Hydrogeology Journal (2023) 31:1067-1082 @‘@
https://doi.org/10.1007/510040-023-02630-9

PAPER q

Check for
updates

Predicting the risk of saltwater contamination of freshwater aquifers
during aquifer thermal energy storage

G. Regnier'® . P. Salinas® - M. D. Jackson'

Received: 26 July 2022 / Accepted: 13 March 2023 / Published online: 10 April 2023
© The Author(s) 2023

Abstract

Aquifer thermal energy storage (ATES) is an underground thermal energy storage technology with a large potential to
decarbonise the heating and cooling of buildings. ATES installations typically store thermal energy in aquifers that are also
exploited for potable water, so a major consideration during development is ensuring that system operation will not lead to
groundwater pollution. In this study, the risk of contamination due to upconing of a shallow freshwater/saltwater interface
during ATES operation is investigated. Fluid flow, and heat and salt (chloride ion) transport are simulated in a homogene-
ous aquifer during ATES operation via a well doublet. The impact of geological, hydrological and operational parameters
is investigated in a sensitivity analysis. Two new dimensionless numbers are proposed to characterise salt upconing and
redistribution during ATES operation and provide a close match to simulated concentrations: Cy ,, characterises the con-
tamination risk at the ATES installation, and Cy 4 characterises the risk at locations downstream of the ATES installation
with respect to background groundwater flow. ATES systems with Cy, , and Cy 4 < 10 introduce low risk of contamination
in a homogenous aquifer, with chloride concentration at, and downstream of, the ATES system, remaining below the World
Health Organisation’s advised limit. ATES installations with Cy, ;, and Cy 4 > 10 cause a rapid increase in aquifer chloride
concentration. The results are used to estimate an exclusion distance beyond which ATES system operation will not cause
contamination in a homogenous aquifer. The dimensionless parameters proposed allow rapid assessment of the potential for
saltwater contamination during ATES operation.

Keywords Aquifer thermal energy storage - Numerical modelling - Contamination - Solute transport

Introduction

More than 75% of heating and cooling demand worldwide
is met by combustion of fossil fuels, representing approxi-
mately 50% of the world’s total primary energy consump-
tion (Fleuchaus et al. 2018). Aquifer thermal energy storage
(ATES) is a technology that could be used at a large scale
to provide low-carbon heating and cooling of buildings by
storing, seasonally, hot and cold water in aquifers (Bloe-
mendal et al. 2015). Most installations are currently located
in the Netherlands (approx. 90% of all ATES deployments)
but there is a large potential for the deployment of ATES
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systems worldwide (Bloemendal et al. 2015; Fleuchaus et al.
2018; Pelligrini et al. 2019).

Aquifers utilised for ATES are often also sources of pota-
ble water (Bonte et al. 2011b). One major concern when
deploying ATES systems is, therefore, ensuring that their
operation does not cause chemical or biological pollu-
tion. As the number of ATES systems grows worldwide,
this concern is increasing amongst water companies and
environmental agencies (Anibas et al. 2016). Groundwater
pollution can take many forms, including contamination by
sewage, salt, fertiliser, microbes and bacteria. Heat may also
be considered a pollutant (Blum et al. 2021). Bonte et al.
(2011a) found that treatment of contaminated freshwater is
energy-intensive and is likely to negate the energy savings
from ATES operations. To deploy ATES systems safely and
sustainably, it is therefore essential to avoid groundwater
contamination. Previous research on the impact of ATES on
groundwater quality has largely focused on general reviews,
specific site investigations and laboratory experiments, and
has mostly considered the impact of temperature changes
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on reaction kinetics, metal and trace element concentrations
(Bonte et al. 2013; Liiders et al. 2020) and mineral disso-
lution and precipitation (JesuBek et al. 2013; Bonte et al.
2013). Overall, at the low temperatures (<25 °C) typical of
ATES systems used for heating and cooling, these studies
found that ATES operation had a limited impact on ground-
water quality.

One of the main risks to groundwater quality is mix-
ing (Bonte et al. 2011b). Natural gradients in pH, redox
potential or salinity are common in aquifers (Possemiers
et al. 2014) and mixing of groundwater sourced at differ-
ent depths can have a major influence on its chemistry and
quality. During ATES operation, groundwater is produced
through the well screen(s) and effectively mixed as it flows
upwards through the abstracting borehole(s), through the
surface pipework and heat exchanger(s), and back into the
aquifer via the injecting borehole(s). This process leads to
mixing of deeper and shallower groundwater, homogenising
any natural gradients that were initially present. Groundwa-
ter in many aquifers is fresh near the surface, but becomes
increasingly saline with depth; often, the transition between
freshwater and saltwater takes place over just a few metres,
allowing an interface between freshwater and saltwater to be
defined (e.g. Fig. 1; MacAllister et al. 2018). Upconing of
saltwater to freshwater abstraction boreholes is a well-known
contamination risk (Griffiths et al. 2003; Cai et al. 2014).

Previous reviews on the impact of ATES on groundwa-
ter quality have identified mixing of fresh and saltwater
as a potential risk (Bonte et al. 2011b; Possemiers et al.
2014). The World Health Organisation (WHO) currently

recommends that sodium (Na) and chloride (Cl) concentra-
tions in drinking water should be below 200 and 250 mg/L,
respectively. These recommendations have been widely
adopted, for example, in the EU and the USA. Changes in
salt concentration can also affect mineral equilibria (Pos-
semiers et al. 2014), leading to operational issues such as
corrosion and clogging (Bloemendal et al. 2015).

Saltwater upconing toward abstraction boreholes during
abstraction has been characterised previously using simple
mathematical models (Dagan and Bear 1968; Garabedian
2013), laboratory experiments (Goswami and Clement 2007,
Werner et al. 2009) as well as numerical models (Saeed et al.
2002; Goswami and Clement 2007; Jakovovic et al. 2011;
Cai et al. 2014). Most studies have focused on groundwater
abstraction and have shown that upconing is more likely to
occur in low-permeability aquifers in which boreholes are
operated at high abstraction rates, and with a small standoff
(vertical separation) between the lowermost part of the well
screen and initial saline interface; upconing is suppressed if
the aquifer has lower vertical than horizontal permeability.
However, ATES operation is characterised by both abstrac-
tion and reinjection of water and, as is reported in this study,
the response of the saline interface to cyclic abstraction and
injection via a typical ATES doublet differs from upconing
during abstraction.

The aim of this study is to characterise the risk of
groundwater contamination caused by upconing of a
freshwater/saltwater interface during ATES operation.
Groundwater flow, and heat and salt (chloride) transport
are modelled using a high-resolution numerical simulation
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Fig.2 a Geological model consisting of low-permeability mudstone
overburden (brown) and sandstone aquifer (blue). The domain com-
prises two wells, a warm well and cold well, which extend from the
top of the model to a depth of 150 m. b The wells are indicated by

methodology based on dynamic mesh optimisation (DMO),
previously applied to ATES modelling in Regnier et al.
(2022). The method is applied to a three-dimensional (3D)
geological model of a homogeneous aquifer with a saltwa-
ter interface situated at shallow depth. ATES operation is
simulated via a well doublet over fixed 6-month cycles. A
sensitivity analysis is conducted to investigate the risk of
contamination for a realistic range of geological, hydrolog-
ical and operational parameters. Two new dimensionless
numbers (Cy ,, and Cy, 4) are proposed which can be used
to characterise upconing and redistribution of salt during
ATES operation. The parameters can be used to identify
high and low-risk regimes for ATES operation, allowing
rapid assessment of the contamination risk associated with
a given ATES system. They can also be used to define zones
of exclusion around ATES wells to avoid contamination of
freshwater abstraction wells. Note that this study considers
only balanced ATES systems in which the same volumes
of groundwater are injected and produced at both wells,
because (1) operating balanced systems is a legal require-
ment in some countries like the Netherlands (Schuppler
et al. 2019) and (2) maintaining thermal balance is key to
sustainable ATES operation (Pellegrini et al. 2019).

Table1 Rock and fluid properties (Wilson and Luheshi (1987);
Armitage et al. (2016); Harrington et al. (2018); Medici et al. (2019);
Boon et al. (2021); Scorgie et al. (2021)): p density, Cp specific heat

N
o

(¢W/owW) UoRRIIUIIU0D

the thick red and blue lines, respectively, showing a cross-section of
the initial chloride concentration along the solid white line. The ini-
tial concentration gradient with depth is based on the measured data
shown in Fig. 1

Methodology
Model setup

The model used in this study represents a homogeneous
sandstone aquifer which is top-confined by a 50-m-thick
mudstone layer (Fig. 2a). The aquifer extends from a depth
of 50 m to the bottom of the model (z = 500 m). Petrophysi-
cal and fluid properties are given in Table 1.

The initial geothermal gradient is 3 °C/100 m and the
initial chloride concentration assumes a saline interface
is present at depth, as observed in the Triassic Sherwood
Sandstone Aquifer, at the Chat Moss observation borehole
near the city of Manchester, UK (Griffiths et al. 2003). The
chloride ion concentration in this example varies from 0.48
mol/m? in the upper, freshwater portion of the aquifer, to 291
mol/m? in the lower, saltwater portion with a sharp freshwa-
ter/saltwater interface at 190 m depth. The freshwater con-
centration of chloride is in the range typically measured for
potable groundwater (Kristiansen et al. 2011; Amani et al.
2015). Similar sharp freshwater/saltwater interfaces are
observed in many aquifers (e.g. Voss and Souza 1987, Saeed
et al. 2002; MacAllister et al. 2018). The concentration of

capacity, x thermal conductivity, ¢ porosity, k, permeability, k/k,
permeability anisotropy

Medium P G K ky k/k,
(kg/m®) [J/(kgK)] [W/(mK)] - (m?) -
Fluid 1,000 4,185.5 0.6 N/A N/A N/A
Overburden mudstone 2,722 614 2.15 0.0905 1.08 x 10718 1
Sandstone 2,640 496 4.68 0.24 (0.15-0.3) 25%x 1073 (25 %x 10712 1%, 0.5%%
—2.5x 10714 (0.01-1)

The groundwater density is the reference value for freshwater p,. Where more than one value is given, * indicates the value used for the example
‘high-risk’ case and *x for the example ‘low-risk’ case. Porosity, permeability and permeability anisotropy were varied during the sensitivity

analysis. The values in brackets represent the range that was explored
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chloride ions is modelled here as a proxy for salinity and
this study tested a range of values for the concentration of
the saline portion of the aquifer (Table 2). A linear equation
of state is used to model the concentration and temperature
dependence of water density:

pr=py [1+a(C—Cy)=p(T-T,)] (1)

where p, = 1,000 kg/m® is the reference density at the fresh-
water reference concentration C, = 0.48 mol/m?, reference
temperature 7, = 298 K, a = 6.89 X 1073 m3/mol is the
concentration density coefficient and = 2.41 x 107 K~!
is the thermal expansion coefficient.

The ATES system comprises a single well doublet. The
wells are separated by 150 m and extend to a depth of 150
m; the well spacing is chosen to avoid thermal interference
during operation (Bloemendal and Hartog 2018). Injection/
abstraction cycles are fixed to a duration of 6 months and the
flowrate during warm and cool storage is uniform to ensure
a balanced system (Bloemendal and Hartog 2018; Pelligrini
et al. 2019). In ‘summer’ periods, cold water is pumped at
a constant rate g, from the cold well, whilst warm water is
reinjected at a fixed rate g;, into the warm well. Conversely,
in ‘winter’ periods, warm water is pumped from the warm
well, whilst cold water is reinjected into the cold well. It
is assumed that water is always reinjected at a fixed tem-
perature T}, . and T, , for the cold and warm wells respec-
tively, having delivered cooling or heating to the associated
building(s). However, the chloride ion concentration of the
injected water varies because it is assumed there is no treat-
ment of the abstracted water. In the simulations, at each
timestep, the chloride ion concentration of the reinjected

water is equal to the concentration of the water that was
abstracted during the previous timestep.

Constant, horizontal groundwater flow u,, is included
using a velocity boundary condition along the left face as
shown in Fig. 2a. The well doublet is oriented with respect
to groundwater flow such that the thermal plume from one
well is not advected toward the other, because this could lead
to thermal interference and a significant reduction in storage
efficiency (Bloemendal and Hartog 2018). The domain mod-
elled extends significantly downstream of the wells, because
the groundwater flow advects the plumes of injected water
during ATES operation. The wells are therefore placed at a
distance 1.5 km from the right boundary of the domain to
avoid boundary effects; a domain of twice the size was also
tested, and simulated temperatures and concentrations were
found to vary by less than 3%, confirming the chosen domain
size is sufficiently large.

Sensitivity analysis

To gain a comprehensive understanding of the contami-
nation risk associated with ATES operation, a sensitivity
analysis was conducted with different combinations of input
parameters describing geological and hydrological proper-
ties, and operational controls. The parameters varied and
the range of values tested is reported in Tables 1 and 2. The
effect of larger well spacing was also investigated for one
simulation case where the thermal radius was larger than
0.5x% the original 150-m well spacing. As this was not found
to have a significant effect on monitored concentrations, it
therefore was not further tested.

Table 2 Operational variables
and model parameters

Variable name Symbol Unit Base value Variable range
Domain length L m 2,000 -

Domain width w m 1,000 -

Domain height H m 500 -
Acceleration due to gravity g m/s? 9.81 -
Background flow velocity u,, m/year 3 0.03-100
Molecular diffusion D, m%/s 107 -
Dispersion coefficient D m?/s 0.01 -

Standoff d m 46 25-75
Screen length L, m 100 25-100
Pipe radius r m 0.1425 -

Pipe thickness h m 0.007 -

Pipe thermal conductivity Ky W/(m.K) 0.3 -

Injection flowrate 0] m>/h 1003, 50 20-100
Injection temperature (cold) Tine °C 7.85 -

Injection temperature (warm) Tinw °C 17.85 -
Intruding saltwater concentration C mol/m> 291 150-1,000

‘Where more than one value is given, * indicates the value used for the example ‘high-risk’ case and = for

the example ‘low-risk’ case
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The sensitivity analysis comprised two sets of simula-
tions. First, to understand the effect of individual parameters,
simulations were run, in which each parameter was varied
whilst maintaining the others fixed to a base value. Sec-
ond, to ensure that the parameter space was appropriately
explored and to understand the combined effect of varying
multiple properties, additional simulations were run, with
parameter combinations chosen using the maximin Latin
Hypercube sampling method. Latin Hypercube sampling
methods are often used to design sensitivity analyses, allow-
ing for an efficient selection of model inputs and exploration
of the parameter space (McKay et al. 1979; Seaholm et al.
1988). The design was created using the python package
Python-DOE.

Based on these parameters, two dimensionless numbers
are proposed to characterise the risk of saltwater contami-
nation, designed by inspection of the system and simulated
cases. The first characterises the risk of saline contamination
at the ATES system wellheads, and is defined as:

k, 1% R 1%
Cry = <k_> —37}1 log <—2>
x/ (d+ uy|t) V. (d + luyt)
@)
where Ry is the hydraulic radius, given by (Doughty et al.
1982):

_ Vv
R =\| gl ©

and V is the total volume injected during one storage cycle
(all units are SI).

The second dimensionless parameter characterises the
risk downstream of the ATES installation at a distance d,,
from the system and a time ¢, since the onset of system
operation:

This parameter should be used to assess the risk of contami-
nation at distances d,, > Ry;. For each simulation, the dimen-
sionless parameters were computed to allow comparison across
different simulation cases. The simulations run in the sensitivity
analysis are characterised by values of Cy, , ranging from 0.07
to 248, spanning 5 orders of magnitude and encompassing the
parameter range expected in typical ATES deployments.

To demonstrate that, Cy , and Cy 4 are correlated with
concentration during ATES operation, simulated chloride
concentrations were plotted against the corresponding value
of the dimensionless parameters and the coefficient of deter-
mination R* was used to quantify the quality of the fit (Bryhn
and Dimberg 2011).

Classifying contamination risk

Freshwater is considered here to be contaminated where the
chloride ion concentration exceeds the WHO recommended
limit of 250 mg/L or 8.86 mol/m>. As previously mentioned,
this limit is followed by the EU and US.

To assess the risk, simulated chloride concentrations at the
wellhead and downstream of the ATES system were recorded.
The system is classified as low risk if concentrations remain
below the WHO limit. The system is classified as medium risk
if the concentration exceeds the WHO limit only at the ATES
system wellheads. The system is classified as high risk if the
downstream concentration exceeds the WHO limit, because
contamination in this case could affect neighbouring installa-
tions such as freshwater abstraction wells.

Modelling approach
The open-source IC-FERST numerical simulator was used to

model combined groundwater flow, heat transport and contam-
inant transport. IC-FERST is a 3D tetrahedral, mesh-adaptive,

k. vV 12{ \%
Crqld,.t,) = <—“> log
ral ) ke/ (d + luy]r)® 4 <\/k_z(d+|uw|t)2

1 4 ol
) ¢ )

parallel reservoir simulator (Jackson et al. 2015). ICFERST has
been previously validated and used to model single phase fluid
flow and heat transport in the context of geothermal energy
production (Salinas et al. 2021) and ATES operation (Regnier
et al. 2022). It has also been validated for component transport
and applied to the problem of saline intrusion in coastal aqui-
fers (Hamzehloo et al. 2022). An additional validation of the
method is given in the Appendix, against the analytical equa-
tion for upconing of a saltwater/freshwater interface (Dagan
and Bear 1968) which is of particular relevance to this study.

The governing equations are discretised using a double
control volume finite element method and solved using a
fixed-point Picard-iterative nonlinear approach (Salinas
etal. 2018, 2021). The convergence criterion for the nonlin-
ear solver was set here to 0.03 (i.e. the solution was assumed
to be converged when the change in the infinite norm of the
normalised difference between two nonlinear iterations is
less than 3%). The adaptive implicit theta method is used
to discretise time, with theta varying between 0.5 (Crank-
Nicholson) and 1 (implicit Euler), based on a total variation
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diminishing approach (Salinas et al. 2021). A high order
method is used to calculate interface fluxes, using a normal-
ised variable diagram (Salinas et al. 2021).

An unstructured tetrahedral adaptive mesh is used to discre-
tise space, which adapts to solution fields during a simulation
using dynamic mesh optimisation (DMO). The process of DMO
has been described previously (Salinas et al. 2021). In this study,
the mesh adapted to the pressure, temperature and concentra-
tion fields. The maximum element edge lengths allowed in the
domain were 500 m in the x and y directions, and 100 m in the
z direction. The minimum edge lengths were 3 m in the x and y
directions, and 0.5 m in the z direction. An adaptive time-step-
ping method was used, which is based on the convergence rate
of the nonlinear solver: the faster the nonlinear solver converges,
the larger the next timestep used. No minimum timestep was
specified, but the maximum timestep was limited to 7.6 days.

Results

Two example cases from the ensemble of models run in the
sensitivity study are first reported to illustrate end-member
examples of ATES systems with a ‘high’ and ‘low’ risk of
causing salt contamination of the freshwater aquifer.

Fig.3 Cross sections of the
chloride concentration field
along line A—A’ as defined in
Fig. 2 for the example ‘high-
risk’ (a—¢) and ‘low-risk’ (d—f)
cases at different levels in time:
0.5 years, 1 year and 25 years.
The concentration isolines are
plotted for 2, 4, 8.86 (in red,
indicating the WHO limit), 20,
50 and 100 mol/m>. a The cold
and warm wells are indicated
on the plot by blue and red
rectangles, respectively. The
corresponding animations for
these simulations can be found
in the electronic supplementary
materials (ESM1 and ESM2)

0
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A High risk case

‘High risk’ example case

First, the near-well effects on the saltwater/freshwater inter-
face during ATES operation are shown. The chloride con-
centration fields at different snapshots in time are shown in
Fig. 3a—c. There are several key processes that can be observed
in the near-well region. As expected, water abstraction leads
to upconing of the saltwater interface below the abstracting
well, leading to intrusion of water with a chloride concen-
tration higher than the WHO limit. However, unlike simple
groundwater abstraction, downconing of the saltwater interface
below the injecting well is also observed. Production of higher
salinity water into the abstracting well leads to reinjection of
water with a higher chloride concentration at the injecting well
along the entire screen length. Alternating abstraction and
injection at each well creates a plume of higher salinity water
around both wells, which is transported laterally away from the
wells and diffuses upwards into the overlying low-permeability
mudstone layer. Background groundwater flow transports the
plume of higher salinity water downstream (Fig. 4a) and, in
this case, after 25 years of operation, the chloride concentra-
tion of the groundwater exceeds the WHO limit to a distance
of 230 m downstream from the ATES wells.

A'A Low risk case A

100 200
Concentration (mol/m
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High risk case

Fig.4 Cross sections of the chloride concentration field along line
B-B' as defined in Fig. 2 after 25 years of simulation for: a the exam-
ple ‘high-risk’ case, and b the example ‘low-risk’ case. The concen-
tration isolines are plotted for 2, 4, 8.86 (in red, indicating the WHO

Figure 5a shows the concentrations simulated at the well-
heads and at offset monitoring points downstream from the
wells. Upcoming of saline water soon after the system starts
operating causes a rapid increase in the wellhead concentra-
tions, exceeding the WHO limit. The concentrations monitored
downstream show a more gradual increase, with the closest
monitoring points increasing most rapidly. After 25 years of
operation, the monitored concentration at a distance of 120 m
downstream of the ATES wells exceeds the WHO limit; how-
ever, at 360 and 480 m, the concentrations remain far below the
limit. Overall, in this case, the risk of freshwater contamination
is high. The chloride concentration is above the WHO limit at
the wellhead and downstream of the ATES system.

‘Low-risk’ example case

The chloride concentration fields at different snapshots in
time for an example ‘low-risk’ case are shown in Fig. 3d—f.
Compared to the example ‘high-risk’ case, upconing and
downconing of the saltwater interface is significantly reduced.
The concentration isolines from 8.86 to 100 mol/m® remain
broadly flat, which is a consequence of the combined effect
of the lower abstraction and injection flowrates in this case,
and anisotropy of the aquifer permeability with low vertical
permeability suppressing upconing. The limited movement
of the saltwater interface means that the concentration of the
groundwater which is circulated through the ATES system
never exceeds the WHO limit (Figs. 3d—f and 5b); moreover,
the downstream monitored concentrations show a gradual
increasing trend but always remain well below the limit. This
example ATES system therefore exhibits a low risk of salt
contamination of the groundwater during operation.

Dimensionless analysis

The processes previously described in the two example
cases are generally representative for long-term ATES

limit), 20, 50 and 100 mol/m>. a The cold well is indicated on the plot
by a blue rectangle. The corresponding animations for these simula-
tions can be found in ESM3 and ESM4

operation in homogeneous aquifers; however, as illus-
trated by the differences between the example high- and
low-risk cases, the magnitude of upconing and downcon-
ing of the interface, and the resulting risk of contamina-
tion, will inevitably change for different geological and
operational parameters. A sensitivity analysis is therefore
essential to understand the effect of these parameters on
the risk of salt contamination in homogeneous aquifers.

Following the sensitivity analysis described in sec-
tion ‘Methodology’, the dimensionless parameter Cg
was plotted against monitored wellhead concentrations
at early and late times (Fig. 6). There is a clear trend, with
increasing values of Cy , corresponding to systems with
increased salt concentration at the wellhead (Fig. 6a). Sta-
tistically meaningful second order polynomial trends can
be identified, associated with an R* value of 0.87 for both
early and late times. For systems characterised by Cy
< 10, the chloride concentration remains approximately
constant and below the WHO limit, irrespective of the
value of Cy . These systems are therefore at low risk of
saltwater contamination during ATES operation, whereas
for Cg ,, > 10, there is a gradual increase in the concen-
tration at the wellhead with increasing Cy . Above this
threshold, the risk of saltwater contamination at the ATES
wellheads markedly increases, with simulated concentra-
tions above the WHO limit.

Chloride concentration in the aquifer downstream of
the wells was also plotted as a function of Cy 4 (Fig. 6b).
A second-order polynomial trend is observed between
Cr 4 and concentration, characterised by an R? value of
0.67. For Cg 4 < 10, simulated concentrations remain
below the WHO limit. For larger values of Crq > 10,
increasing Cy 4 corresponds to increased concentration,
beyond the WHO limit. Note that simulated concentra-
tions at monitoring distances of 360 and 480 m always
remained below the WHO limit, a result that is discussed
further in a later section.
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Fig.5 Ratio of simulated chlo-

High risk case

Low risk case

ride concentrations to the WHO

limit C; (250 mg/L = 8.86 mol/ —— Wellhead —— 360m 1.0

m?) at the wellheads and offset 25 —— 120m —— 480m 0.9

monitoring locations 120, 360 20 H 0.8

and 480 m downstream of the ’ ‘ H ‘\‘ } | H H 4 WJ ijww 0 07

ATES wells at a depth of 100 m 3 M u u, W W U WALMEL 3
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the red-dashed line ] 0.2 JIIPRE e S|
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Time (yrs)
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(a)

Sensitivity study

The sensitivity study allows the impact of varying individual
reservoir and operational parameters on salt concentration
at the wellheads and downstream of the ATES installation
to be quantified (Fig. 7).

For both wellhead and downstream concentrations, vary-
ing the standoff d has the most significant impact on con-
centration, with decreasing standoff leading to increased
concentration. The injection/abstraction flowrate Q has
the next largest impact, with increased flowrate leading to
increased concentration. Upconing of a saline interface dur-
ing abstraction is known to be sensitive to these parameters
(e.g. Dagan and Bear 1968; Garabedian 2013; Werner et al.
2009; Jakovovic et al. 2011). The other parameters varied in

25
e 05yrs F
A 15yrs ,"
204 ---- Polynomial fit (0.5 yrs) ° "'
-------- Polynomial fit (15 yrs /
y (15 yrs) R2 =087/
1
e !
151 II’
o
[$) /
104 ° III.
.II a
R2 =087 ¥
5 /
/‘.' A A
caat”
!H;!‘.HHHHHHFM-.H&.::HHHHH&H&HHHH&H&H%MI—---———' --------
102

Fig.6 a Ratio of simulated chloride concentrations to the WHO
limit C; (250 mg/L = 8.86 mol/m®) at the ATES wellheads after 0.5
and 15 years for simulations characterised by a range of values for
the dimensionless parameter Cy. The black-dotted and dashed lines

are of the form y=ax?>+bx+c with a = -2.237x107>, 1.188x 1073,
b=6.957%1072, 2.638x1072 and c=—0.104, 0.368 respectively.
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the sensitivity analysis have a comparably smaller impact on
salt concentration, and the rank order of significance is dif-
ferent for concentration at the ATES wellheads (Fig. 7a) and
downstream of the ATES installation (Fig. 7b). Salt concen-
tration is lower for smaller values of k_/k, and longer screen
length L, consistent with previous upconing studies; salt
concentration is also lower for higher background ground-
water flow lu,l. In this base case scenario, permeability k.
has almost no impact on salt concentration downstream of
the installation and only a small impact on salt concentration
at the wellheads, with higher permeability corresponding to
lower concentration. Perhaps surprisingly, the salinity of the
intruding saltwater C; was found to have negligible impact
on salt concentration at the wellheads or downstream of the
installation, a consequence of the dependence of density on

35 ° 120 m,10 yrs ° 480 m,10 yrs |
(] 120 m,15 yrs e 480 m,15yrs H

304 © 360 m,10 yrs ---- Polynomial fit ° .,"
° 360 m,15 yrs .:’

/

1

1

b Ratio of simulated chloride concentrations to the WHO limit
after 15 years, recorded downstream from the ATES system, at 100
m depth, for different values of Cra with d,, = 120, 360 and 480 m
evaluated at # = 10 and 15 years. The black-dashed line is defined by
a=1.097x107%, b=1.29x1072 and ¢=0.246. The limit (at which

C/C; = 1) is indicated by the red-dashed line
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Fig.7 Impact associated with
each variable on simulated
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salinity (Eq. 1). More saline water increases contamination,
but also has higher density, suppressing upconing of the salt-
water/freshwater interface. The concentration of the intrud-
ing saltwater was, therefore, omitted from the dimensionless
parameters Cy ,, and Cg 4.

Discussion

Risk of saltwater contamination at the ATES system
wellheads

Despite the high risk of saline contamination for some
systems, there is a large parameter space within which
ATES systems can be designed and operated with low
risk of upconing causing contamination at the wellheads
(Fig. 6a): the risk of upconing increases as the value
of the dimensionless parameter Cy ,, increases above
the threshold value of 10. Inspection of Eq. (2), which
defines Cy . shows that contamination risk increases
with decreasing standoff d (varying as d°), increasing
hydraulic radius Ry (a function of screen length L, vary-
ing as y/1/L,) and increasing stored volume V (where
Ry and V are both functions of the injection/abstraction
flowrate Q, varying as Q>), consistent with the results of
the sensitivity analysis (Fig. 7a). Contamination risk also
increases with increasing permeability ratio k/k, (varying
as k,/k,), decreasing background aquifer flow lu,| (vary-
ing as lu,I7), and decreasing permeability k, (varying as
1/k,), but the results of the sensitivity analysis show that
the impact of varying these parameters over the range
reasonable for ATES installations is comparably smaller
than varying d and Q. These are the most important oper-
ational parameters controlling the risk of upconing and
saline contamination of the ATES system.

(b)

A sustainable ATES deployment must operate at low risk
of contamination over long timescales. For a given value of
Cr.w- the concentration at the wellhead is typically similar
or lower after 15 years of operation, compared to the value
after 0.5 years of operation (Fig. 6a). In particular, systems
at high risk of contamination, with large values of Crw > 10,
show a large decrease in concentration at the wellhead after
15 years of operation, which is significant, as it suggests that
contamination risk does not increase with time. The cycli-
cal nature of injection and abstraction at each well during
ATES operation reduces the long-term risk of contamination
because upconing in each well during abstraction is at least
partly balanced by downconing during injection across each
seasonal cycle. As this differs from upconing during ground-
water abstraction, in which the cone always moves towards
the well, the risk of contamination only increases with time.

Risk of saltwater contamination downstream
of the ATES installation

There is also a large parameter space within which ATES sys-
tems can be designed and operated with low risk of upconing
causing contamination downstream of the system (Fig. 6b).
Contamination risk increases as the value of the dimension-
less parameter Cy, 4 increases above the threshold value of 10.
Inspection of Eq. (4), which defines Cy, 4, shows that down-
stream contamination risk increases with decreasing standoff
d, increasing hydraulic radius Ry; (again, a function of screen
length L) and increasing stored volume V (where Ry and V
are again both functions of the injection/abstraction flow-
rate Q), consistent with the results of the sensitivity analysis
(Fig. 7b). Contamination risk also increases with increasing
permeability ratio k/k, and decreasing permeability k_, but
the results of the sensitivity analysis show that the impact of
varying these parameters over the range reasonable for ATES
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Fig.8 Ratio of simulated chlo- 10?
ride concentrations to the WHO
limit C; (250 mg/L = 8.86 mol/
m®) at a depth of 100 m along
line C—C' in Fig. 2 after a 15
years for all simulated cases
and b 25 years for selected
cases with high downstream
contamination risk. a Curve
colour denotes the correspond-
ing value of Cy 4 (120 m, 15
years); blue curves correspond
to low-risk cases with Cy 4 (120
m, 15 years) < 10; red curves
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years for eight cases values of
Cr.a > 10. The corresponding
exclusion distances for each
case, calculated using Eq. (5)
based on a 25-year operation,
are indicated by dots of cor-
responding colours. The WHO
limit (at which C/C; = 1) is
indicated by the black-dashed
line
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installations is comparably smaller than varying d and Q.
These are the most important operational parameters control-
ling the risk of saline contamination both at, and downstream
of, the ATES system.

Comparing Cy, , (Eq. 2) to Cy 4 (Eq. 4), it is evident that
some controls on contamination at the ATES wellheads
are broadly the same as those on downstream contamina-
tion; however, Cy 4 has an increased dependence on the
hydraulic radius Ry (varying as RH2 as opposed to Ry for
Cr ). Larger values of hydraulic radius Ry are associated
with a larger spread of the saline plume around the ATES
system and, therefore, increasing risk of downstream con-
tamination. Cy 4 also includes a dependence on monitoring
time (varying as 7,.°) and monitoring distance (varying
as dm’l's). As expected, downstream contamination risk
increases with time and decreases with increasing dis-
tance; however, simulation results show that concentra-
tion remains below the WHO limit at sufficient distance
from the ATES system, even at late times. Concentration
profiles along section C—C’ in Fig. 2, at a depth of 100 m,
after 15 years of operation, are shown in Fig. 8a. Consist-
ent with the results shown in Fig. 6b, simulations with the

@ Springer
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largest values of Cy 4 are associated with the highest risk
of downstream contamination, with concentrations higher
than the WHO limit; however, in all cases, concentrations
remain below the WHO limit at distances greater than 500
m from the ATES system. To determine whether this holds
for longer-term ATES operation, eight cases with values
of Cg 4 > 10 were simulated for 25 years (Fig. 8b). At this
later time, the saline plumes have been further advected
downstream, but concentrations remain below the WHO
limit beyond 500 m from the ATES system. The reason is
that the plumes spread laterally as well as downstream,
such that the concentration at late times remains below the
WHO limit, even downstream of ATES systems with high
concentration at the wellheads. This distance can be com-
pared with the hydraulic radius which, for ATES systems
with Cra (120 m, 15 years) > 10, has an average value of
ca. 74 m and, for the highest risk case, a value of ca. 96 m.

Finally, a key difference between Cy ,, and Cy 4 is the
effect of groundwater velocity u,,, which appears in both
the numerator and denominator of Cy, 4, but appears only in
the denominator of Cy .. Increasing groundwater velocity
only decreases contamination risk at the wellhead, but also
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contributes to increased risk of contamination downstream
due to advection of the plume.; however, cases with high risk
of downstream contamination are not correlated with the
highest groundwater velocities and vice-versa (Fig. 9). At
the ATES wellheads, increasing groundwater velocity always
correlates to a decrease in concentration, due to reduced
upconing. Conversely, downstream of the ATES system,
concentration rapidly increases and then slowly decreases
with increasing groundwater velocity over the broad range of
values tested (Table 2). None of the ATES cases tested here
with the largest values of groundwater velocity are charac-
terised by a value Cy 4 (120 m, 15 yrs) > 10. Cases with low
groundwater velocity show the highest salt concentrations
around the ATES wells; however, the contamination plume
does not spread far downstream, so there is a low risk of
downstream contamination. In cases with higher ground-
water velocities, the saline plume is advected further down-
stream, but concentrations remain low due to the reduced
upconing.

Application of the dimensionless parameters

The dimensionless numbers proposed in this study allow
rapid characterisation of upconing of saltwater during
ATES systems operation in a homogeneous aquifer, based
on key aquifer and operational parameters. A threshold
for these numbers can be identified below which ATES
systems show low risk of contamination. The dimen-
sionless numbers can therefore be used as a tool when
developing ATES systems to make a rapid assessment of
the risk of saltwater contamination assuming a homoge-
neous aquifer, and during design of an ATES system to

Groundwater velocity (m/yr)

understand how specific parameters can be optimised to
reduce the risk of contamination. For systems with val-
ues of Cy ,, and Cg 4 > 10, operational parameters such as
the depth of the well completion, the screen length and
the abstraction flow rate can be adjusted to reduce risk.
If possible, the location of the ATES system can also be
adjusted to minimise the risk caused by an unfavourable
geological/hydrological setting.

In this study, the case of saltwater contamination was
explored, but a similar methodology could also be applied
to other forms of contamination. Gradients in aquifers are
a common occurrence; the dimensionless number pro-
posed here could be used to assess the risk of mixing of
redox conditions, heavy metals or other pollutants form-
ing an interface below an ATES system. It should also be
noted that, in this study, the risk of contamination arises
only through mixing between freshwater and saltwater.
However, saline intrusion can cause other processes that
further modify groundwater quality such as changes in
microbial activity, mineral dissolution, metal mobilisa-
tion and ion exchange (Barker et al. 1998; Weston et al.
2006; Eagling et al. 2013). These additional interactions
between the solute and the aquifer can affect spreading
of the contaminant plume and, therefore, the overall con-
tamination risk. For a more complete assessment of the
risk of groundwater contamination associated with saline
intrusion, these processes could be integrated in the simu-
lation methodology; for example, by coupling the simula-
tor with geochemical package such as PHREEQC (Yekta
et al. 2021). This would then allow additional parameters
to be taken into account in the dimensionless numbers
introduced in this study.

@ Springer



1078

Hydrogeology Journal (2023) 31:1067-1082

Exclusion distance for ATES installations

For ATES installations with Cy 4 > 10, downstream con-
tamination occurs, but concentrations above the WHO limit
are restricted to within 500 m of the system. The area of
influence for a particular installation, however, will vary
depending on the parameters which describe the system.
Using Eq. (4) and the observed threshold Cy 4 > 10 for
which contamination is expected, this area of influence can
be estimated. An exclusion distance d,, is defined for any
given ATES system:

dey = dy, for Cp y(dpy, 1) = 10 5)

To ensure these are installed at a necessary distance
from existing groundwater usage—(for example, the
drawdown region around a freshwater abstraction bore-
hole) this distance could be used to define an exclu-
sion distance around planned ATES systems at risk of
upconing. The exclusion distances for the cases shown
in Fig. 8b are shown, corresponding to 25 years of sys-
tem operation. In all cases, concentration levels beyond
the corresponding exclusion distance remains below
the WHO limit after 25 years. It should be noted that
abstraction boreholes operating above a saline inter-
face are always at risk of contamination caused by local
upconing, irrespective of any additional risk introduced
by ATES system operation.

Impact of geological heterogeneity

The results presented here assume a homogeneous
aquifer. Heterogeneity is known to have a significant
impact on flow in the aquifer and therefore will affect
salt transport (Sommer et al. 2013; Bridger and Allen
2014; Possemiers et al. 2015; Winterleitner et al. 2018).
High-permeability layers will transport saline water fur-
ther away from the wells, reducing the effective screen
length and increasing the effective hydraulic radius
(Bridger and Allen 2014), whilst lower permeability
features will tend to limit the upwards movement of
saltwater. Geological heterogeneity is complex and
diverse; it is therefore not possible to generalize the risk
of saltwater contamination for ATES systems irrespec-
tive of geological heterogeneity. However, one approach
to increase the scope of applicability of the dimension-
less numbers introduced here is to define an effective
hydraulic radius and effective permeability ratio that
account for the heterogeneity. If these effective proper-
ties can be estimated empirically or numerically, they
could then be used to calculate Cy , and Cy 4 to provide
a preliminary prediction of contamination risk.

@ Springer

Contamination risk for multi-well systems

In this study, the cases considered included only a sin-
gle well doublet. ATES developments regularly consist
of multiple well doublets or are located in the vicinity
of other ATES systems (Bakr et al. 2013; Bloemendal
et al. 2018; Duijff et al. 2021). There are likely to be
additional complexities arising when considering large-
scale ATES developments; however, the dimensionless
number defined in this study may still be used to provide
a first assessment of the risk of saltwater contamination.
If each well pair is designed and operated to have values
of Cr, and Cg 4 < 10, the overall risk of the system will
likely remain low.

Conclusions

ATES systems are installed and operated in aquifers
which also supply potable water and a key contamination
risk is mixing of saltwater that underlies the freshwater
aquifer during system operation. Here, ATES operation
via a well doublet in a homogeneous sandstone aquifer is
modelled to quantify the contamination risk caused by
upconing of a saltwater/freshwater interface. Nondimen-
sional numbers Cy ,, and Cy 4 are defined as a function of
key reservoir and operational parameters and are strongly
correlated with wellhead and downstream salt concen-
trations, respectively. For values of Cg ,, and Cy 4 < 10,
the risk of contamination by upconing saltwater is low.
Above this threshold value, there is a marked increase in
the risk of saltwater contamination, although downstream
contamination is restricted to 500 m of the ATES system
in all cases, even at late times, owing to the lateral as well
as downstream spread of saltwater. High groundwater
flowrates are observed to be associated with a lower risk
of downstream contamination, because upconing beneath
the ATES system is suppressed. The standoff between
the ATES wells and the saline interface, and the ATES
abstraction/injection flowrates, are the most important
operational parameters controlling the risk of saline con-
tamination both at, and downstream of, the ATES sys-
tem. Contamination risk is reduced with larger standoff
and lower flowrates. The dimensionless numbers defined
here can be used to assess the potential risk of saltwater
contamination resulting from ATES system operation,
and also yield an estimated exclusion distance around
ATES installations in aquifers at risk of saltwater upcon-
ing to protect other groundwater uses (such as freshwater
abstraction). The findings presented here were obtained
assuming homogenous aquifer behaviour; future work
will investigate the impact of geological heterogeneity.
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Appendix 1: Model validation—Comparison
against benchmark solution

The numerical methods implemented in the IC-FERST code
used here have been previously validated for single-phase
flow and heat transport against the one-dimensional ana-
lytical solution for the parabolic advection-diffusion equa-
tion given by Siemieniuch and Gladwell (1978). The meth-
ods have also been verified previously against the Henry
problem (Henry 1964), a standard benchmark problem for
density-dependent flow and transport models. Results for
these validations are reported in Salinas et al. (2021) and
Hamzehloo et al. (2022).

In this study, an additional validation of the method is
provided which includes well boundary conditions. The
model validation reported here was previously presented
as a conference paper at the 2022 European Geothermal
Congress. The numerical model presented here is validated
against the analytical expression describing interface upcon-
ing under a pumping well presented in Dagan and Bear
(1968).

The rise of the interface Z as a function of time ¢ and
distance x from the pumping well is given by:

2 5 k Apgt )
Zany= —2 g (/) v
2rApg (kxk: ) N (hoflo + 2
(6)

with subscripts 1,2 denoting the fresh and saltwater phases
respectively, u the fluid viscosity, Q the well discharge rate,
Ap the fluid density difference, g the acceleration due to
gravity, k,,k_ the horizontal and vertical permeabilities of
the aquifer, ¢ the porosity of the aquifer and d the distance
between the bottom of the well and the saltwater interface
atr=0.

The analytical expression assumes a two-dimensional
(2D) model, a homogeneous aquifer and an abrupt interface
between two incompressible fluids. A 2D computational
domain of size 1,000 m and 1,000 m was defined with a
single abstraction well extending from z=0m to z = 150 m,
50 m above the initial interface. The freshwater and saltwater
phases are modelled as a single phase, with different initial
concentrations of salt. In order to fulfill the assumption of
an abrupt interface between the two phases, the solute dif-
fusivity and dispersivity were set to zero. The mesh around
the interface was also refined to a resolution of 5 mm in the
z direction to ensure a sharp initial contact. The parameters
used for the validation are given in Table 3.

Table3 Inputs and simulation parameters for validation of the
numerical modelling method against the analytical solution given by
Dagan and Bear (1968)

Parameter (unit) Value

Q (m%/s) 9.8 x
1075-3.9
x 1074

d (m) 50

k, (m?) 10714

ky (m?) 10714

) 0.2

p; (kg/m) 1,000

p, (kg/m?) 1,030.5

iy (Pas™h 0.001

Hy (Pas™h 0.001

g (m/s?) 9.81

At(s) 5,000

Min edge length, x-direction (m) 0.005

Min edge length, y-direction (m) 1
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Z(r) (cm)

Fig. 10 Numerical method validation for density-dependent flow to a
vertical abstraction well, against the analytical expression for saline
upconing described by Dagan and Bear (1968). a Example of saline
upconing experiment run by Werner et al. (2009), with Z(x,r) denot-
ing the analytical expression from Dagan and Bear (1968) describing
the interface rise as a function of distance from the well (x) and time

Previous experimental studies of saline upconing have
been compared to the analytical solution derived in Dagan
and Bear (1968) by comparing the rise of the apex of the
interface, which is located directly below the pumping well

@ Springer

50

40

30

20

10

Z(1)

] s Experiment | 2 =
o Experiment 2
1 o Experiment 3 "
o Experiment 4 a
- 8 =
o
°
R A o
[~
o o
o o
R a? ° g
o L]
o ° o
Gy WIE
1 10 100 1000 10000
t (min)
3.5
Flowrate
3.01 0.00009
0.00019
05 0.00023
‘ e 0.00029
e 0.00039
2.0 1
1.54
1.04
0.5 1
0.0 :
104 105
Time (s)

(t) and b comparison of interface apex rise for a range of experiments
against analytical expression (solid lines). ¢ Model setup in IC-FERST
for simulation of interface upconing towards an abstraction well, with
d the initial distance between the well and the interface at # = 0 s and
d comparison of interface apex rise for numerical simulations (circles)
and analytical expression (solid lines) for a range of pumping flowrates

(Werner et al. 2009). Here, the rise of the apex was com-
pared between the analytical solution and numerical simu-
lations run in IC-FERST. Simulations were run for a range
of flowrates and a good agreement was obtained Fig. 10c,d.
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