously reported research to ATES systems

could be denoted the thermal contamination of the aquifer.

in large-scale groundwater ﬂow by implementing a numeri-

The ATES system models have been simulated by

cal model that applies local boundary conditions obtained

the commercial ﬁnite element software COMSOL Multi-

from observations of the regional water balance. A study

physics (COMSOL ). The technology offers a high-

of a shallow aquifer exposed to natural groundwater ﬂow

computational efﬁciency in the solution of three-dimensional

when the direction of the regional groundwater ﬂow is per-

thermal transport. The software allows multiple source/sink

pendicular to or along the line joining the production and

wells, adaptive grid geometry, and a coupling of the transient

injection wells will be presented. In such natural systems

groundwater ﬂow equation with the thermal transport

energy may be leaking out from the well ﬁeld. Optimizing

equation for the aquifer system.
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where Qw (t) is a water source/sink density that may change
as a function of time according to the pumping/injection

The thermo-hydraulic analysis requires calculation of

history.

groundwater and heat transport in an aquifer consisting of a
solid porous matrix (s) with pores saturated with water (w).
The ﬂows are governed by a set of coupled partial differential
equations describing the mass and heat energy balance.

Heat ﬂow
The heat transfer equation is deduced from the principle of
energy conservation. The thermal coupling between the

Groundwater ﬂow

solid and ﬂuid is assumed to be very good, implying that
their respective temperatures are the same. With these

The ﬂow of water through a porous medium depends on

assumptions, the energy conservation may be written

properties of the water and the medium, and the gradient

(Nield & Bejan )

of the hydraulic head, as represented by Darcy’s law for
groundwater ﬂow (Molson et al. )


q¼

ρgk
p
∇
þz
μ
ρg

@ρm cm T
~
þ ∇  (cw ρw Tq) þ ∇  [  λh ∇T] ¼ H,
@t


¼ K∇ϕ:

(1)

Here, q is the speciﬁc discharge or the Darcy velocity, k
the intrinsic permeability tensor, z the elevation of the piezo-

(5)

where c is the speciﬁc heat, λh is the thermal conductivity,
~ is any heat source/sink. When the solid and ﬂuid
and H
temperatures are the same, the aquifer’s heat capacity,
depending on the porosity n, is

metric head relative to a datum level, p the ﬂuid’s pressure, ρ
water mass density, g the acceleration of gravity, and μ the

ρm cm ¼ nρw cw þ (1  n)ρs cs :

(6)

dynamic viscosity of the water. Furthermore, the parameter
K ¼ ρgk=μ is the hydraulic conductivity and ϕ ¼ p=ρg þ z is

The advective heat ﬂux is cw ρw T q (Nield & Bejan ).
The heat conductivity λh has contributions both from mol-

the hydraulic head.
The modeling considers a temperature range from 4 to

ecular diffusion, often expressed as λm ¼ nλw þ (1  n)λs ,

30 C, over which the water density varies less than 0.5%,

and mechanical dispersion, which in its simplest form may

as opposed to the water viscosity which varies by almost

be expressed as ρm cm αjqj, where α is the dispersivity

50%. The following equations for the state of ρ and μ have

length. The heat diffusivity is thus

W

been applied in the computations below (Molson et al.
) ([T ] ¼ C)
W

Dh ¼

ρ(T) ¼ 1, 000 × (1 þ (  7:583 × 106 þ 4:462 × 108
(T  4))(T  4)2 ) [kg=m3 ],

(2)

λh
λm
¼
þ αjqj:
ρm cm ρm cm

(7)

A similar expression for the heat diffusivity, D ¼ γhjqj, is
used in the COMSOL software for stabilizing numerical diffusion, where the h-parameter is of the order of the

3

μ(T ) ¼ 1:787 × 10

× exp ((  3:288 × 10

2

4

× 10 T )T ) [kg=ms]:

numerical cell diameter, and γ is a dimensionless tuning

þ 1:962
(3)

Assuming that the solid matrix as well as the water is

parameter.

Energy efﬁciency

incompressible, conservation of mass combined with
Darcy’s law results in the Poisson equation

The efﬁciency analysis of the ATES system in this study is
based on a full-operational cycle consisting of two periods

∇  [K∇ϕ] ¼ Qw (t),
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water. In general, the energy transfer E in the well over a

east of the warm wells. Each well is supplied with its own

time interval τ may be written as

groundwater pump and injection tube. Warm and cold
water are extracted from or injected to the aquifer from the

ð
E(τ) ¼

τ

cw ρw (T (t)  T0 )Q(t)dt,

(8)

wells approximately at depths from 20 to 45 m below the surface level. The Gardermoen delta and the location of the
geothermal energy wells are shown in Figure 2. The ATES

where T is the water temperature at the well, T0 the ambient
groundwater temperature, and Q (m3/s) the water injection
or extraction rate. The energy recovery, measured in relative

system is located close to the regional groundwater divide.
Flow parameters and experimental data

terms is
Initial physical parameters for the Gardermoen aquifer
E(τ extr: )
θ¼
:
E(τ inj: )

(9)

(Table 1) were obtained from Goshu & Omre () and
Tuttle (). The wells in the ATES system were tested
after construction with respect to maximum pumping

Assuming cw ρw to be constant, Qinj: equal to Qextr: and
constant, and the length of τ inj: and τ extr: to be the same

yield, Qmax . As part of the maintenance procedure, a similar
pumping test was repeated for each well, Qreal . All pumping
tests were performed after a temporary shut up of the ATES

T extr:  T0
θ¼ 
,
T inj:  T0

(10)

system in order to obtain a resting groundwater head (ϕr ) in
the aquifer. Thus, initial conditions were close to the natural
groundwater ﬂow for all wells. In addition to monitoring

where overbar signiﬁes the average temperature over the

Qreal , the drawdown of groundwater head, dobs ¼ ϕ  ϕr ,

time interval in question. The number θ is sometimes

was monitored at the pumping wells. The purpose of the

called the energy recovery factor (Doughty et al. ). Simi-

test

larly, for ATES systems having more than one injection/

ξ ¼ Qreal =Qmax . Reduction of the pumping yield (ξ < 1) is

extraction well, the system efﬁciency may be obtained by

due to chemical precipitation and bacterial growth inside

dividing the sum of extracted energy from all wells by the

and around the screens (ﬁlter tips) of the wells. Obser-

sum of injected energy to all wells.

vations from pumping tests of two wells in the period

was

to

identify

reduction

of

pumping

yield,

20–27 March 2012 are shown in Figure 3. This result will
be used later for validation of the numerical experiments.

THE ATES SYSTEM AT OSLO AIRPORT
Model setup
Location and size of the ATES system
To demonstrate the essential physics, we decided to simplify
The ATES system at Oslo Airport is located at Gardermoen,

the simulations to a pure dipole system with one injection

on the largest precipitation-fed aquifer of mainland Norway.

and one extraction well. Pumping and injection volumes

The aquifer is part of a glacioﬂuvial delta structure (Tuttle

are chosen close to the real production volumes. The bound-

). Sediments consist of different layers of clay in the

ary conditions are derived from the analytic large-scale

deeper parts, and sand and gravel in the upper parts of the

model of Kitterød () and consistent with the regional

delta.

water balance.

A local domain of the aquifer is utilized as a source for

The dimensions of the local three-dimensional numeri-

heating and cooling of the indoor space at Oslo Airport.

cal model are 550 m × 550 m × 25 m in the x, y, and z

The ATES system consists of 18 wells, nine warm and nine

directions, respectively (Figure 4). The domain is oriented

cold, each with a diameter of 450 m and drilled down to

according to the regional model such that the boundary

45 m below the surface. The cold wells are located 180 m

x ¼ 0, denoted by Γ2 , is placed at the groundwater divide.
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The Gardermoen aquifer is a superposition of two deltas with paleo-portals at Trandum and Helgebostad. The map shows the groundwater divide (dashed curve), ﬂow lines
(arrowed curves), the airport, and the energy wells location (square).

Table 1

|

Physical and thermal properties of ﬂuid and aquifer for the thermo-hydraulic
modeling of the Gardermoen aquifer

pumping/injection from the wells is given by Equation (4)
with the boundary conditions

Property

Symbol

Value

Porosity

n

0.1507

Horizontal permeability

κx

1.08 × 1011 m2

Vertical permeability

κy

4.64 × 1012 m2

Density of ﬂuid

ρw

1,000 kg/m

Density of aquifer

ρs

2,630 kg/m3

Speciﬁc heat of ﬂuid

cw

4,200 J/kgK

Speciﬁc heat of solid

cs

800 J/kgK

When the ATES system is operating, the water is

Thermal conductivity of ﬂuid

λw

0.6 W/mK

pumped with a rate Qpu . The ﬂow boundary conditions

Thermal conductivity of solid

λs

2.0 W/mK

then become Equations (11a)–(11c) and

qn¼0
qn¼N

Γi ,

on

i ¼ 1, 2, 3, 6:

Γ5

on

(11a)

(11b)

3

ϕ ¼ ϕ0

on

q  n ¼ qpu

Γ4 :

on

(11c)

Σp

(11d)

The natural groundwater ﬂow is in the x-direction, and thus
parallel to the boundaries Γ1 and Γ3 . Boundary Γ4 is

q  n ¼ qpu

on

Σi ,

(11e)

assumed to have constant head ϕ0 (see derivation below).
There is no water ﬂux at the bottom of the aquifer (Γ6 ) but

where Σi and Σp denote the screens of the injecting and

the aquifer is recharged by inﬁltration, N (mm/day) from

pumping wells, respectively, and qpu is the ﬂow rate divided

the top boundary Γ5 . Thus, the groundwater ﬂow before

by the area of the screens.
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Pumping test from two observation wells showing extreme cases.

Figure 4

|

The three-dimensional local model domain.
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been applied. The simulations apply about 167,000 tetrahedral elements with a total of 273,500 degrees of freedom.

on all the sides, that is,
(λ∇T )  n ¼ 0

Hydrology Research

i ¼ 1, 2, :::, 6:

(12a)

Parameter evaluation

When the ATES system is operating, the temperature at

To investigate the effect of coupling temperature with the

the screen of the injections well is set to the temperature of

density and viscosity, we have simulated the ﬂow (with

the injected water

closed wells) for two different temperatures and compared
with the analytical solution. Equations (2) and (3) are

T ¼ Thw

on

Σi :

(12b)

inserted into the equation for hydraulic conductivity, and
the result is shown in Figure 5. Figure 5 also shows the

Physical and thermal properties of the ﬂuid and aquifer
are listed in Table 1.

W

hydraulic head in the model when inﬁltration of 30 C
water has been recharged from the top surface for 1 year

The temperature of the injected hot water through Σi is

with temperature dependent density and viscosity. Simu-

set to Thw ¼ 30 C. A steady-state recharge, N ¼ 1:1 mm/day

lated results are fully consistent with the analytic solutions

W

¼ 1:3 × 108 m/sec, at the top boundary has also been
applied (Kitterød ).
The constant head ϕ0 at the boundary Γ4 is obtained by

when T is constant, and demonstrate the impact of numerical coupling between temperature and Darcy ﬂow.
Our aim has been to simulate the ATES system as it was

considering a simple one-dimensional groundwater ﬂow

originally. Thus, only monitoring data with minimum chemi-

with recharge. Following Haitjema (), the Poisson

cal precipitation or bacterial growth in the well screens were

equation corresponding to groundwater ﬂow in x-direction

relevant, so all drawdown observations from the pumping

is given by

test with a pumping yield less than 0.75 compared to the
original pumping yield have been removed. Hence, only

d2 Φ
¼ N,
dx2

(13)

presented in Figure 6. To obtain a simulated hydraulic head

where Φ ¼ KHϕ is the discharge potential. Here H is the
thickness of the aquifer. Under the condition, Φ(0) ¼ Φ0
dΦ
j
and
¼ 0, the solution of Equation (13) is
dx x¼0
1
Φ(x) ¼  Nx2 þ Φ0 :
2

the four wells with ξ > 0:75 are included in the simulations
consistent with the observed drawdown, the permeability
was increased by a factor of 1.75 compared to Goshu &

(14)

Applying Equation (14), with a reference head taken
from a well observation, the calculated hydraulic head on
the boundary Γ4 is ϕ0 ¼ 24:5 m.
The setup in COMSOL is as follows: to avoid numerical
oscillations at the temperature front, some artiﬁcial isotropic
diffusion has been introduced. This method adds an artiﬁcial
diffusion term (γhjqj, where γ is a tuning parameter, h is the
mesh element size and q is the convective velocity vector) to
the physical diffusion coefﬁcient (COMSOL ). For this
study, γ ¼ 0:25 has been used.
For the coupled ﬂow and temperature simulations, the
COMSOL 4.3a adaptive mesh reﬁnement options have
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with the well orientations relative to the regional groundwater ﬂow. Three cases are considered, of which one
corresponds to the well orientation at the Oslo Airport
ATES system. There have been some uncertainties about
the inﬂuence of the temperature dependence on density
and viscosity, and that was investigated before proceeding
to further simulations. If the dependence proved to be
minor, the rest of the conﬁgurations can be simulated by
constant density and viscosity. This also helps the code to
run faster. The study continues with investigations of the
temperature behavior at four locations in the ﬁeld, again
considering the effect from the orientation of the wells and
the regional groundwater ﬂow. A ﬁnal conﬁguration provides spatio-temporal simulations of the temperature
Figure 6

|

Observed and simulated drawdown with different pumping rate and having
ξ > 0:75. The straight lines indicating the relation between simulated pumping
rate and drawdown was superimposed on the observations.

Omre (). As illustrated in Figure 6, the ﬂow model does

propagation with a cyclic pumping/injection operation.
Steady-state ﬂow for three different well conﬁgurations
has been used to illustrate energy storage efﬁciency and
risk for heat leakage out of the system (Figures 7(a)–7(c)).
The temperature at four different points (A, B, C, and D),

not reproduce exactly the monitoring data, but the simulated

14 m above the bottom of the model, has been extracted

drawdown is consistent with the range of the observed

for further inspection. For Figure 7(a), the regional ground-

drawdowns.

water ﬂow is perpendicular to the line joining the two
wells. Since recharge from precipitation is relatively small
compared to the injection/pumping rates, a large fraction

NUMERICAL RESULTS

of the velocity ﬁeld is directed toward the pumping well in
this case. In Figures 7(b) and 7(c), pumping and injection

As mentioned above, the simulations are limited to a single

wells are oriented along the groundwater ﬂow direction. If

dipole well system, and the ﬁrst-model conﬁgurations deal

injection of hot water takes place according to Figure 7(b),

Figure 7

|

Horizontal slice at z ¼ 14 m with hydraulic head contour (black curves), the stream lines (the curves in the direction of the velocity ﬁeld), normalized velocity ﬁeld (small arrows)
and regional groundwater ﬂow direction (big black arrows) when the pumping/injection rate is 28 m3/hr. Well pair orientations relative to the regional ﬂow cases (a)–(c).
Observation points (A, B, C, D) are located around the injection well with point C closest toward the pumping well.
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and injection of cold water according to Figure 7(c), this

observation point C is located close to the pumping well

well conﬁguration should minimize energy leakage out of

while point D is located most distant from the pumping well.

the ATES system. At the same time, this well conﬁguration

The following simulation results indicate the spatio-tem-

increases the risk of affecting the temperatures around the

poral temperature development for well conﬁguration in

downstream well. Thus, Figure 7(a) can be considered as a

Figure 7(a). After 6 months of continuous injection of hot

trade-off between risks for heat leakage out of the system,

water, the temperature anomalies around the injection

and cross-contamination of temperatures.

well are almost symmetric, indicating minor inﬂuence of

Temperature at the observation points (locations A–D in

inﬁltration velocities from precipitation (Figure 10). In

Figure 7) were simulated for well conﬁguration cases (a)–(c)

Figure 11, the pumping was reversed, i.e., there is pumping

(Figures 8 and 9). For simplicity, all conﬁgurations had injec-

of hot water and injection of cold water. Here, the impact

tion temperature equal to 30 C. Figure 8 shows the effect of

of the regional groundwater ﬂow (in x-direction) is clearly

temperature dependence on density and viscosity. Since the

captured in the spatial temperature distribution after 3–6

effect turns out to be relatively minor, further runs apply

months. The temperature anomalies after a full injection/

W

temperature independent parameters. The breakthrough

pumping cycle indicate the storage efﬁciency of the ATES

curves in Figure 9 indicate minor temperature difference at

system.

the four points. For cases (b) and (c), temperature development in point A and B is almost identical, while the
asymmetrical ﬂow ﬁeld for case (a) is evident in observation

DISCUSSION

points A and B. The breakthrough curve in point C is sharper for all cases compared to location D, and the steady-state

After 6 months of constant pumping/injection (28 m3/hr),

temperatures are higher. These results reﬂect the fact that

the simulations indicate no risk of breakthrough of hot

Figure 8

|

Temperature graphs for 6 months (180 days) at points A–D with pumping rate 28 m3/hr for case (a) (cf. Figure 7).
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The temperature development at points A–D for the three different cases in Figure 7 when the pumping injection rate is 28 m3/hr.

water in the cold water pumping well (Figure 10). Close to

temperature distribution in the aquifer and hot water con-

the injection well there is almost no difference in tempera-

tamination of the cold well after many years of

ture between upstream and downstream locations with

production.

respect to the background groundwater ﬂow (Figure 9).

To minimize the advective loss of heat energy, the

Apparently, since the inﬁltration rate is relatively small com-

ATES system is located close to the groundwater divide,

pared to the injection/pumping rate, the temperature

which gives very low (natural) groundwater ﬂow vel-

difference between the observation points in the model is

ocities. Thus, the ﬁnal aspect of storage efﬁciency

insigniﬁcant. In the case study, the total inﬁltration rate

discussed here is related to the risk of thermal cross-

into the model domain is about 14 m3/hr, which is about

contamination of injection/pumping wells. This problem

50% of the pumping/injection rate.

is addressed by running a half-year continuous hot water

The proﬁle in Figure 9 shows the temperature at the four

injection. Half a year is the most likely maximum continu-

different points for all three cases. In all cases, the point in the

ous injection period, because after half a year there will be

direction of the original groundwater ﬂow with respect to the

a demand for heating and therefore pumping of hot water.

injection well has a higher temperature than the others. How-

After 6 months of continuous injection, there is no indi-

ever, since the inﬁltration rate is small compared to the

cation of thermal cross-contamination. The simulations

pumping/injection rate, the natural groundwater ﬂow,

after repeated pumping/injection cycles show that there

which is perpendicular to the line joining the two wells, has

will be a minor temperature increase around the hot

only a small impact on the ﬂow propagation front.

water well before the next hot water injection takes

The current model may be applied, with appropriate

place. This temperature anomaly will be transported

modiﬁcations, to several other scenarios such as the

either to the cold water well or out of the model
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Temperature distributions for a vertical slice at y ¼ 185 m and a horizontal slice at z ¼ 14 m after warm water injection during the ﬁrst 6 months of production/injection
28 m3/hr for the ﬁrst case. The vertical broken black line in the top three panels shows the open screen.

domain. After one pumping/injection cycle the temperaW

of about 50 m, mechanical dispersion may be suppressed

the

to a minimum. In the present study case only thermal dif-

signiﬁcant energy recovery of the Oslo Airport ATES

fusion is considered, but to obtain numerical stable

system.

solutions in COMSOL, some artiﬁcial dispersion is

ture

increase

is

only

1–2 C,

which

indicates

The storage efﬁciency depends on the Peclet number

introduced. The Peclet number was between 100 and

which expresses the ratio between the advective and the

200 close to the wells, and from 20 to 30 far from the

diffusion/dispersion transport component. Sharp fronts

wells or if the ATES system is at rest. Figure 12 shows

give higher energy recovery than dispersed fronts. The

the average temperature of the extracted water. The

importance of mechanical dispersion for temperature

temperature of the water extracted in case (c) is less

transport is a subject of debate (Anderson ). Some

than the others after a few days. Owing to minor

;

impact of the regional groundwater ﬂow, the energy

Hopmans et al. ) argue that mechanical dispersion

recovery factors (Equation (10)) for the three different

is small relative to the molecular diffusion for heat trans-

ATES conﬁgurations were very similar (Figure 12). The

port, while others (Smith & Chapman ; de Marsily

theoretical recovery factors increase as a function of

) argue that mechanical dispersion should be taken

increasing number of injection/pumping cycles, from

into account. It is well documented that mechanical dis-

0.75 to 0.85 (see Figure 13). It should be emphasized

persion increases with transport distance. In our case,

that these results indicate an upper theoretical limit for

where transport of heat is limited to a radial distance

the energy efﬁciency of the Gardermoen ATES system.

authors

(Bear

;

Ingebritsen

&
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Temperature distributions for a vertical slice at y ¼ 185 m and a horizontal slice at z ¼ 14 m around the warm well during pumping of hot water for 6 months of production/
injection 28 m3/hr for the ﬁrst case. The vertical broken black line in the top three panels shows the open screen.

Figure 12

|

Average temperature at the screen (a) shows the temperature history of the injected and pumped water for ﬁve consecutive cycles of the three well conﬁguration and (b) gives
the average temperature of the extracted water from the hot well during the second half period of the ﬁrst cycle for the three well conﬁguration.

In reality, the energy recovery declined after a few years

may serve as a starting point for further studies of

due to chemical precipitation and iron-bacteria in the

coupling chemical and biological processes to tempera-

aquifer. The numerical model presented in this study

ture transport in the aquifer.
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rates create dispersed temperature anomalies around the
wells while long production periods with constant pumping/injection

rates

are

expected

to

create

sharper

temperature fronts.

CONCLUSION
This paper brieﬂy reviews the differential equations for
ATES and shows how boundary conditions for the
equations may be obtained from regional data. By using
estimated ﬂow parameters from previous studies of the
Gardermoen aquifer, we simulate drawdowns in the
Figure 13

|

Efﬁciency of the ATES at Oslo Airport for the three well conﬁguration.

same range as recorded during operational well tests.
Numerical simulations have been carried out to see the

Limitations of the study

ﬂow and thermal behavior of an ATES system with two
wells under cyclic operation at the Gardermoen aquifer.

The simulation results are highly affected by the boundary

The energy recovery of an ATES system depends on the

conditions. In this study, no temperature ﬂux at the bound-

natural groundwater ﬂow. Recovery of hot water increases

aries were allowed. Some initial simulations, not presented

if dispersion is small compared to advective ﬂow velocity.

in this study, indicate clearly that the thermal insulation of

Repeated injection and pumping cycles increase the theor-

the aquifer is crucial for the energy recovery (Doughty

etical energy recovery. Because the ATES system is

et al. ).

located close to the groundwater divide, the natural

The variation in density and viscosity across the ATES

groundwater ﬂow is minor. For that reason, the conﬁgur-

system in this case study had only a minor effect on the

ation of the injection and pumping wells with respect to

propagation of the temperature anomalies. Density differ-

the direction of the natural groundwater ﬂow has only

ences cause buoyancy effects, thus producing additional

minor impact.

vertical ﬂuid motion. In fact, density gradients can intro-

The simulation results indicate no risk for breakthrough

duce gravitational instabilities giving rise to circulation

of hot water from the injection to the pumping well during 6

of water in the aquifer, while the viscosity only alters

months of steady-state production for the three different well

the resistance to groundwater ﬂow (Ma & Zheng ).

geometries analyzed in this study.

With the temperature range in this case study from 4 to
W

From a hydrological point of view, the ATES ﬂow model

30 C, the effect on density is less than 1%, while the

should have boundaries coinciding with the aquifer, but this

differences in viscosity is about 50% (cf. Equations (2)

requirement would make the ATES model too big for the

and (3)). The impact on vertical velocities due to changes

computer. Thus, for feasible simulations, there is always a

in density is also reduced due to the vertical/horizontal

trade-off between computational efﬁciency and the size of

permeability anisotropy (Table 1). Thus, the importance

the local ﬂow domain. In the ATES system at Gardermoen,

of viscosity in this case is one to two orders of magnitude

after a continuous injection of hot water for 6 months, the

more important than changes in density.

cold water reservoir was never affected by hot water. It is

The Oslo Airport ATES system is operated under

important to evaluate the efﬁciency of the ATES system

cyclic ﬂow regimes that may be reversed several times

with respect to the regional groundwater ﬂow. In this case,

during a week and with variable pumping/injection

the energy recovery was not sensitive to the direction of

rates. Rapid ﬂuctuations and variable pumping/injection

the groundwater ﬂow.
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