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Interaction Effects Between Aquifer Thermal
Energy Storage Systems

by Rogier Duijff"2, Martin Bloemendal'3*®, and Mark Bakker'

Abstract

Aquifer thermal energy storage (ATES) is an energy efficient technique to provide heating and cooling to buildings by storage of
warm and cold water in aquifers. In regions with large demand for ATES, ATES adoption has lead to congestion problems in aquifers.
The recovery of thermal energy stored in aquifers can be increased by reducing the distance between wells of the same temperature
while safeguarding individual system performance. Although this approach is implemented in practice, the understanding of how
this affects both the recovery efficiency and the needed pumping energy is lacking. In this research, the effect of well placement on
the performance of individual systems is quantified, and guidelines for planning and design are developed. Results show an increase
in thermal recovery efficiency of individual systems when the thermal zones of wells of the same temperature are combined, which
is explained by reduced surface area of the thermal zone over which losses occur. The highest increase of the thermal recovery
efficiency is found for systems with a small storage volume and long well screens. The relative increase of the thermal recovery
efficiency is 12% for average-sized systems with a storage volume of 250,000 m?3[year, and 25% for small systems (50,000 m?/year).
The optimal distance between wells of the same temperature is 0.5 times the thermal radius, following the trade-off between an
increase of the thermal recovery efficiency and the increase in pumping energy. The distance between wells of opposite temperature

must be larger than three times the thermal radius to avoid negative interaction.

Introduction

Around 40% of the worldwide energy demand is used
for heating and cooling (REN21 2017). Aquifer thermal
energy storage (ATES) is an efficient alternative to provide
heating and cooling to buildings, with worldwide potential
in regions with a temperate climate and suitable geology
(e.g., Bloemendal et al. 2015). ATES systems consist of
two wells: a warm well and a cold well (Figure 1). Cold
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water is extracted from the aquifer by the cold well in
the summer and is used directly for cooling. The water is
heated up in the process and is injected back in the aquifer
in the warm well, where it is stored until next winter.
The flow is reversed in the winter when warm water
is extracted from the warm well and used for heating,
in combination with a heat pump to meet the required
temperature. The water is cooled in the process and
injected back in the aquifer by the cold well, completing
the 1 year cycle. In temperate climates, the temperature
of warm water injected by the warm well is 15 to 18 °C,
while the temperature of the cold water injected by the
cold well is 5 to 10 °C. ATES systems are energy efficient:
1 J of electric energy is needed to provide 20 to 4017
of thermal energy for cooling (e.g., Gao et al. 2017).
This ratio is also called the Coefficient of Performance
or COP. In the case of heating, 3 to 5 J of thermal energy
is provided per Joule of electric energy (COP between 3
and 5). This COP is lower because the heat pump requires
additional electric energy.

ATES is an increasingly popular technique to supply
thermal energy to buildings, with wide application for
utility buildings. ATES is especially popular in the
Netherlands, where the large number of systems (>3000)
and limited available aquifer volume has lead to con-
gestion problems in many urban areas (e.g., Bloemendal
et al. 2018). The congestion problem is aggravated
by inadequate design and planning. Current guidelines
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Figure 1. Basic working principle of an ATES system.
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exhibit safety margins between wells to prevent a
decrease in efficiency due to the adverse interaction
between wells (e.g., NVOE 2006). These guidelines
protect the interest of existing systems and can lead to
significant unused aquifer space between wells. As a
result, the current guidelines do not lead to an optimal
use of the available aquifer space and limits the number
of ATES systems in a certain area.

Alternative planning approaches have been studied to
utilize more subsurface space for thermal energy storage
while safeguarding individual system performance. The
basic principle is that the loss of thermal energy to the
aquifer is reduced when the warm water (or cold water)
zones of ATES systems overlap each other. For example,
Bakr et al. (2015) found a performance increase of 1%
to 20% due to the positive effects of interaction between
wells of the same temperature. Sommer et al. (2014)
focused on maximizing the energy stored by ATES, and
found that the largest amount of energy can be stored
when wells with the same storage volume are placed
in lanes of cold and warm wells (and in line with the
groundwater flow direction, if the background flow is
significant); they found that the optimal distance between
lanes is 2.8 and 3.3 times the thermal radius, and the opti-
mal distance between wells in a lane is 0.41 and 0.56 times
the thermal radius. Bloemendal et al. (2018) proposed
self-organization of well locations with general design
rules until 25% of the aquifer is used for storage; optimal
distances between wells of the same temperature and
between wells of opposite temperature were determined
based on individual system efficiency and reduction of
energy to run the system. However, the cited studies did
not quantify the effect of the interaction between wells,
which includes the assessment of the change in required
pumping energy resulting from close well placement.

The objective of this paper is to quantify the increase
and decrease in performance when two ATES systems
are placed close together. This is done by taking into
account whether an increase in efficiency outweighs an
increase in required pumping energy. Insights in the
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trade-off between an increase in thermal performance
and a simultaneous increase in required pumping energy
are needed for optimal utilization of the subsurface for
ATES in order to facilitate the energy transition.

In this paper, the interaction of two ATES systems
is simulated with a numerical model. ATES systems
of different sizes and under different geohydrologic
conditions are considered. This paper is organized as
follows. First, the basic concepts of ATES systems are
reviewed briefly. Next, the setup of three sets of numerical
experiments is described, followed by the assessment
framework, the modeling approach, and the results. The
paper ends with discussion and conclusions.

ATES Systems

ATES systems inject thermal energy into the aquifer.
Part of the injected energy is lost to the surroundings
due to conduction, dispersion, and diffusion and cannot
be recovered. Conduction losses generally dominate
dispersion losses in ATES systems (e.g., Bloemendal and
Hartog 2018).

As an example, consider the simplified case of a
fully penetrating well that injects warm water into a
homogeneous aquifer with a horizontal, impermeable,
and isolating top and bottom; the aquifer thickness is
H. Dispersion and heat conduction are neglected and the
aquifer and water are approximated to be at instantaneous
thermal equilibrium. For such a case, the injected water
forms a cylinder with radius Rj; and height L equal to
the screen length, so that Rj, is equal to

4
— M

nrL

Ry,

where V (m?) is the injected volume, and 7 is the porosity
of the aquifer. The radius Rj is called the hydraulic
radius (Figure 2). Note that the well is fully penetrating
so that L is equal to the aquifer thickness H. The aquifer
volume in thermal equilibrium with the injected water is
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Figure 2. Cylinder representing the zone of injected water: the hydraulic radius (Rj, shaded pink) and the thermal zone: the
thermal radius (R, red) measured in radial direction from a well.

called the thermal zone and is smaller than the zone of
injected water because energy is used to warm up the soil
particles. The radius of the thermal zone is called the
thermal radius Ry, (Figure 2). The thermal radius is
computed as

(@)

where ¢, (J/m3/K) is the volumetric heat capacity of
water, and ¢, (J/m3/K) is the volumetric heat capacity
of the saturated aquifer. The ratio of the well screen
length over the thermal radius (L/R;,) determines the
cylindrical shape of the thermal zone. A small L/Ry,
ratio means that the thermal radius is large compared to
the length of the well screen so that the cylinder is short
and wide. In practice, L/Ry, ratios vary roughly between
0.25 and 4 (e.g., Bloemendal and Hartog 2018).

Energy losses occur mainly at the boundary of the
thermal zone. Minimization of the area A of the thermal
zone compared to the volume V of the thermal zone leads
to lower losses (e.g., Bloemendal and Hartog 2018). The
lowest A/ V ratios and highest efficiencies are obtained for
systems with a large storage volume and an L/Ry, ratio
of 2 (e.g., Bloemendal and Hartog 2018). For example,
Doughty et al. (1982) found that losses to the surrounding
aquifer are relatively large compared to losses to the
confining layers at the top and bottom of an aquifer,
leading to an optimal value of the L/Ry, ratio of 1.5.

Energy losses are highest in the first cycle and
decrease with consecutive cycles because the temperature
of the aquifer near the well adjusts to the temperature
of the injected water in the first cycles (e.g., Doughty
et al. 1982). The efficiency remains relatively constant
after several cycles. The efficiency of ATES systems com-
monly ranges from 70% to 90% (e.g., Gao et al. 2017).

Methods

The assessment of the interaction between multiple
ATES wells is carried out in a simulation study. Three sets
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of numerical experiments are conducted. First, the positive
effect of combining two ATES systems into one ATES
system is assessed, which results in the maximum thermal
performance increase. Second, the effect of varying the
distance between two ATES systems is investigated, as
combining two ATES systems into one ATES system is
practically seldom possible. Third, the negative effect of
an increase in pumping energy is assessed when two ATES
systems are close to each other.

Setup and Experiments

For all experiments, two ATES systems are consid-
ered (Figure 3). The distance between the two wells with
opposite temperature of one ATES system is D, times the
thermal radius Rj,. The distance between two wells from
different ATES systems but with the same temperature is
D, times the thermal radius.

The ATES systems are installed in a confined
aquifer sandwiched between two 20m thick clay layers
(aquitards). The top of the top clay layer and the bottom of
the bottom clay layer are impermeable and insulating. The
initial temperature is equal to the ambient groundwater
temperature of 12 °C everywhere. The injection tempera-
ture is 7 °C for the cold well and 17 °C for the warm well.
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Figure 3. Layout of two ATES systems used for the
simulations.
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Table 1
Parameter Values or Parameter Ranges Used in
the Experiments

Parameter Experiment 1 Experiments 2 and 3

V (m?) 0 to 350,000 250,000 and 50,000

L/Ry, 0.25 to 4 1.35

D, N/A 2t05

Dy 0 and oo 0Oto3
Table 2

Hydraulic and Thermal Properties of the Aquifer
and Clay Layer

Parameter Symbol Value Units

Porosity n 0.3 —

Horizontal hydraulic ki s 35 m/d
conductivity aquifer

Vertical hydraulic ky 7 m/d
conductivity aquifer

Horizontal hydraulic kn.c 0.05 m/d
conductivity aquitard

Vertical hydraulic kyc 0.01 m/d
conductivity aquitard

Density sand and clay Os/e 2640  kg/m3
material

Density water Ow 1000 kg/m?

Thermal conductivity K 3 J/s/m/°C)
aquifer material

Thermal conductivity Ke 1 J/s/m/°C
aquitard material

Thermal conductivity water  «,, 0.58 J/s/m/°C

Specific heat capacity sand ¢, /¢ 0.71  kl/kg/°C
and clay material

Specific heat capacity water ¢, 418  KJ/kg/°C

Different representative storage volumes V are considered
(Table 1), but the applied injection/extraction is always
the same for both ATES systems. The discharge Q of the
wells is based on V, and is distributed over the year using
a sine function.

The hydraulic properties of the aquifer and aquitards
are summarized in Table 2, which also includes the
thermal properties of the aquifer material (sand) and
aquitard material (clay). The bulk values of the density,
thermal conductivity, and heat capacity are obtained as
the volume-weighted average of the properties of the solid
and water fractions. For example, the bulk density pj, is
computed from the density of the water p,, and the density
of the sand py as

pp = npy + (1 —n)ps 3
where 7 is the porosity.

Experiment 1: Maximum Positive Effect of Combining Two
ATES Systems

The objective of the first experiment is to determine
the maximum thermal performance of two ATES systems.

4 R. Duijff et al. Groundwater

The maximum thermal performance is obtained when the
two ATES systems are combined (i.e., Dy = 0) and the
distance between the warm and the cold well (D,) is so
large that the warm well does not effect the performance
of the cold well and vice versa. The thermal performance
of the combined ATES systems is compared to the thermal
performance of a single ATES system.

The improvement in thermal recovery efficiency is
calculated for systems with different shapes and storage
volumes, as summarized in Table 1. The L/Ry ratio
determines the shape of the storage volume and is varied
between 0.25 and 4. The storage volume is varied between
0 and 350,000m3/year, which are common values for
ATES systems in the Netherlands (e.g., Bloemendal and
Hartog 2018). The aquifer thickness (in this case equal
to the well screen length) used in the simulation follows
from the specified storage volume V and L/Ry, ratio
simulated, using Equation 2. The area over volume ratio
(A/V) is computed for the combined system and for a
single system.

Experiment 2: Positive and Negative Interaction Between
Two ATES Systems

The objective of the second experiment is to deter-
mine the change in thermal performance when the distance
between the two ATES systems DRy, and the distance
between wells of opposite temperature D, R, vary. The
distances are varied as specified in Table 1 and the thermal
recovery efficiency is calculated. The change in recovery
efficiency is determined by comparing the recovery effi-
ciency of each ATES system with the maximum increase
that can be obtained by combining two ATES systems.

Two average-sized systems (for Dutch market condi-
tions) with the same storage volume of 250,000 m? and
the same L /Ry, ratio of 1.35 are placed in a rectangular
configuration (Figure 3). The distances between wells of
the same temperature (D, R;;) and the distances between
wells of opposite temperature (D,R;,) are varied. The
same approach is repeated for two smaller systems with a
storage volume of 50,000 m?, which is sufficient to pro-
vide thermal energy for small buildings.

Experiment 3: Trade-off Between Increase in Thermal
Efficiency and Pumping Energy

The drawdown in each well is calculated for the
maximum well discharge in Experiment 2. The increase
in the drawdown is compared with the drawdown for
each well in a simulation with no hydraulic interactions
between the wells (D, = Dy = 00). The increase in
drawdown is translated to an increase in required pumping
energy for running the ATES system. It is assumed that
an increase in drawdown is linearly related to an increase
in pumping energy. The trade-off between an increase in
thermal recovery efficiency and an increase in pumping
energy is assessed.

Assessment Framework
The performance of ATES systems is quantified by
the thermal recovery efficiency (Doughty et al. 1982;
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Bloemendal and Hartog 2018) and the pumping energy.
The thermal recovery efficiency 7, is defined as the
extracted thermal energy in one extraction period as a
percentage of the injected thermal energy in the previous
injection period and is calculated for every cycle as:

Eee  Jo QexcuATdt
Eyn [} QuewATdt

4)

Nih =

where E,, and E;, (J) are the extracted and injected
energy, respectively, Q.. and Qj, (m3/d) are the
well discharge during extraction and injection, respec-
tively, AT (°C) is the absolute temperature difference
between the injected or extracted water and the
background temperature of the aquifer, ¢, is the vol-
umetric heat capacity of the groundwater, and ¢ (d)
is time.

The effect of other wells on the thermal performance
of one well is expressed as the relative change of
the efficiency using the approach of for example, Bakr
et al. (2015). First, the thermal recovery efficiency of
one well is computed, in absence of other wells (7,e)-
Next, the thermal recovery efficiency of the same well is
computed, but now with the other wells in operation (1,7).
The change in recovery efficiency due to the presence
of the other wells is expressed as the relative change in
efficiency (g, —).

e = Nall — None (5)

none

The pumping energy depends on the drawdown in the
pumping well, the injection pressure in the injection
well, and the losses in the pipes. The drawdown d
in the pumping well is estimated from a steady-state
solution as:

d 0 1 ruw Dy (6)
= — n
2rky s H D, R/ D2 + D2

where r,, (m) is the radius of the well (set to 0.3 m
here). The total hydraulic head 4, that the pump of an
ATES system (extraction and an injection well) needs to
overcome is:

hp, =hs+2|d| (7)

where hg (m) is the head loss in the pipe system approx-
imated as 20m; possible changes in the head loss due
to expansion of the pipe systems are neglected. The
required pumping energy E, (J) is calculated from the
hydraulic head loss as:

t
Ep:/ Qpugh,dt 3
0

where g (m/s?) is the acceleration of gravity.
The advantage of an increase in thermal recovery
efficiency must outweigh any increase in pumping energy.
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The coefficient of performance COP (—) is used to assess
the overall performance of the system.

E
cop=-=2 9)
E

P

The relative change in COP (y, —) due to the presence
of other wells is calculated similarly to Equation 5 as:

_ COPj — COPyye

(10)
COPone

v

Modeling Approach

Combined groundwater flow and heat transport is
modeled with SEAWAT. SEAWAT (version 4) combines
MODFLOW (version 1.18.01) and MT3DMS (version
5.20). Python is used as an interface to construct input
files and to process SEAWAT output using the floppy
package (e.g., Bakker et al. 2016). SEAWAT is designed
to simulate three-dimensional, variable density ground-
water flow and multi-species transport (e.g., Langevin
et al. 2008). Heat transport is simulated by treating heat as
one of the solute species following, for example, Thorne
et al. (2006). This is possible due to the similarity in
the mathematical description of solute transport (Fick’s
law) and heat transport (Fourier’s law). To account for
thermal retardation, the first order sorption coefficient in
MT3DMS is replaced by the thermal distribution factor
(Kd,temp) defined as (e.g., Langevin et al. 2008):

C
Kagomp = —2< (11)
' PwCp,w

Application of the values in Table 2 results in Ky epp =
1.7x 1074 m?/kg. The molecular diffusion coefficient
(D) in MT3D is replaced by the thermal diffusion
(Do temp) as (e.g., Langevin et al. 2008):

Kb
Dm,lemp = (12)
np'll)cp,'ll)

where « is the bulk thermal conductivity of the subsur-
face material. Application of the values in Table 2 results
in Dy semp = 0.15 m?/d. The longitudinal dispersivity is
0.5 m, and the transverse and vertical dispersivity are both
one tenth of the longitudinal dispersivity.

Following the experimental setup illustrated in
Figure 3, a rectangular model area is used of 2400 by
2400 m. A constant head and temperature boundary are
used at the lateral edges of the model area. The ATES
wells are placed in the center area of 400 by 400m, in
which the grid cells are 4 by 4 m. Beyond this center-area,
the grid cells expand to 150 by 150 m at the boundary of
the model, Figure 4. The height of the grid cells is 5 m
everywhere. Exploratory simulations were conducted with
varying cell sizes and model extent, which showed that
smaller cell sizes and a larger model area did not change
the results significantly.

Each experiment is run for 5 years (5 cycles) with a
time step for MODFLOW of 30d. The Courant condition
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Figure 4. Schematic representation of the grid.

is set to 0.8 in MT3DMS; MT3DMS automatically
reduces the time step to meet this condition. After
5 cycles, the recovery efficiency is approximately 90% of
the recovery efficiency, that is, eventually reached after
many cycles (e.g., Bakr et al. 2015). The preconditioned
conjugate gradient (PCG) method is used to solve for the
flow field. The finite difference method is used to solve for
the heat transport. The aquifer and flow are approximated
as incompressible, so that the flow of groundwater can
be simulated as instantaneous steady state. The effect of
relatively small temperature changes on the viscosity and
density are neglected (Doughty et al. 1982; Bloemendal
and Hartog 2018).

Results

Experiment 1: Maximum Positive Effect of Combining
Two ATES Systems

The thermal recovery efficiency 7, (Equation 4) of
an ATES well after 5 cycles is plotted as a function of
the storage volume in Figure 5 for different values of
L/Ry,. As expected, the thermal recovery efficiency is
higher for larger storage volumes and smaller values of
L/Ry,. The recovery efficiency is in the range 35% to 45%
for a relatively small system (V = 50,000 m?) and in the
range 50% to 60% for larger system (V = 250,000 m?).

The maximum increase in thermal recovery efficiency
of two ATES systems with the same storage volume
is obtained when the two ATES systems are combined
into one ATES systems. This is equivalent to doubling
the storage volume of the ATES system. The relative
increase in thermal recovery efficiency & (Equation 5)
by combining two ATES systems with the same storage
volume is plotted in Figure 6. Systems with a small
storage volume and/or a larger L/R;, value have a larger
relative increase in thermal recovery efficiency when
they are combined. The relative increase is in the range

6 R. Duijff et al. Groundwater
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Figure 5. Thermal recovery efficiency (4,) of an ATES well

after 5 cycles for different storage volumes (V) and storage
shapes (L/Ry).
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Figure 6. Maximum relative increase in thermal recovery
efficiency ¢ by combining two ATES wells of the same
temperature after 5 cycles for different storage volumes (V')
and storage shapes (L/R).

15% to 35% for a relatively small system (V = 50,000
m?) and in the range 10% to 20% for a larger system
(V = 250,000 m?).

The thermal recovery efficiency is plotted versus
the area over volume ratio (A/V) for two individual
systems (circles) and one combined system (triangles)
(Figure 7); the dashed black lines connect the value
of the two individual systems with the corresponding
combined system. The combined systems have a smaller
A/V ratio and a larger recovery efficiency than the two
individual systems. Individual systems with a large A/V
ratio (relatively small systems with long well screens)
have the largest decrease in the A/V ratio when two
systems are combined, leading to the largest increase
in efficiency. The relation between a smaller recovery
efficiency and a larger A/ V ratio was previously reported
by Bloemendal and Hartog (2018). Systems with a
relatively large thermal radius (small L/Ry, ratio) have
a higher efficiency for the same A/V ratio. This is
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Figure 7. Thermal recovery efficiency (y4) vs. A/V ratio for
different storage volumes (V) and storage shapes (L/Ry,).
The dashed lines show the decrease in A/V and increase in
efficiency when two systems are combined.

likely because conduction losses to the aquifer are large
compared to the losses to the confining layers (e.g.,
Doughty et al. 1982).

Experiment 2: Positive and Negative Interaction
Between Two ATES Systems

The interaction between two ATES systems is illus-
trated in Figure 8. The temperature distribution at the end
of the summer injection period of the fifth cycle is shown
for two ATES systems. The temperature distribution
for two systems that are relatively far apart is shown
in Figure 8a; the interaction between the systems is
negligible. The temperature distribution when wells with
the same temperature are placed close together is shown
in Figure 8b. The thermal zones are combined, which
leads to an increase in performance. The temperature
distribution when wells with the opposite temperature are
also placed close together is shown in Figure 8c. Now
the warm water has actually reached the cold well. The

25 A —e— V=250,000 m3/year

—=— V=50,000 m3/year

20

15

€ [%]

10 A

T

0 1 2 3 4
Do ‘Rin

Figure 9. Relative change in recovery efficiency (¢) as a
function of the distance D between two wells of the same
temperature for two storage volumes and storage shape
L/Ry, = 1.35.

cold well is extracting warm water and the performance
decreases.

The thermal recovery efficiency of two ATES systems
increases when the wells of the same temperature are
placed closer together (Dy is small as in Figure 8a). The
increase in thermal recovery efficiency ¢ is plotted vs.
Dy in Figure 9 for both a small and a large system. For
this simulation, D, is chosen large, so that there is a
negligible effect of the wells of opposite temperature on
the thermal recovery efficiency. The relative increase in
recovery efficiency is larger for the smaller system. The
maximum relative increase is approximately 25% for the
small system and approximately 12% for the large system.
The increase in recovery efficiency is relatively constant
for Dy between O and 1, and decreases for Dy > 1.

The change in thermal recovery efficiency as a
function of both the distance between wells of the
same temperature (D;) and the distance between wells
of opposite temperature (D,) is shown in Figure 10

I [ I

| \ ,Fw | \ | \ 17
oL @ |, © |, © I16
| N | 15
2 M 4 2F 42k -4 [ Ha
£ (P
o
S o -0+ -0l 4 128
a : g
F11 €
(0]
'_
-2 . H-2 @ 42 F 4 k10
9
-4 -4 -4 - . 8
| | | | | | | | | | | | | | 7
-4 -2 0 4 -4 -2 0 2 4 -4 -2 0 4
Ds ‘Rin Ds ‘Rin Ds ‘Rin

Figure 8. Temperature distribution for different well distances at the end of summer. (a) D, =Dy =4, (b) D, =4,D; =1
(¢)D, = Dg = 1. The dotted lines in (a) indicate the thermal radius Ry, from Equation 2.
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Figure 10. Relative change in thermal recovery efficiency (¢) as a function of the distance D, between wells of opposite
temperature and the distance D, of wells with the same temperature for storage volumes of 250,000 m? (a) and 50,000 m> (b)
and an L/Ry;, ratio of 1.35. The top rows in the subplots are also shown in Figure 9.

Do *Rin

5.0 1 1 1 1 1
4.5 1
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Ds ‘Rtn
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Ds “Rin

Figure 11. The relative change y in coefficient of performance (COP) when two ATES systems are close together for a storage
volume of 250,000 m3/year (a) and 50,000 m3/year(b) and L/R,, = 1.35.

for a small and a large system. A minimum distance
between wells of opposite temperature is needed to avoid
a decrease in efficiency. The black contour in Figure 10
represents configurations that do not lead to a change
in the recovery efficiency of the combined system. The
efficiency of the combined system increases when the
distance between wells of opposite temperature is larger
than approximately 2.6 times the thermal radius. The
negative effect of wells of opposite temperature can be
neglected when the distance between wells of opposite
temperature is larger than 4.5 times the thermal radius.
When Dy > 4.5, the change in thermal recovery efficiency
depends only on the distance between wells of the same
temperature, resulting in the graph of Figure 9.

Experiment 3: Trade-off Between Increase in Thermal
Efficiency and Pumping Energy

The advantage of an increase in thermal recovery
efficiency must outweigh the increase in pumping energy
due to the increase in drawdown in the well. The
combined effect of the increase in thermal recovery
efficiency and the increase in pumping energy, expressed
as the change y (Equation 10) of the coefficient of
performance (COP), is shown in Figure 11 for both a
larger system and a smaller system. For the larger system
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(Figure 11a), the negative effect of increased pumping
energy outweighs the positive effects of the increased
thermal recovery efficiency when the distance between
wells of the same temperature is small. The combined
effect is positive when a small distance between wells
of the same temperature is applied because the change
in drawdown decreases exponentially while the change
in thermal recovery efficiency can be approximated as
constant between 0 and 1 Ry;. Therefore, a distance of 0.5
times the thermal radius is sufficient to improve overall
system performance, while the optimum is around 1 Ry,.
For the smaller system (Figure 11b), the relative increase
in COP is positive also for Dy = 0, as long as Dy > 3.
The maximum relative increase in COP is much larger for
the smaller system than for the larger system.

Discussion

The objective of ATES application is to reduce
primary energy use by the facilities in the buildings (e.g.,
heat pump, circulation pumps, peak supply) and depends
on the mode of operation of the ATES system. To what
extent improved recovery efficiency of the wells affect
primary energy use depends on the mode of operation of
the ATES system.
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e In the case of cooling, the primary energy use is
expected to decrease with a higher rate than the increase
in thermal recovery efficiency of the groundwater
system of the ATES. Because in summer cooling is
provided directly without the use of a heat pump or
cooling machine. Increased recovery efficiency means
that cold water can be extracted for a longer period.
Resulting that the use of the heat pump for cooling at
the end of the summer can be reduced or is avoided
entirely, which constitutes a significant energy savings
as the required primary energy use for cooling from
ATES and with heat pump differs by a factor of about
10 (e.g., Bloemendal et al. 2018).

e In the case of heating, the primary energy use is
expected to decrease with a lower rate than the increase
in thermal recovery efficiency of the groundwater
system. In any case a heat pump is needed to provide
heating in the winter. A higher efficiency of the warm
well leads to a higher average temperature at the
evaporator of the heat pump. This means that the
energy consumption of the heat pump is reduced, but
with a lower rate than the increase of the thermal
recovery efficiency. This is caused by the fact that
the efficiency of the heat pump depends on the Carnot
cycle, which is based on absolute temperatures (Kelvin
scale) (Carnot 1978).

Overall, the improved recovery efficiency due to
combination of thermal zone of well is expected to result
in limited primary energy use reduction. At the same
time, reduction of mutual distance between wells allows
accommodation of more ATES wells, which in turn allows
better utilization of subsurface space and gives access
to ATES technology for more buildings. Various studies
(e.g., Sommer et al. 2015; Bloemendal et al. 2018) showed
that high adoption rates of ATES have a significant impact
on the primary energy use savings for buildings in an area.

The presented advantage of combining the thermal
zones of two ATES systems is based on an idealized situ-
ation. Confirmation of our findings with an experiment in
the field is difficult, as it would require data of multiple
years of operation of a single ATES system, followed
by data for multiple years of the same ATES system, but
now with a nearby ATES system in operation. As such an
experiment is hardly feasible. The most important ideal-
izations of the followed approach in this study and their
effects on the outcomes of this study are discussed below.

e Wells are placed on the corners of a rectangle. The
performance of a nonrectangular layout will likely be
similar to the performance of a rectangular layout
provided that the area over volume ratio (A/V) of the
combined system decreases in a similar manner as for
the rectangular layout.

e The injection temperatures of the two systems are the
same. The increase in performance may decrease when
the injection temperatures are different. For example, if
one system injects warm water at 16 °C and the other
system at 18°C, then the increase in performance of
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the warmer system will be smaller than the increase in
performance of the colder system.

e The systems are balanced. In practice, the balance
between the warm and cold well will vary over time
due to variations in outside air temperature and energy
use by the buildings over the years. A combined
system may benefit when two systems have an opposite
imbalance as, for example, the excess warm water of
one system may be used by the other system. Systems
with a structural imbalance (e.g., systems that always
extract more energy for cooling than for heating) will
negatively effect the performance of a nearby system,
as the imbalanced system will extract an unequal share
of the energy injected by the other system.

o Systems may pump significantly less than the permitted
amount, which is used to design the system. The
increase in performance by combining ATES systems
must be determined for the actual storage volume.

e More than two ATES systems may be combined. The
thermal recovery efficiency is expected to increase when
more than two ATES systems are placed close together,
provided that the A/V ratio of the combined system is
smaller than for the uncombined systems. The relative
increase will likely be smaller for every subsequent
system, that is, added.

o ATES is simulated in homogeneous aquifers with no

background flow. The effect of heterogeneity and back-
ground flow on the performance of ATES systems
has been addressed in various studies (e.g., Sommer
et al. 2013; Bloemendal and Hartog 2018; Bloemen-
dal and Olsthoorn 2018). Heterogeneity may impact
recovery efficiency when heterogeneity is significant
(e.g., when thin gravel layers are present) and wells
of opposite type are placed close together. However,
average heterogeneous condition do not affect recov-
ery considerably. Hence, from these previous studies
it is concluded that heterogeneity will not affect the
outcomes and conclusions of this study.
Low groundwater flow velocities (<25 m/year) gener-
ally have limited impact on ATES recovery efficiency.
The effect of background flow must be taken into
account for ATES well placement at flow rates above
25 m/year (Bloemendal and Hartog 2018; Bloemendal
and Olsthoorn 2018). Clustering of wells of the same
type reduces the effect of background flow. Wells of the
opposite type should, of course, not be placed in line
with the background flow. In high groundwater flow
aquifers densely occupied with ATES systems, lanes of
warm and cold wells should be made in line with the
groundwater flow direction.

Conclusion

The performance of two ATES systems increases
when their thermal zones are combined. Losses of thermal
energy occur at the boundaries of the thermal zones. The
efficiency of individual ATES systems increases when
wells of the same temperature are placed close together,
because the A/V ratio, the area of the thermal zone
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relative to the volumes, is reduced. The combination
of two smaller systems (storage volume of 50,000 m?)
results in an increase in thermal energy efficiency up to
25% for the systems considered. The combination of two
larger systems (storage volume of 250,000 m?®) results
in a smaller increase in thermal energy efficiency of
up to 12%. The increase of thermal recovery efficiency
depends on the shape of the thermal zone, expressed
by ratio of the fully penetrating well screen L over the
thermal radius R;,. Combination of ATES systems with
a relatively long well screen (large L/Ry, ratio) results
in a higher increase of the thermal recovery efficiency
than combination of systems with a relatively short well
screen (low L /Ry, ratio).

The combination of two ATES systems may lead to
an increase in thermal recovery efficiency, but it also
results in an increase in required pumping energy. An
increase of the total system performance, expressed as
the coefficient of performance, is obtained when wells
of the same temperature are placed approximately 0.5R;,
apart. The distance between wells of opposite temperature
must be larger than 3Ry, to avoid a decrease in efficiency
due to interaction between the warm and cold wells. In
practice, the optimal distance between wells of opposite
temperature should be chosen based the trade-off between
an increase in individual system performance and optimal
use of the available aquifer space.
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