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Aquifer thermal energy storage (ATES) is attained by storing thermal energy in aquifers, using the groundwater
as a carrier for the heat. Hence, in ATES systems, the background groundwater flow velocity may affect the
efficiency if a significant amount of stored heat is moved away from the storage well by advection. This paper
presents an alternative solution to the typical “pump and dump” open-loop shallow geothermal system config-
uration using the ATES concept with a reversed extraction-injection well scheme. This particular placement is
able to increase the energy efficiency of a conventional open-loop system while reducing the thermal impact
downstream the system.

The uni-directional ATES pumping scheme compensates the heat transport by groundwater flow extracting the
groundwater from the downstream well and re-injecting back in the upstream well. This research presents a
numerical feasibility study and sensitivity analysis of the effects of the well spacing, pumping scheme and
groundwater flow velocity on the efficiency of a uni-directional ATES. Optimal combinations are suggested to
ensure the maximum re-capture by the downstream well of the heat injected in the upstream well in the previous
season and subject to thermal transport by advection, with a maximum heat recovery between 55 and 75 %
depending on the conditions. The results of the modelling analysis showed that the optimal inter-well distance
depends on the groundwater flow velocity and the total annual storage volume. This paper also demonstrates the
mitigation effect of the thermal perturbation downstream of a uni-directional ATES compared to a conventional
open-loop scheme.

1. Introduction system is called aquifer thermal energy storage (ATES). This system
consists of one or more pairs of wells (a doublet), which have a

The European plan proposed in July 2021 in the context of the Eu- bi-directional flow scheme: from warm to cold well in winter and from

ropean Green Deal (Fit for 55), requires all member states to reduce their
greenhouse gas (GHG) emissions by 55 % before 2030, as an interme-
diate step towards the net zero goal by 2050 aiming to limit the global
warming to 1.5 °C compared to pre-industrial levels (European Council,
2021). Hence, cities all over Europe are adopting sustainable energy
systems to reach this objective. Heating and cooling of buildings account
for 54 % of the total GHG emissions in Italy in 2018 (ISPRA, 2020), in
Europe decreases to 36 % (European Council, 2021), and across the
world, it contributes to about 40 % of all primary energy use (IRENA,
2023). Ground source heat pumps are a renewable solution that many
countries are adopting to replace fossil-based heating and cooling
techniques (Banks, 2009). Such systems use the ground and/or
groundwater to reject, extract, and/or store heat in the underground.
When groundwater (GW) in aquifers is used for the storage of heat, such
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cold to warm in the summer. As aquifers are commonly present in urban
areas, these systems have great potential for decarbonizing the heating
and cooling supply of buildings (Bloemendal et al., 2015).

ATES technology is known to reduce significantly CO; emissions for
heating and cooling buildings (Fleuchaus et al., 2020). In this document
two types of ATES systems are investigated considering variable GW
flow velocity. Several previous studies have been conducted to explore
the feasibility of ATES systems in high GW velocity by numerical
modelling (Lee, 2014; Bloemendal and Olsthoorn, 2018; Stemmle et al.
2023). Generally, conventional open-loop (O-L) systems (Fig. 1c) are the
most used configuration, independently to the GW flow velocity. These
systems extract the GW from an upstream well and re-inject it in a
downstream well in both seasons. In this last case, the efficiency of the
system is lower, due to the smaller energy content of the GW.
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Furthermore, such systems generate thermal plumes that affect the
downstream GW temperature.

Previous studies (Bloemendal and Olsthoorn, 2018), demonstrated
for low GW flow velocity contexts (less than 25 m/year) the high effi-
ciency of an ATES configuration (Fig. 1a) with respect to an O-L oper-
ation scheme, taking the advantage of storing and re-using the wasted
heat/cold in the previous season.

Alternatively, with multiple doublets systems special design is
needed to limit the advection losses of the stored warm and cold GW
caused by its flow. Such designs require either, multiple doublets
(Fig. 1b) in which the water is pumped from the downstream well in one

W, l
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season and injected in the upstream in the other, as proposed by Bloe-
mendal & Olsthoorn (2018). However, these systems require at least two
well doublets, and a specific placement distance, which may be difficult
to achieve in an urban setting.

To benefit from groundwater heat storage where ambient GW flow is
high, a combination of the two solutions described above is proposed by
applying a uni-directional pumping scheme (Fig. 1d). In this configu-
ration, the GW is extracted from a downstream well and re-injected into
an upstream well. Proper spacing of the wells allows re-capturing of the
energy stored in the aquifer in the upstream well, which is transported to
the downstream extraction well by the natural GW flow. Optimal

Traditional ATES * a)

10-15°C

Multiple doublets ATES

Uni-directional ATES

Fig. 1. Schematic representation of: a) traditional ATES (Bloemendal et al., 2018) b) multiple doublets, (Bloemendal and Olsthoorn, 2018; Stemmle et al. 2023,), ¢)

conventional open loop, d) uni-directional ATES. (Double column 16 cm width).
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placement of the wells will depend on GW flow velocity and the total
volume stored in summer and winter. This configuration can also miti-
gate the intensity of the downstream thermal perturbation. The design
considerations and how to space such wells are yet to be defined.
Hence, the goal of this paper is to assess and quantify under which
conditions a uni-directional ATES (UD-ATES) well design and pumping
scheme is a feasible concept for storying the energy in aquifers with a
high GW flow velocity. It is also determined the optimal inter-well dis-
tance for each seasonal storage and groundwater flow conditions.

2. Methods

A sensitivity analysis based on a hydrothermal dynamic model is
proposed to assess the feasibility by varying a wide range of relevant
geothermal systems and aquifer characteristics.

2.1. MODFLOW/MT3DMS and model description

To take into consideration all the physical properties governing the
GW heat flow, such as thermal conduction and advection, flopy package
(Bakker et al., 2016) for running MODFLOW (Harbaugh et al., 2000)
MT3DMS transport code (Zheng and Wang, 1999) have been used. This
3D Finite Difference numerical Model (FDM) solves the GW flow and
heat transport equations, allowing the simulation of the extraction and
injection of the GW from wells, the hydrodynamic regime, and the
thermal transport, like in other previous studies conducted on ATES
systems (Bloemendal and Hartog, 2018; Rostampour et al., 2019;
Bloemendal and Olsthoorn, 2018).

2.1.1. Synthetic model description and validation
A synthetic box model was generated with the following
characteristics:

- Model layers: the thickness of the main aquifer is 20 m (horizontal
hydraulic conductivity [Kh] is 10 m/d), and it is confined by two clay
horizons (Kh = 0.05 m/d) with the same thickness. The vertical
hydraulic conductivity is considered to be 1/5 of the horizontal hy-
draulic conductivity and the porosity for all the layers is 0.3. Each

UD-ATES

d
I’/II 0 4\“\6‘\ /
Il s M@

-20m

K,=0.05m/d

Conventional Open-Loop
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layer is divided in four simulation layers, obtaining 12 slices of 5 m
for the whole vertical discretization of the model (Fig. 2a).
Boundary conditions: the model boundaries are constant head and
temperature of 15 °C. The head boundaries are varied during the
sensitivity analysis chosen such that the gradient together with the
hydraulic conductivity result in different groundwater flow veloc-
ities, ranging from 3 m/y up to 1000 m/y. Fluid sink and source
terms are applied at well locations (extraction and injection well,
respectively) to simulate the operative configuration of the system.
An additional temperature differential is applied to the reinjected
water to the temperature of the extracted water using a Dirichlet type
boundary condition.

Spatial discretization: the horizontal grid is 10 x 10 m in size around
the wells, gradually increasing up to 100 x 100 m at the edges of the
model (Fig. 2b). The element size of the central part of the grid was
chosen to obtain a good accuracy minimizing the computation time
for model. This parameter was evaluated for squares of 3, 5, 10, 20,
50 and 70 m displaying an incremental error according to the effi-
ciency outcome (the baseline considered is for 3 x 3 m square grid).
With a grid of 10 x 10 m the error is kept below 5 % and only with
cells greater than 20 x 20 the error increases up to 10 %.
Temporal discretization: a seven-day time step was chosen to pre-
serve the seasonal operation pattern, but also to ensure a smooth
computation. All the models were run for 5 years allowing to reach
the stabilization of the seasonal recovery efficiency, but also avoid-
ing the interferences that can be generated in the first years of
operation of the system.

Aquifer thermo-hydraulic parameters: a typical sandy aquifer has
been simulated with parameters obtained from Beernink et al. 2024
(Table 1).

2.2. Simulations

2.2.1. Sensitivity analysis scenarios

A sensitivity analysis of the three parameters that greatly affect the
efficiency of ATES systems was done, keeping the hydraulic conductiv-
ity, the porosity and dispersivity constant for all the scenarios. In
particular, the chosen parameters are the inter-well distance (d), the GW
flow velocity (u), and the total storage volume (V, i.e. the total

ATES

,=10m/d

I

K;=0.05m/d
-60m
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Fig. 2. Schematic representation of: a) the layers in the synthetic model of the three geothermal systems considered, b) the grid size in plan view. (Single column 8

cm width).
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Table 1

MODFLOW simulation parameters values (Beernink et al. 2024.).
Parameter Symbol Value
Aquifers’ horizontal conductivity Ky 10 m/d
Aquitards’ horizontal conductivity K 0.05 m/d
Porosity n 0.3
Longitudinal dispersivity a 0.5m
Transversal dispersivity ar 0.05 m
Density of solid s 2640 Kg/m®
Density of fluid Pf 1000 Kg/m®
Bulk density p 2148 Kg/m>
Solid heat capacity W 710 J/Kg °C
Fluid heat capacity wy 4183 J/Kg °C
Thermal conductivity of sand ks 2W/m °C
Thermal conductivity of clay ke 1.7 W/m °C
Thermal conductivity of fluid ke 0.58 W/m °C
Thermal conductivity of the aquifer k 1.57 W/m °C
Thermal conductivity of the aquitard ko 1.36 W/m °C
Effective molecular diffusion a 1.4.10! m?/day
Thermal distribution coefficient A 1.7:10* m®/Kg

withdrawn or injected GW volume per season).

- The d was varied from 50 m to 350 m, an appropriate distance in an
urban context or district scale (with steps of 25 m).

For each d, different u, varying from 3 m/y up to 1000 m/y, were
simulated, similarly to Chae et al. 2020. Smaller steps were used at
lower velocities and greater at higher velocities, resulting in the
following range: 3-25-30-50-75-100-150-200-250-300-400—
500-750-1000 m/y. These values were obtained by changing the
hydraulic gradient of the model, since the hydraulic conductivity
was kept constant in all the scenarios.

The different u and d cases were simulated using three different
scenarios of V: 100,000, 250,000 and 500,000 m®/season, being
representative of ATES sizes (Bloemendal and Hartog, 2018). The
storage volume (V) was distributed over time using a cosine function
as shown in Fig. 3.

The wide variability of these parameters is representative of several
ATES conditions making this model applicable to all the sites that pre-
sent any GW flow velocity.

The model configuration started by selecting appropriate values for
d. By setting a V value of 250,000 m®/season and no u. The inter-well
distances (d) values from 25 to 500 m, with 25 m steps were used.
First, the energy at each time step was obtained (Fig. 4), and secondly all
energy values related to one of the two seasons of the fifth year were
summed up.

. Months
S EF PSS ST SO
MR A A
15000
:_% 10000
3 5000 -
(V)\ 0 4
&
>~ -5000 -
-10000 -
-15000
0 100 200 300

Days

Fig. 3. Cosine distribution of the pumping rate (Vq,) for the upstream well (WO,
injection) and the downstream well (W1, withdrawal) case, respectively. (Sin-
gle column 8 cm width).
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Fig. 4. Winter and summer distribution of energy during five years (example
for a d of 150 m). (Single column 8 cm width).
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2.2.2. UD-ATES, O-L and traditional ATES scenarios

The hydro-thermal solution results generated for different scenarios
(Fig. 2), including the uni-directional ATES (UD-ATES) system, in which
the pumping well lies downstream the injection one, the conventional
open-loop (O-L) scheme, in which the directions of pumping and in-
jection of the two wells, was reversed, and the traditional ATES
configuration, in which the two wells were disposed transversely to the
GW flow direction to avoid short circuit flows between the two wells at
greater u.

A further difference in the model settings is represented by
d (Table 2). In he case of the UD-ATES system, the efficiency for a spe-
cific d depends on u and V parameters and was modified accordingly
during the sensitivity analysis. Instead, for the traditional ATES and the
O-L configurations d was as the minimum value that avoids the short-
circuiting effects between the two wells for all u considered, and it is
just related to V.

2.3. Assessment framework

2.3.1. Thermal recovery efficiency

The energy extracted from the GW by the system was calculated for
each time step by multiplying V by the specific heat capacity of water
(cy), by its density (p,) and by the difference between the extraction
(Texy) and injection (Tjy,;) temperatures. Then, the seasonal energy (Eq.
(1)) was obtained by integrating over the different seasons:

season_end

th'(Text - Tm)'PW'Cw'dt (1)

Eseason =

season_start

Where Vg is the volume extracted or injected for each time step, T is
the injection/extraction temperature, dt is the time step, c,, is the heat
capacity of water.

Within the model the total energy (Eseqson) Was retrieved by summing
up all the energy values for each time step (7 days), separately for the
two different seasons (summer and winter). From this value, the thermal
recovery efficiency percentage (174) (Eq. (2)) was computed by com-
parison with the maximum potential seasonal energy (Engq,) that could

Table 2
Variability of the d according to V considered (minimum d to avoid the short
circuiting effect).

Inter-well distance
UD-ATES

Inter-well
distance O-L

Inter-well
distance ATES

100,000 m3/ 200 m 150 m Variable according to
season u

250,000 m®/ 250 m 200 m Variable according to
season u

500,000 m3/ 300 m 250 m Variable according to
season u
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be collected in one season for a fixed AT of 10 °C. All the results will be
evaluated in terms of 5.

Both Egeqson and 7y, were retrieved starting from the 5th year of
simulation, assuming the average annual temperature downstream the
injection point to reach stationarity with only seasonal oscillations. This
condition has been verified for all the scenarios evaluated in this work.

Eseason - 100

el @

Nen =

The results were then assessed based on d as a function of the
theoretical thermal radius (Ry). The inter-well distance (d) divided by
the thermal radius (d/Ry,) parameter is a dimensionless ratio repre-
senting 5y for a defined thermal volume (the thermal energy volume
stored in the aquifer by the system) in ATES configurations. The Ry, (Eq.
(5)) is also related to the hydraulic radius (Rp) which is defined (Eq. (4))
as the infiltrated volume discretized as a cylinder (Bloemendal and
Hartog, 2018), and depends on the injected volume (Vj,), the porosity
(n), the water and aquifer heat capacity (c, and cqq) and their density (py
and paq) (Eq. (3)).

Paq'Cag =M Cw 'pw+(l_n)"cs'ps 3
Vi
B =\ o @
Ry— (S Pw Vi _ MG Py p066R, )
Cag paq .n-H Cag* paq

Where c; is the heat capacity of the solid, n is the porosity, and H is
the aquifer screen length.

2.3.2. Downstream pollution

The thermal downstream plume was estimated in representative
scenarios for the three different geothermal systems considered. The
temperature data were collected for each time step in each cell located
along the axis of the two wells (for the traditional ATES case the tem-
perature was evaluated on the axis of just one well).

3. Results
3.1. Sensitivity / general analysis

In the following section, the results obtained from the uni-directional
ATES (UD-ATES) simulations will be presented.

Fig. 5 shows the recovered thermal energy, expressed as a ratio to the
maximum total energy (i.e., #s), for both winter and summer seasons

ARy,
0.0 13 26 3.9 5.2 6.5
70 '
>R VN
QO ~—
3 2
3 S50 / ~—e—t
x > /;/
?Eu S 40
E g 30 / —=—1n,, 500 m/y|_
[} —— 1y, 0 mly
M~ w20 / | @ j

0 100 200 300 400 500
Inter-well distance (m)

Fig. 5. Thermal recovery efficiency (ng) curves for different d of the uni-
directional ATES (UD-ATES) configuration for 0 m/y and 500 m/y of GW
flow velocity (u) and a storage volume (V) of 250,000 m3/season in winter.
(Single column 8 cm width).
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across various inter-well distances (d) scenarios in the case with no and
500 m/y GW flow velocity (u).

e For the no groundwater flow simulation, when d/Ry, is low, the
thermal recovery efficiency (1) is low due to the thermal short-
circuit occurring between the two wells. As d gradually increases,
the energy output also grows due to the less short-circuit effect,
peaking at approximately 125 m (d/Ry, = 1.62). This peak can be
attributed to the absence of short-circuit flows and the presence of
warm/cold water injections from the preceding season. As d further
increased, the energy diminishes once again. This drop results from a
mismatch between the extraction temperature and the required
temperature for heating or cooling the building, until a stable value
across greater distances is reached. The second minor peak (at d/R,
= 2.3) is caused by a favourable alignment between the extraction
temperature and the system’s required temperature, occurring after
two season cycles. Beyond this value of d/Ry,, the energy experiences
a slight decrease, stabilizing at greater values of d/R,. This stabili-
zation occurs due to the absence of any remaining thermal interac-
tion between the two wells. The reason why it stabilizes at 50 %
efficiency results from the ambient aquifer temperature which is
exactly between the warm and cold temperatures. Hence, 5, of 50 %
means that ambient groundwater is extracted, while 5, lower than
50 % means that groundwater with unfavourable temperature at a
specific time is extracted, for example if short-circuiting occurs.
The results for 500 m/y u scenario show that the peak is shifted to
175 m (d/Ry, = 2.27) since the thermal plume is brought to further
distances due to groundwater advection.

Fig. 6 shows 7, as a function of d under different u for 100,000 m3/
season (Fig. 6a), 250,000 m>/season (Fig. 6b), and 500,000 m>/season
(Fig. 6¢) V, respectively. All the scenarios were run up to d that is needed
to obtain an optimum of efficiency.

The following observations can be done:

- Higher V directly correlates with higher energy recovery. This
observation aligns with traditional ATES behaviour, where a larger
volume corresponds to improved performance and minimized en-
ergy losses.
Higher u requires a larger d to obtain optimal recovery rates. This is
explained by the fact that the plume is transported at further dis-
tances throughout each seasonal cycle. On the other hand, at lower d,
nen is lower for greater u, since as the velocity increases the short
circuit flow between the two wells gets stronger.
At 100,000 m3/season V (Fig. 6a), the optimal values remain rela-
tively constant (almost 70 %) for u larger than 400 m/y. However, at
250,000 m?3/season and 500,000 m3/season V the efficiency exhibits
an upward trend (65 % to 75 % in both cases) for higher u, meaning
that even higher efficiency may be reached at greater u. This varia-
tion according to the different V depends on the fact that the energy
is dispersed more rapidly by high u with low V compared to scenarios
with greater volumes; for this reason, in the case of 100,000 m®/
season the efficiency does not exceed 70 %.
Since the maximum efficiency is not close to 100 %, it seems
impossible to capture all the thermal energy injected from the up-
stream well. This is caused by the intermitted warming-up and
cooling down of the confining layers. So, every cycle there are
relatively large losses to the layers above and below. Also, dispersion
and mixing of warm and cold injected water, as well as the mixing
with the GW at natural ambient temperature, results in losses.
All the scenarios located under the 50 % line are representative of a
negative short-circuitation effect between the two wells, which re-
sults in a strong reduction of 7.
- Furthermore, the optimal distances corresponding to each u in the
three V considered showed that are not located at the same value of
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Fig. 6. Thermal recovery efficiency (nth) as a function of the inter-well distance (d) for different GW flow velocities (u) and different scenarios of storage volumes
(V): a) 100,000 m3/season, b) 250,000 m3/season, c¢) 500,000 m3/season. The upper axes report the ratio between the inter-well distance and the thermal radius (d/
Rth) and changes for the three plots since Rth is a function of the storage volume (V). The optimum are depicted with a black circle. The dashed line represents the
thermal recovery efficiency (nth) of a conventional open-loop (O-L) system. (Double column 16 cm width)

d/Ry, but they are shifted towards lower values of d/Ry, and higher
values of d for increasing V.

The general concept of recapturing a major part of the injected heat
with a downstream well proves to be feasible from these simulation
results. Fig. 6. Thermal recovery efficiency (n4) as a function of the
inter-well distance (d) for different GW flow velocities (u) and different

scenarios of storage volumes (V): a) 100,000 m3/season, b) 250,000 m3/
season, ¢) 500,000 m>/season. The upper axes report the ratio between
the inter-well distance and the thermal radius (d/Ry,) and changes for
the three plots since Ry, is a function of the storage volume (V). The
optimum are depicted with a black circle. The dashed line represents the
thermal recovery efficiency (ng) of a conventional open-loop (O-L)
system. (Double column 16 cm width)
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3.2. Comparison amongst ATES and O-L

The model results of the UD-ATES system were compared to the
other systems by extracting the optimum 7, at the different u and V
(Fig. 7). For the traditional ATES and the O-L configuration, the d was
varied according to the different V considered, but was kept constant for
all the u, since d does not affect 7.

Fig. 7 shows the most efficient system at different u. The O-L system
has a constant 7, (50 %) in all the scenarios since there are no variations
between the extraction and injection temperatures. The 7, of both the
ATES systems considered, increases at greater V. At small u, the tradi-
tional ATES systems perform better, but as the groundwater flow ve-
locities increase the UD-ATES outperforms the traditional ATES system.
The threshold value between the UD-ATES and the traditional ATES
shifts towards higher u with increasing V, passing from 220 m/y for the
smallest V, to 320 m/y for 250,000 m®/season, up to 400 m/y for the
greatest V. This might be explained by the fact that the higher the V, the
greater the chances that the traditional ATES extracts back the thermal
plume injected in the previous season.

3.3. Downstream thermal plume

The thermal plume generated by the three systems considered was
analysed to understand how and at which distance GW users located
downstream could be affected.

Fig. 8 show the temperature variation along the flow direction for all
the time steps modelled in the fifth year of operation, when the tem-
peratures is stabilized. The lines going from blue to red indicate the
increasing number of weeks from the 1st of January to the 31st of
December.

For the O-L (Fig. 8a), the temperature (AT) is & 0.5 °C at 80 m from
the downstream (injection) well, and + 0.25 °C at 130 m. For the UD-
ATES system (Fig. 8b), the AT at the downstream (extraction) well is
lower than + 0.5 °C and decreases to & 0.25 °C at 15 m from it. For the
traditional ATES scenario (Fig. 8c), the distance is calculated down-
stream the cold well (because the two wells were not disposed on the
longitudinal direction of the GW flow, but transversely).

The temperature variation in this case indicates that the AT is £+ 0.5
°C at 345 m, and decreases to + 0.25 °C at 375 m. Despite the fact that
the injected volume is half compared to the other two cases (since the

Geothermics 125 (2025) 103152

cold well was considered, only), such a long thermal plume can be
explained by the lack of thermal counterbalance during the injection of
hot water from the same well.

4. Discussion

The thermal recovery efficiency () of traditional ATES systems is
known to be reduced with increasing the GW flow velocity (1). The heat
loss due to dispersion is larger at high velocities since the heat is being
transported away from the production well, thus reducing the stored
heat available for the following season (Bloemendal and Olsthoorn,
2018). In the worst case of a very fast GW flow velocity (> 750 m/y), the
efficiency of the ATES systems is reduced to 50 %, equal to a conven-
tional open-loop (O-L) system (Fig. 7). This research demonstrates that,
above a certain u, a uni-directional ATES (UD-ATES) configuration can
be a worthwhile alternative able to reuse part of the energy extracted or
injected into the aquifer during the previous season. In the ideal case of
symmetrical heating and cooling demand, the UD-ATES can reach a 5
as high as 75 %, much larger than the O-L systems.

The u threshold above which the UD-ATES system outperforms the
traditional ATES systems shows a dependence on the storage volume
(V), which in turn depends on the annual pumping rate: the larger the V,
the higher the u thresholds. This is due to the following reasons: firstly,
the larger the V, the more efficient is the traditional ATES systems,
where a larger V corresponds to improved performance and minimised
energy losses; on the contrary, the UD-ATES, at lower u, suffers from
large values of V due to the higher degree of possible interference caused
by a large extension of the thermal plume. Meanwhile, greater values of
V result in higher values of well discharge, causing higher interference
between the wells.

This research also demonstrates that the extent and intensity of the
thermal plume is extremely reduced by using a UD-ATES in optimal
inter-well distance (d) condition and assuming a symmetrical heating
and cooling demand. In the example shown in Fig. 8, the thermal plume
length is reduced by approximately one order of magnitude compared to
the other systems. This positive effect of UD-ATES on the thermal plume
has been observed also for the other u and V values.

The main lack of this study is the assumption of equal heating and
cooling loads for summer and winter seasons, in order to maximize 7, of
the system. However, the actual heating and cooling load of an end-user
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would vary throughout the year, with possible imbalances between the
energy demand in summer and winter, resulting in lower 7. Moreover,
this imbalance could also affect the long-term sustainability of these
systems. Therefore, further study is needed to assess the feasibility of
UD-ATES systems compared to other configurations under different
energy demand scenarios, e.g., in different climatic zones.

In the following paragraphs will be discussed relevant aspects related
to the operability of UD-ATES.

4.1. Effects of aquifer thickens and thermal dispersivity

The aquifer thickness (H) and the mechanical dispersivity (o) were
not formally included in the sensitivity analysis. However, the effect of
the variation of these two parameters on d and ng, was analysed for a
specific V (100,000 m>/season) and for moderately low and high u (100
and 500 m/y).

Different scenarios with 10-20-30-40-50 m thick aquifers were
tested. Generally, it was observed that, independent of u, the optimal
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d decreases with greater values of H (Fig. 9a), while minimal variations
in 1y, are observed (Fig. 9b). This could be related to the different hor-
izontal/vertical shape ratio of the thermal plume, e.g., expressed by the
thermal radius of Eq. (5). Additionally, there is slight evidence that for
different u, there is an optimal aquifer thickness giving a maximal value
of N (Fig. 9b).

The longitudinal dispersivity, oy, tested in the different scenarios run
was 0.1-0.5-1-5-10-50 m, whereas the transversal dispersivity was
always set at one order of magnitude less than the longitudinal one.
Different values of dispersivity cause variations in the extent and the
temperature field inside the thermal plume. This leads to losses in ng, for
higher values of aj, with a stronger effect for greater flow velocity
(Fig. 9d). Due to the thinning of the temperature profile along with the
thermal plume, for higher values of a;, d tends to a common value for
different values of u (Fig. 9c).

4.2. Effects of natural variability of groundwater flow velocity and
direction

To configure and build UD-ATES systems it is important to have a
thorough understanding of the GW flow direction and u in the aquifer
used as storage. Once a UD-ATES is designed, and the d fixed, a natural
variation of u or direction can affect the performance of the system. The
effect of GW flow u and direction on 7 of UD-ATES was quantified by
modelling different scenarios considering a fixed V of 100,000 m>/sea-
son, adof 110 m, and a u of 300 m/y. By reducing the u by 5 %, 10 % and
15 %, the 5 dropped by 0.7 %, 1.5 % and 2.5 % respectively. At the
same time, modifying the GW flow direction by 5°, 10° and 15° from the
longitudinal direction of the two wells in respect to the GW flow di-
rection reduces the 5 by 0.2 %, 1.0 % and 2.6 %, respectively.

These scenarios demonstrate that a good knowledge of the GW flow
direction and u is imperative to establish the best position and d of the
doublets, which allows to obtain the maximal 7 from the system.

The best way to estimate the GW flow u and direction is to perform
direct measurements through a long-term monitoring, to characterise
their variations over time. In this way, it would be possible to test the
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model within the entire range of variability of these parameters and to
evaluate how much 75y could change in specific periods, reducing the
operation risks.

4.3. Cost comparison

Furthermore, in a dense urban setting, such as metropolitan cities,
several geometric constraints may also hamper the installation of wells
at the optimal required spacing and orientation to obtain the maximum
n from the system. It is important to run several numerical models to
evaluate the most suitable d and direction according to the geometrical
constraints, in order to establish which system could be the most effi-
cient. The need for a detailed characterization of the aquifer, which is
mandatory to optimize the efficiency of the system, can lead to higher
capital expenditure (CAPEX) compared to O-L and traditional ATES.
However, the paper shows that an optimal configuration of the UD-ATES
system in high u velocity aquifers can be 13 to 25 % more efficient
compared to O-L system. This higher efficiency translates into a reduc-
tion in the energy required to extract and inject water, resulting in lower
operating costs (OPEX) for the system. In the long term, this should
compensate for the higher CAPEX. Furthermore, greater efficiency re-
sults in lower storage volume. In this way, it might be possible to
decrease the number of wells needed for system operation, reducing the
relative cost. In particular, the UD-ATES system seems promising in
regions with high u, such as in the Po plain of northern Italy. More
generally, regions with high aquifer productivity (e.g. Sprenger et al.
2017) are all suitable for ATES systems (either traditional or
uni-directional). In any case, it is important to assess the local hydraulic
gradient to decide which system is best.

4.4. National regulation

Traditional ATES systems are installed worldwide (Sweden, Belgium,
Denmark, and the USA), but more than 90 % of them are operating in the
Netherlands (Hoekstra et al., 2020). This is because the aquifers in this
country are characterized by low GW flow velocity due to the strong
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presence of fine sandy layers and gradients close to 0 %. In many other
locations, except for these countries, there are not yet any regulations for
ATES systems, because O-L configurations are more popular and widely
used. In the most populated Italian Region (Lombardy), for instance,
there is currently no legislation to regulate the adoption of ATES sys-
tems. In this region, the regulation (Regione Lombardia, 2017) states
that the temperature difference between the extraction and injection
wells must be lower than 5 °C, not allowing the operation of a well
doublet with an ATES configuration. Therefore, to promote this tech-
nology we propose to consider a maximal threshold value of tempera-
ture difference with respect to the natural ambient temperature of the
GW.

5. Conclusions

This study investigated the behaviour of uni-directional ATES (UD-
ATES) systems, a concept of aquifer thermal energy storage (ATES) that
uses groundwater flow to store and recover thermal energy. The study
performed a sensitivity analysis of the UD-ATES system for different
conditions of inter-well distance (d), GW flow velocity (u), and storage
volume (V). The study also compared the UD-ATES system with other
ATES/open-loop systems, such as traditional ATES and conventional
open-loop (O-L) systems, in terms of thermal recovery efficiency (),
temperature variation, and downstream thermal plume. The study
demonstrates that the UD-ATES system is feasible, especially for high u,
as it can retrieve a major part of the thermal energy stored in the aquifer
by a downstream well, despite heat losses due to groundwater flow.
Recovery by a downstream well is controlled by choosing an appropriate
d, depending on the V and the u.

The UD-ATES system can increase the efficiency of the thermal en-
ergy storage at high u, contrary to O-L systems which is not capable to
store heat. The UD-ATES system can be from 16 to 25 % more efficient
for u greater than 500 m/y, while traditional ATES can be from 18 to 40
% more efficient for u lower than 400 m/y.

Examining the case of 100,000 m>/season at u lower than 220 m/y,
the traditional ATES system is more efficient, while for greater values,
the UD-ATES is more convenient. This threshold value shifts to greater u
according to which V is considered.

Moreover, the UD-ATES system can reduce the temperature variation
and the downstream thermal plume, compared to O-L systems. The
thermal plume of an O-L system can be up to 6 times longer than the one
generated by a UD-ATES configuration under the same conditions.

Hence, the UD-ATES system can achieve two goals simultaneously:
increasing the efficiency of the thermal energy storage wells and
reducing the thermal pollution downstream, to avoid undesirable in-
teractions between different systems located upstream and downstream.

The limitations and challenges of a UD-ATES system are the risk of
short-circuit flow, which could reduce the 7 below 50 %, and the effect
of uncertainties and variations in well placement options, groundwater
flow direction and u, and heating and cooling load. The study contrib-
utes to the development of a new ATES concept that can improve the
performance and sustainability of O-L systems, by providing insights and
guidelines for the design and operation of UD-ATES systems. Future
research should focus on validating the UD-ATES model with field data
and exploring the potential of UD-ATES systems for different applica-
tions and scenarios.
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