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Abstract. Urban aquifers are a valuable resource of fresh-
water for cities, however, their quality is degraded due to
the presence of organic contaminants of emerging concern
(CECs). The effects of organic CECs are largely unknown,
but there is evidence that they pose a risk for human health,
soil, plants and animals. Organic CECs are naturally de-
graded in aquifers and their degradation rates depend on
the physico-chemical properties, i.e., redox conditions and
groundwater temperature. Some anthropogenic activities,
like low-enthalpy geothermal energy (LEGE), may mod-
ify subsurface physico-chemical conditions altering the be-
haviour of organic CECs. LEGE is a renewable and carbon-
free energy that allows obtaining cooling and heating energy.
The utilization of LEGE is currently growing and it is ex-
pected that in a near future the density of LEGE systems will
increase. LEGE modifies the groundwater temperature and
in some situations the redox state (i.e., if the dissolved oxy-
gen increases when groundwater is returned to the aquifer
as a result of a poorly design), thus, it is of paramount im-
portance to determine the impact of LEGE related activi-
ties on the behaviour of organic CECs. The behaviour of or-
ganic CECs under the influence of LEGE is investigated by
means of thermo-hydro-chemical numerical modelling. Sim-
ulation output shows that LEGE activities have the potential
to modify the degradation rates of organic CECs, and thus,
their concentrations in aquifers. In the simulated scenario,
the concentration of the chosen CEC decreases by the 77 %
at the downgradient boundary of the model. The results of
this study have significant implications for predicting the be-
haviour of organic CECs in urban aquifers and suggest spe-

cific changes in the design of LEGE facilities aiming to im-
prove the quality of urban groundwater by boosting in-situ
attenuation mechanisms.

1 Introduction

In the current context of climate change and urban sprawl, it
is necessary to take advantage of urban groundwater bod-
ies to cover the increasing water demand. However, ur-
ban groundwater bodies are usually highly polluted by a
wide range of anthropogenic contaminants, such as organic
contaminants of emerging concern (CECs) and their trans-
formation products (TPs) (Lapworth et al., 2019). Organic
CECs comprise natural and anthropogenic substances of or-
ganic nature such as pharmaceuticals and personal care prod-
ucts. These pollutants, which are not removed in wastewater
treatment plants, reach groundwater bodies through different
recharge sources such as water leakage from sewer and septic
systems, seepage from rivers or artificial recharge activities
(Jurado et al., 2020). Organic CECs pose human health and
ecological risks (Arnold et al., 2014; Tran et al., 2013) and
for this reason they deserve being investigated to assure the
safe usage of urban groundwater resources.

Organic CECs are degraded or transformed in aquifers by
microbial activity (Greskowiak et al., 2017), which is re-
flected in lower concentrations found in aquifers in compar-
ison to rivers (Jurado et al., 2021). Physico-chemical condi-
tions of aquifers play an important role in the degradation of
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organic CECs since it is a redox-dependent process (Burke et
al., 2014) that varies with temperature (Burke et al., 2017).

Groundwater temperature is not a commonly considered
parameter when investigating the degradation of organic
CEC:s since it is almost constant during the whole year, ex-
cept close of surface water bodies that may influence the
groundwater temperature. However, it can be altered due to
anthropogenic activities, like the use of the subsurface for
energetic purposes by means of low-enthalpy geothermal en-
ergy (LEGE). LEGE is a carbon-free and renewable energy
that is used for cooling and heating buildings and has a great
potential to supply a large portion of the heating and cool-
ing demand. In fact, its use is growing continuously in recent
years (Garcia-Gil et al., 2020). LEGE provides cooling and
heating energy by exchanging the temperature of groundwa-
ter with the temperature of buildings through heat exchang-
ers (Cui et al., 2014). Cooling energy is obtained by trans-
ferring the building heat to groundwater, resulting in an in-
crease in groundwater temperature. In contrast, for heating,
the groundwater heat is transferred to the building, decreas-
ing the temperature of groundwater. Consequently, as a result
of LEGE activities, the groundwater temperature varies.

The hypothesis of this study is that groundwater tempera-
ture variations, produced by LEGE facilities, impact the be-
haviour of organic CECs by increasing or decreasing their
degradation/transformation rates. The investigation of this
hypothesis is not only important to better understand the
behaviour of organic CECs, but also to evaluate the possi-
bility of designing LEGE facilities to improve the quality
of groundwater by enhancing the degradation capacity of
aquifers against organic CECs. This hypothesis is deduced
from previous investigations in the context of river bank fil-
tration and polluted aquifers by chlorinated organic com-
pounds (COCs). On the one hand, investigations developed
in the context of river bank filtration show that the seasonal
variations of the river temperature modify the evolution of
organic CECs in the aquifer (Barkow et al., 2021). On the
other hand, groundwater temperature variations, induced by
LEGE facilities, seem to improve the dichlorination capacity
of aquifers polluted by industrial compounds (Hoekstra et al.,
2020; Pellegrini et al., 2019). Despite of these relevant inves-
tigations, the influence of LEGE on the behaviour of organic
CEC:s at the aquifer scale remains to be investigated.

Thus, our main objective is to assess the potential im-
pact of LEGE on the behaviour of organic CECs present in
groundwater bodies. The problem is addressed numerically
with a synthetic thermo-hydro-chemical numerical model
that simulates an aquifer polluted by phenazone and in which
a LEGE facility used for cooling purposes is implemented.
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Table 1. Aquifer parameters. Values are chosen according to
those typical for homogenous sandy aquifers (K: Domenico and
Schwartz, 1998; 6: Woessner and Poeter, 2020; Dy : Schulze-
Makuch, 2005). D is chosen ten times lower than Dy, which is
common practice (Zech et al., 2019) and Dy, is chosen according to
the reference values from the German Engineer Association guide-
lines for thermal use of the underground (VDI, 2019).

Property Value
Hydraulic conductivity (K) 10md™!
Anisotropy factor 1
Effective porosity (Oeff) 0.05
Longitudinal Dispersion (D) 10m
Transversal Dispersion (D) 1m

Thermal diffusivity (D) 1.86 x 1070 m? d~!

2 Methodology
2.1 Problem statement

The problem consists in a 20 m thick fully-saturated and ho-
mogeneous sandy aquifer made of unconsolidated materials.
The aquifer has a length of 2000 m and a width of 1000 m
(Fig. 1a).

The LEGE facility, which is located in the middle of
the considered aquifer, is of the groundwater heat pump
(GWHP) type (Lee et al., 2006) and consists of two wells,
the production and the injection well. The production well is
located upgradient while the injection one is located down-
gradient. It is assumed a negligible conductive heat loss to
overlying or underlying strata (i.e., groundwater temperature
is not dissipated thought surrounding strata). Pumping and
injection rates (Q) are assumed to be constant and equal
to 432m3d~! (e, 5Ls~1). The injection rate has been
chosen according with the transmissivity to slightly mod-
ify the hydraulic gradient and minimize the risk of thermal
breakthrough. The wells are separated 290 m to avoid ther-
mal breakthrough during the simulated time. The minimum
distance between wells to avoid thermal breakthrough has
been computed according to Banks (2009) considering hy-
draulic parameters shown in Table 1 and a hydraulic gradient
of 0.005.

It is assumed that the simulated LEGE facility is only
used for cooling and the obtained cooling potential is con-
stant. Though LEGE facilities are commonly used for cool-
ing and heating purposes depending on the season, they can
be also used only for cooling. Continuous cooling energy can
be used by neighbourhood factories or other infrastructures
that need to be continuously refrigerated, such as data cen-
tres containing information technology equipment or high-
performance computing systems (Zurmuhl et al., 2019). We
consider that the temperature of the pumped groundwater is
increased by 15 °C to obtain cooling energy. Then, consider-
ing a groundwater temperature under unperturbed conditions
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Figure 1. (a) General view of the problem. (b) Detailed view of the modelled area including the boundary conditions (BC).

Table 2. Parameters used to simulate the dynamics of phenazone.

Parameter Value
Pre-exponential factor (A) 9.5 x 10051
Activation energy (E 4) 6.26 x 10% Jmol ™!
Normalizing factor (8) 10757

Maximum degradation rate constant (Ag[a)ﬁb) 9.6x1077s!

Monod half saturation constant (Kphena0,) 4.0 x 10~* mol L1

of 20 °C and that water is injected at 35 °C, the thermal po-
tential (Pgw) of the facility is 313800 W, i.e., 225936 kWh
per month. Pgw is computed as follows:

Pow = Svcwat QAT, (D

where Svcwat 18 the is the volumetric heat capacity of water
at 20°C (4180 Jkg~! K~!) and AT is the temperature differ-
ence between the wells.

It is considered that the modelled aquifer is polluted by
phenazone, which is homogenously distributed at a concen-
tration of 1 x 107" mol L. Phenazone is an analgesic drug
that is commonly reported in urban aquifers (Reddersen et
al., 2002; Jurado et al., 2021). Its degradation is oxygen and
temperature dependent (Greskowiak et al., 2006) and its be-
haviour is similar to other redox and temperature depen-
dent organic CECs. The aquifer is characterized with aero-
bic conditions and has a moderate value of dissolved oxygen
(2mgL~1). This value of dissolved oxygen is chosen accord-
ing with reported data from Barcelona’s aquifers (Jurado et
al., 2013).

2.2 Numerical model

The numerical model is developed with the code PHT3D
(Prommer et al., 2003). Theoretically, if the distance between
the production and injection wells is correctly chosen, the
hydraulic head at the middle of the domain should be con-
stant and equal to that under initial conditions. Thus, taking
advantage of the symmetry of the problem, only 1/4 of the
problem is modelled (Fig. 1b). The simulated domain cov-
ers, in the flow direction, from the centre of the aquifer to
the downgradient boundary, and, in the perpendicular direc-
tion to the flow, from the centre until the southern boundary.
Twenty years is the total simulated time and the time steps
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are of 30 and 1d for the flow and reactive transport prob-
lems, respectively. The difference between flow and transport
time steps are due to convergence issues. Smaller time steps
for the flow are not required since the pumping and injec-
tion rates are constant, however, short time steps are used for
the transport to avoid convergence problems. A regular mesh
consisting of one layer divided into 5000 elements is used.

Two types of flow boundary conditions (BCs) are imple-
mented. Specified head BCs are implemented at the upgradi-
ent and downgradient boundaries to reach a hydraulic gradi-
ent under unperturbed conditions of 0.005, while specified
flow BCs are adopted in the injection well. No-flow BCs
are assumed in the other boundaries. Concerning the trans-
port BCs, concentrations of 1 x 107> mol L~! of phenazone
and 2mgL~! of oxygen (O,) are prescribed to the upgradi-
ent boundary and in the injection well. The concentration of
phenazone is in the same range of magnitude than reported
data in previous works (Barkow et al., 2021). In addition,
the required concentration of phenazone in the whole do-
main is reached by implementing a constant input mass of
phenazone of 8.4 x 107" mgd~! per square meter. This BC
represents the mechanisms driving the recharge of phenazone
into groundwater since the recharge of organic CECs is a dif-
fuse process (Drew and Hotzl, 1999; Wolf et al., 2012).

The degradation rate of phenazone (rppens) is modelled
considering Monod kinetics (Lu et al., 1999; Greskowiak et
al., 2006) as follows:

Co,
K PhenaO, + COZ

F'Phena = _)\ggc(naCPhena Jr. (2
where Cphena 1S the concentration of phenazone, )»%%na is the
maximum degradation rate constant of phenazone, Kphenao,
is the Monod half-saturation constant of phenazone, Co, is
O, concentration, and fr is a temperature-dependent func-
tion. Equation (2) approximates the degradation/transforma-
tion of phenazone as a 1st order degradation. In addition,
it includes a term accounting for the concentration of O,
which is needed because the degradation rate of phenazone
decreases with low concentration of O;. Finally, the impact
of groundwater temperature is considering by implementing
the additional factor f7. A normalized form of the Arrhenius
equation is used to define fr as:

fr= ﬁAe’%, (3)
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Figure 2. Distribution of normalized concentration of phenazone (a) and groundwater temperature (b) at the end of the simulated period (i.e.,
20 years). (c¢) Evolution of normalized concentration of phenazone (blue dashed line) and groundwater temperature (red continuous line) at
the observation point located 500 m away from the injection well in the downgradient direction.

where A is a pre-exponential factor, E4 is the activation en-
ergy, R is the gas constant, T the temperature in Kelvin and
B is a factor to normalize the equation to 1 when the water
temperature ranges between 35 and 40 °C. The required pa-
rameters to apply Egs. (2) and (3) have been derived from
bibliography and are presented in Table 2. A and E4 are
derived from Barkow et al. (2021), and Amax and Kphenao,
from Greskowiak et al. (2006).

3 Results and Discussion

Figure 2 shows the concentration of phenazone normalized
by its initial concentration (A) after 20 years of simula-
tion, the distribution of groundwater temperature (B) af-
ter 20 years of simulation and the evolution of phenazone
(dashed blue line) and groundwater temperature (red contin-
uous line) in an observation point located 500 m away from
the injection well (C). Groundwater temperature increases up
to 35 °C around the injection well and on the downgradient
side. As a result, the degradation rate of phenazone in the
area with high groundwater temperature increases accord-
ing to Egs. (2) and (3). The concentration of phenazone in
the area affected by the LEGE facility decreases by 77 %
in comparison to the initial concentration that does not vary
far from the injection point where the aquifer is not affected
by the injected water. Unlike the distribution of groundwater
temperature, an area with high concentration of phenazone
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is observed around the injection well. This high concentra-
tion is the result of injecting the groundwater pumped in
the production well, where the concentration of phenazone
is high. In the top left corner of the model, it is possible to
observe that the concentration of phenazone decreases. This
occurs because in this corner, groundwater is not flowing as
a result of the head distribution, and thus, groundwater with
high concentration of phenazone does not inflow the model
through this area. In addition, despite it is not observed in
the figure because of colour bar limitations, the temperature
is a little bit higher than that under unperturbed conditions
that increases the degradation rate of phenazone. The mea-
surements at the observation point (Fig. 2¢) show how the
concentration of phenazone decreases and the temperature
increases during the simulated period. The concentration of
phenazone starts to decrease before that the hot groundwater
reaches the observation point. This behaviour is the conse-
quence of the higher retardation factor for the heat transport
than for phenazone transport. Note that no retardation factor
was applied to phenazone because its sorption can be consid-
ered negligible (Greskowiak et al., 2006).

Our results are complementary to the conclusions of Har-
tog (2011), who assessed the influence of groundwater tem-
perature induced by geothermal energy on groundwater qual-
ity. Hartog (2011) concluded that the impact of the temper-
ature is relatively low if groundwater temperature does not
exceed 25 °C. Here we probe that, certainly, the groundwater
quality is substantially improved by reaching 35 °C around

https://doi.org/10.5194/adgeo-59-9-2022
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the injection well. Despite this is the first work analysing
the impact of geothermal energy on organic CECs, other au-
thors have assessed the behaviour of chlorinated compounds
under the influence of geothermal facilities obtaining sim-
ilar results. Among others, Ni et al. (2016) demonstrated
through laboratory experiments that the degradation velocity
increases (up to 13 times in their experiments) in comparison
with natural conditions by the high groundwater temperature
occurred around geothermal facilities. Beyer et al. (2016)
also reached the same conclusions but in base of a numerical
model. However, unlike us, Beyer et al. (2016) considered
a geothermal facility of the closed-loop type where heat ex-
changers are introduced into the ground and groundwater is
not pumped. This suggests that the concentration of organic
CECs would also decrease under the influence of a geother-
mal facility of the closed-loop type.

4 Conclusions

This paper aims at investigating whether the thermal im-
pact generated by LEGE facilities in aquifers can modify
the behaviour of organic CECs. The synthetic numerical
model considers the presence of phenazone, which is com-
monly reported in urban aquifers, and a LEGE system of the
GWHP type that is used only for cooling purposes. A syn-
thetic numerical model is used to allow the generalisation of
the results. Obviously, site-specific numerical models will be
needed when quantifying the influence of LEGE on CECs at
real cases. The main conclusions that can be drawn from the
results are:

— The thermal impact produced by LEGE facilities on
aquifers can considerably modify the behaviour of or-
ganic CECs. Thus, it is needed to consider the influence
of these facilities when investigating the fate and evolu-
tion of organic CECs in groundwater bodies, especially
in urban areas, where LEGE are expected to grow sig-
nificantly in the coming years.

— This investigation only considers a LEGE facility used
for cooling. Thus, additional studies to investigate the
behaviour of organic CECs under the influence of a
LEGE facility used for heating and cooling will be
needed. Theoretically, the degradation rate should de-
crease when using LEGE for heating. However, the ex-
ponential relation between degradation rate and temper-
ature suggests that, overall, LEGE facilities used for
heating and cooling will also enhance the degradation
capacity of aquifers against organic CECs.

— Simulation results suggest the possibility of designing
LEGE facilities specifically to increase the degrada-
tion capacity of aquifers against organic contaminants
which, consequently, improve the groundwater quality.
This possibility worths to be deeply investigated in fu-
ture research.
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