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Abstract

Aquifer Thermal Energy Storages (ATES) as long-term
storages have a strong potential to address the seasonal
discrepancy of supply and demand of thermal energy. The
operation of high-temperature ATES (HT-ATES) and their
integration into district heating systems are the subject of
current research projects. Buoyancy plays an important
role in determining how HT-ATES performs. The target
of this paper is to present a system model in Modelica
that takes these buoyancy effects into account. The vali-
dation with experimental data and numerical simulations
shows that the system model represents the buoyancy ef-
fects well. A sensitivity analysis underlines the impor-
tance of optimizing the grid structure and shows that a
high resolution in the aquifer is necessary, especially in the
vertical direction. Finally, a 10-year simulation shows the
deviation of the heat recovery factor, i.e. the ratio of the
amount of heat extracted to the amount of heat injected,
between a model with and without buoyancy effects.
Keywords: High Temperature Aquifer Thermal Energy
Storage, ATES, Buoyancy, System Model, TransiEnt Li-
brary

1 Introduction

In 2023, only 17 % of Germany’s final energy consump-
tion in the heating sector was produced from renewable
sources (Umweltbundesamt 2024). One of the major chal-
lenges transforming the heating transition is the seasonal
offset between the supply of sustainable heat and demand.
Aquifer thermal energy storage (ATES) is one of the most
promising seasonal storage systems due to its high stor-
age capacity, efficiency and small above-ground footprint
(Guelpa and Verda 2019). The principle of ATES is based
on two wells (doublets) drilled into water-bearing soil lay-
ers, called aquifer. Thermal water is extracted from one
well (cold or compensation well), heated and injected into
the second well (hot well). During the heating period, the
heated thermal water is pumped up from the hot well, the
heat is extracted via heat exchangers and returned to the
second well.

A distinction is made between low-temperature
(< 50°C) and high-temperature (> 50°C) aquifer stor-
age, depending on the temperature of the thermal water
to be stored. Due to the low temperature level, LT-ATES

also serve as cold storage for the summer. While LT-ATES
are widely used, only 5 HT-ATES are in operation world-
wide (Fleuchaus 2020). Some have been closed after years
of operation (e.g. Utrecht University, Hooge Burch in
Zwammerdam and Neubrandenburg). In Neubrandenburg
and Hooge Burch, Zwammerdam this was due to uneco-
nomic operation due to fluctuating heat demand and sup-
ply (Fleuchaus et al. 2021; Drijver, Bakema, and Oerle-
mans 2019). The ATES at the University of Utrecht closed
due to problems in the well and a discrepancy between the
required temperature level and the temperature supplied
from the aquifer storage (Drijver, Bakema, and Oerlemans
2019). This means that the interaction between the aquifer
storage and its surroundings, be it individual buildings or
district heating systems with their fluctuating heat demand
and supply, requires further research.

New HT-ATES projects such as the Living Lab
"GeoSpeicher Berlin" (Federal Ministry for Economic Af-
fairs and Climate Action 2024) and "PUSH-IT" (Push it
2024) are building HT-ATES systems for integration into
district heating systems, and projects such as "ATES Vi-
enna" (Forschungsinitiative Green Energy Lab 2022) and
"OptInAquiFer" (Hamburg Insitut 2022) are investigat-
ing the integration of HT-ATES into district heating sys-
tems. Kohler et al. (2025) from the OptlnAquiFer project
have identified a great potential for seasonal thermal en-
ergy storage in district heating systems, for which detailed
models for the realisation of efficient storage systems are
needed in order to be able to investigate the grid-side chal-
lenges in advance.

The most commonly used computer codes for the
simulation of underground aquifers are complex CFD-
based codes such as FEFLOW (DHI-WASY GmbH
2012), OpenGeoSys (Kolditz et al. 2012), MODFLOW
(Langevin et al. 2017), HSTWin-2D (Kipp 1987) etc.
These programs can represent complex geometries and
take into account physical effects such as chemical reac-
tions and groundwater flow in addition to heat and mass
transport, but are only marginally suitable for system anal-
ysis. The simulation of aquifer storage in systems can
only be represented with these programs using complex
co-simulations. System level modelling platforms such
as TRNSYS and Modelica are suitable for modelling the
interaction of aquifer storage systems with buildings and
district heating. For both modelling platforms, ATES
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models already exist. The TRNAST (Schmidt 2005)
model for TRNSYS allows the simulation of an aquifer
storage system whose wells are thermally and hydrauli-
cally separated from each other. Heat transport is radial
and vertical, while mass transport is radial only. The
model of Maccarini et al. (2023) in the Modelica library
IBPSA is a low-order model that is designed for fast nu-
merical calculation and therefore only transports heat and
mass radially. Both models neglect buoyancy flow due to
larger temperature differences in the aquifer.

Various literature and studies have shown that buoy-
ancy flow can have a significant impact on the efficiency
of ATES systems (Buscheck, Doughty, and Tsang 1983;
Gao et al. 2024; Beernink et al. 2024; Heldt, Beyer, and
Bauer 2024). Gao et al. (2024) have shown with a non-
dimensional approach that the design of the temperature
profile in the aquifer can be classified into three differ-
ent regimes: Conduction dominated, buoyancy dominated
and a transition regime. Nield and Bejan (2013) gives
the critical Rayleigh-Darcy number above which buoy-
ancy can no longer be neglected as
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with 8 as the thermal expansion coefficient, g as the
gravitational acceleration, py as the density, ¢, , as the spe-
cific heat capacity of the aquifer, K as the permeability,
L as the characteristic length (here: height of aquifer), u
as the dynamic viscosity and A as the thermal diffusiv-
ity. This means that even at low permeabilities (e.g. 0.1
Darcy) the temperature difference between injected and
existing thermal water must not exceed 40°C. This is al-
most always exceeded for high-temperature storage tanks.
In addition to 2D heat transport, the ATES model pre-
sented here also takes buoyancy flow into account. In sec-
tion 2 the mathematical and numerical model is described
and validated against experimental and numerical data in
section 3. section 4 presents an example for a 10 Years
simulation of an ATES and in section 5 the main results
are summarized. The entire model is to be added to the
TransiEnt library (Gillner et al. 2025).

2 Method

The purpose of the model is to simulate the thermohy-
draulic behaviour of an ATES system for high and low
temperature injection. The model should then be suitable
for integration into larger system levels.

2.1

The following assumptions are made in the model:

Modeling approach

* Regional groundwater flow is neglected.

e Thermal interference between hot and cold well is
neglected.

* The fluid in the aquifer is assumed to be pure water.

* The porosity, the permeability, the height of the lay-
ers and the material properties of the solid phase are
constant.

* Radiative effects, viscous dissipation and work done
by pressure changes are neglected in the energy
equation.

* The well screen fully penetrates the aquifer.

* The aquifer is confined by impermeable layers above
and below.

The last two assumptions depend on the modeling.
They can be adjusted with little effort.

To describe convection and conduction in the aquifer,
the model is based on the three governing equations for
mass, momentum and energy conservation. The mass con-
servation equation is given by

‘P'%"'V’(Pf‘v):()’ 2)
t
where ¢ is the porosity, ps is the fluid density and v is
the seepage velocity or also called Darcy flux given as
m3m~2. The subscript f refers to fluid. The momen-
tum conservation equation for porous medium considering
laminar flow is given by

K
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where K is the permeability tensor, U is the dynamic vis-
cosity, p is the pressure, and g is the gravitational accel-
eration vector. The energy conservation equation in the
aquifer is given by

(bey). %f T (pep) V- VT =ka V-(VT), (&)
where c is the heat capacity, T is the temperature, k is
the thermal conductivity, and the subscript a represents the
coupled material values of the liquid and solid phase. As
the model is assumed to be in thermal equilibrium, heat
conduction is parallel in both phases. For an effective ther-
mal conductivity, density and heat capacity, the weighted
arithmetic mean is used as follows:

* The aquifer is homogenous and isotropic, so a 2D ko = (1—0) ks + Ok, (5)
cylindrical representation is sufficient.
a = (1—9)ps+ ops, 6
* Alocal thermal equilibrium between the fluid and the Pa=(1=0)ps+0pr ©)
solid phase is assumed. Pacpa = (1 — @) pscs + dprep s @)
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Since the adjacent layers are assumed to be impermeable,
the energy equation of Equation 4 is reduced by the ad-
vection term to

oT

(ep), 5, =k V-(VT).

®)

Density, heat capacity and dynamic viscosity of water
in the aquifer are calculated as a function of temperature
and pressure. The material parameter of the solid phase
and the adjacent layers are assumed to be constant.

The boundary conditions for pressure and temperature
at the outer edge of the aquifer are defined as the initial
values for pressure and temperature. This corresponds to
the hydrostatic pressure distribution for the pressure and
the undisturbed groundwater temperature for the tempera-
ture. The same applies to the temperature boundary con-
ditions at the lower and upper surfaces of the adjacent lay-
ers, respectively. For accurate simulation of ATES, it is
therefore important to ensure that the ATES is modeled to
a sufficient size to minimize boundary effects. In the ra-
dial direction, this can be estimated by the thermal radius,
which is defined as follows:

cy-V

Rn=\/—"——
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where ¢y is the volumetric heat capacity of the fluid, V
is the total volume of thermal water injected, ¢, is the ef-
fective volumetric heat capacity of the aquifer and H is
the thickness of the aquifer. The thermal radius indicates
how far the thermal plume spreads in a radial direction.
However, it should be noted that this estimate does not
take into account natural convection, convection due to
regional groundwater flow and heat conduction in the ver-
tical direction. Nordell, Snijders, and Stiles (2021) rec-
ommends three times the thermal radius as the distance
between the hot and cold well to prevent thermal inter-
ference. At least one and a half times the thermal radius
should be selected for the mapping of a single well.

The adiabatic boundary condition at the inner edge of
the neighbouring layers results from the cylindrical im-
plementation of the ATES.

To solve the partial differential equations, the Finite
Volume Method (FV) is used for local discretization. The
nodes are placed in the center of the control volume. The
upwind difference scheme is used as an approximation for
the conservation variable. The advantage of this approxi-
mation lies in its robustness; it is the only approximation
that does not lead to oscillating solutions (Ferziger, Perié,
and Street 2020). However, the approximation has a lead-
ing truncation error term that is diffusive, i.e. it smoothes
the solution. To keep this error term small, the grid must
be chosen very finely.

2.2 Model implementation

The model is implemented in Modelica and uses com-
ponents from the TransiEnt library (Senkel et al. 2021)

and the Clara library (Vojacek et al. 2023). The TIL-
Media library available in Clara is used to calculate the
temperature- and pressure-dependent properties of pure
water. The model can roughly be divided into three levels.
The top level represents the overall model of the under-
ground well and can be used for instantiation in larger sys-
tem levels. In this model, the models of aquifer, adjacent
clay layers, well are instantiated and connected. Also the
boundaries are set. One level lower the well, the aquifer
and the stone layers are described. The energy equation,
the continuity equation and the pressure loss model are
located in the lowest level.

In Figure 1 the top layer with the models, boundary
conditions and connections is shown schematically. The
diagram is intended to illustrate that the discretization of
the adjacent layers (clay layers) takes place on this level.
However, the discretization of the aquifer and the well fil-
ter is implemented in the lower levels in order to reduce
the number of fluid ports and fluid models. Furthermore,
the Figure 1 shows that the Aquifer model also has fluid
ports in the vertical direction. Thus, modeling of hetero-
geneous layered aquifers is also possible, as shown in sec-
tion 3.

The material properties, the geometry of the aquifer and
the adjacent layers, the initial conditions are set in a record
and can be easily changed in the top level. The mesh for
discretization is also set in the record. It is possible to de-
sign the discretization in vertical and radial direction very
individually. The only restrictions are the same number
and size of control volumes in the radial direction for the
aquifer and the adjacent layers, as well as the axially sym-
metrical arrangement of the control volumes of the adja-
cent layers.

3 Validation

To validate the model, the results are compared with mea-
sured values from field experiments at Auburn Univer-
sity in 1981 and their simulation results. The experiment
is described in Molz et al. (1983) and the simulation in
Buscheck, Doughty, and Tsang (1983).

3.1 Experiment and simulation at Auburn
University

In the 1970s, Auburn University began a series of field ex-
periments on water storage at temperatures above 35°C.
In the third experiment, injection temperatures were in-
creased on average to 58.5°C in the first loop and to 81 °C
in the second loop to study the effect of buoyancy flow
on efficiency (Molz et al. 1983). The geometric, opera-
tional and material-related data on the aquifer and the ex-
periment are taken from Buscheck, Doughty, and Tsang
(1983). The aquifer under consideration lies at a depth
of between 40 and 61 m and is bounded above by a 9m
thick clay layer. Above this is another aquifer. Below the
aquifer is a layer consisting of clay, sand and sandstone.
The undisturbed groundwater temperature is 20°C. The
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. Fluid Port
. Aquitard
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Figure 1. Schematic drawing of connecting the main layers at the top level.
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well screen extends across the full thickness of the aquifer
and has a radius of 0.1m. A compilation of the values
used in this simulation can be found in Table 1. Although
the second cycle is run at significantly higher tempera-
tures, the calculation of the Rayleigh number according
to Equation 1 with Ra = 403 > 47> = Ra,i1icas Shows that
buoyancy effects must be taken into account already in the
first cycle. Therefore, the validation in this paper focuses
on the first cycle.

The operating parameters of the first cycle are listed in
the table Table 3. The first period of injection, storage
and production lasts just under 87 days. The flow rate
and temperature of the water in the injection phase are
variable over time in the experiment. For the simulation,
Buscheck, Doughty, and Tsang (1983) calculated mean
values for injection temperature and volume flow. How-
ever, since these values can only be read from a graph, the
values were compared to Lopik, Hartog, and Zaadnoordijk
(2016).

Table 1. material parameters

Properties Parameter values
Aquifer properties

Porosity! 0.25
Density of rock! 2600kgm 3
Heat capacity of rock! 696.15Tkg ' K~!
Thermal conductivity of aquifer! 229Wm1K!
Horizontal permeability! 0.63 x 10719m?
Vertical permeability' 0.09 x 10~19m?
Aquitard properties

Porosity! 0.35
Density of rock! 2600kgm 3
Heat Capacity of rock! 696.15Jkg ' K~!
Thermal conductivity of aquitard! 2.56Wm ' K™!

Fluid properties
Heat capacity of water

4186Jkg ' K!

Thermal conductivity of water 0.58Wm'K~!
Geometry

Aquifer thickness' 21m
Aquitard thickness' 9m
Radius of well screen! 0.1m
Initial conditions

Initial temperature of aquifer’ 20°C
pressure of aquifer Sbar

! Parameters taken from Buscheck, Doughty, and Tsang (1983).

In Buscheck, Doughty, and Tsang (1983) the field ex-
periment is represented by two models. In the first model
the aquifer is assumed to be a homogeneous layer. The
second model takes more account of the actual hetero-
geneity of the aquifer by modelling a three-layer aquifer

Table 2. Horizontal permeability and height values for the three
layers in heterogeneous model taken from Buscheck, Doughty,
and Tsang (1983)

Thickness inm  Permeability in m>
Upper Layer 9.6 4.6x 10710
Middle Layer 5 1.16 x 10710
Lower Layer 6.6 4.6x 10710

The vertical to horizontal permeability ratio in each layer is 1:6.

Table 3. Operational parameters for the first cycle taken from
Buscheck, Doughty, and Tsang (1983).

Phase Duration  Flow rate Inj. temperature
indays inm3d~! in °C

Injection 20 760 60
7 1100 58

4 600 52

Storage 32 - -
Production 2 -1684.4 -
21 -1054.08 -

Rest 26 - -

where the middle layer has a permeability 2.5 times higher
than the two adjacent aquifer layers. The permeabilities
and thicknesses of the aquifer layers are given in Table 2.
A thickness of 9m is assumed for the adjacent lower and
upper layers and a permeability of 1 x 10~ m? is as-
sumed for Buscheck, Doughty, and Tsang (1983). For the
Modelica simulation, the upper and lower confined layers
are assumed to be impermeable to water (aquitard). The
temperature distribution in the aquifer and adjacent layers
at the end of injection for the homogenous and heteroge-
nous model can be seen in Figure 2.

3.2 Comparison of simulation results

Both models with the homogeneous and heterogenous
aquifer are rebuilt in Modelica and the results are com-
pared with the results of the experiment and the two mod-
els of Buscheck, Doughty, and Tsang (1983). The com-
parison is made for the temperature distribution in the
aquifer and its adjacent layers at the end of the injection
phase and the temperature profile of the water in the well
during production phase. The aquifer and its adjacent lay-
ers are discretized in volumes with 1 m edge length in ver-
tical direction (except two smaller ones in heterogenous
model to rebuild the height of the layers) and 1 m in radial
direction until the end of the thermal plume at 40m and
then 10 volumes with 3m. The temperature distribution
in the aquifer and its adjacent layers for the homogeneous
and heterogenous model at the end of the injection phase
is shown in Figure 3a and 3b, respectively. The tilting of
the thermal plume due to natural convection can be seen in
both figures. In addition, the three layers in the aquifer are
clearly visible in the path of the thermal plume in the het-
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erogeneous model. Due to the higher permeability of the
middle layer, the largest mass flow is expected there. The
temperature distribution in the aquifer and the adjacent
layers show a high degree of agreement with the simula-
tions in Figure 2 and the experiment (Buscheck, Doughty,
and Tsang 1983, p. 1130). Figure 4 shows the temper-
ature curves of the water during the production phase
in the wells for the experiment and all numeric models.
The black line shows the measured values of the experi-
ment, the red and green line shows the homogenous and
heterogenous model, respectively. The dashed lines are
the simulation results of Buscheck, Doughty, and Tsang
(1983), the solid lines are the simulation results of this
work. The temperature curves of the homogenous model
is almost identical to the simulation results of Buscheck,
Doughty, and Tsang (1983). The temperature curves of
the heterogenous model show a slightly higher tempera-
ture in the production well than the simulation results of
Buscheck, Doughty, and Tsang (1983). Both Modelica
models initially show an increase in well temperature after
the start of production. This is due to the different load-
ing temperature of the thermal water during the injection
phase and can also be seen in the temperature distribution.
This first increase in the well temperature is neither rec-
ognizable in the simulation results of Buscheck, Doughty,
and Tsang (1983) nor in the measured values from the ex-
periment.

These results show that the Modelica model can not
only predict the production well temperature affected by
buoyancy, but also model more complex aquifer struc-
tures.

4 Grid Analysis and 10 Years Simula-
tion

This chapter presents the results of a 10-year simulation of
a single well model. It shows that the model can be used
as a system component in larger systems and compares the
results with and without buoyancy.

For the simulation, the material properties and the
geometry of the aquifer are taken from the section 3.
A medium sized aquifer with a discharge of SOm>h~!
(Fleuchaus 2020) and a temperature of 60°C is assumed.
The calculation of the thermal radius according to Equa-
tion 9 results in Ry, = 66 m. After first impressions of the
simulation results, the modeled radius is set to 130m. To
keep the model structure simple, the adjacent layers are
represented as 30m thick aquitards, although there is a
wide aquifer above the 9m thick clay layer. The aquifer
is also assumed to be homogeneous. The loading and
unloading schedule is kept constant, and the individual
phases - injection, storage, production, and resting - each
last 91.25 days.

4.1 Grid study

In order to keep the accuracy of the results high and the
computational speed as low as possible, a grid study is

Depth in m

1 1 1 1 1 1
0 10 20 30 40 50 60 70

Radial distance in m

(a) Homogenous model

5545 35 25°C

Depth in m

o] 10 20 30 40 50 60 70
Radial distance in m

(b) Heterogenous model

Figure 2. Temperature distribution inside the aquifer and its
adjacent layers at the end of the injection phase for the homo-
geneous (a) and heterogenous (b) model of Buscheck, Doughty,
and Tsang (1983).
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Figure 3. Temperature distribution inside the aquifer and its

adjacent layers at the end of the injection phase for the homoge-
neous (a) and heterogenous (b) Modelica model
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Figure 4. Temperature curves of the water during the production
phase in the well for the experiment and all numeric models.

essential. For this purpose, a sensitivity analysis is per-
formed in which the grid is changed individually and to-
gether in the radial and vertical directions. In addition, the
grid structure is changed so that a finer grid structure is
chosen in the radius of the thermal plume than outside of
it. Inside the plume, the temperature gradients are steeper
than outside, depending on the time. This is due to the
numerical diffusion by the upwind difference scheme ap-
proach in FVM (Ferziger, Peri¢, and Street 2020).

Table 4 lists the structure of the grids in the sensitiv-
ity analysis. A total of nine different grid structures are
tested. The first column assigns a number to the individ-
ual simulations. The second column lists the number of
volumes in the radial direction, vertical direction of the
aquifer and vertical direction of the aquitards, in that or-
der. The third column contains the extent of the volumes
in meters. If there are vectors in the second and third
columns, the columns are assigned to each other. Radi-
ally, the discretization is performed from the well; verti-
cally, the discretization is performed from bottom to top
for the aquifer and from aquifer to outside for the adjacent
layers. The fourth column shows the total number of vol-
ume elements. An example for the grid structure is shown
in Figure 5.

The first simulation has the finest grid with an edge
length of one meter. The subsequent simulations increase
the edge length in the radial direction (S2 and S3) and in
the vertical direction (S4 and S5). Simulations 6 and 7
combine the changes from simulations 2 and 4 as well as
simulations 3 and 5. Simulations 8, 9, 10 and 11 increase
the edge lengths outside the thermal plume and in radial
direction.

Table 4. Grid Structure Variation

Number Number Size of Overall
of of Volumes  number of
Simulation  Volumes inm volumes

First row: Grid in radial direction
Second row: Grid in vertical direction in Aquifer

Third row: Grid in vertical direction in Aquitard

S1 130 1 10530
21 1
30 1

S2 65 2 5265
21 1
30 1

S3 (132} {24} 2673
21 1
30 1

S4 130 1 5330
{10,1} {2,1}
15 2

S5 130 1 2860
{5.1} {4,1}
{1,7} {24}

S6 65 2 2665
{10,1} {2,1}
15 2

S7 (132} {24} 726
{5.1} {4,1}
{1,7} (2,4}

S8 (80,10}  {1,5} 7290
21 1
30 1

S9 (80,5}  {1,10} 3145
21 1
{1’173’3} {172’3’6}

S10 40,5}  {2,10} 1665
21 1
{1,1,3,3}  {1,2,3,6}

Si1 {1,195} {2,410} 925
21 1

{1,133} {1,2,3,6}
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Figure 5. Visualisation of grid structure of simulation S11.

effect on the deviation. The number of volumes have a
linear impact on the calculation time. By reducing the
number of volumes by more than 11 times in simulation
S11 compared to the reference simulation, the computa-
tion time is also reduced by almost 14 times to 10.2s
(Dymola2025x, Advanced.Translation.SparseActivate
true, Solver: DASSL, 1000 intervals, tolerance 0.0001 %).
Simulation 11 is therefore used for the 10-year simulation.

4.2 10 Years Simulation

The well temperature curve and the HRF of the ATES sys-
tem are shown in Figure 7a and 7b respectively. In both
figures the simulation without buoyancy is compared to
the simulation with buoyancy. Comparing the well tem-
perature of the two simulations shows significant differ-
ences in the three phases - storage, production and rest.
In the storage and rest phases, the well fluid cools signif-
icantly faster. This is due to buoyancy and the resulting
influx of colder fluid from the lower part of the aquifer. In
addition, the lower adjacent layer is less heated than the
upper adjacent layer. The production phase is character-
ized by a steeper decline in well temperature, resulting in a
lower temperature at the beginning of the rest phase. This
is caused by mixing processes in the well of cold thermal
water from the lower part of the aquifer with warmer ther-
mal water from the upper part of the aquifer. This results
in a significantly lower heat recovery factor. The evolu-
tion of the HRF in Figure 7b of both simulations is sim-
ilar. After 10 years the ATES has a HRF of more than

0.535 - e
S5
S7
0.53 |
5
0.525 |
T S6 S4
S10
0.52f "o 59  S2 g8 St
* s . .
Sit g | | |
0 02 04 06 08 1
Number of Volumes 10%

Figure 6. Heat Recovery Factor of the individual simulations of
grid study after one year operation against the total number of
volumes.

The simulations are compared using the Heat Recovery
Factor (HRF), which is used as a measure of the efficiency
of the ATES after a complete cycle. The HRF is calcu-
lated from the ratio of the amount of heat extracted to the
amount of heat injected from the thermal water in a cycle:

f Qoutdt _ fmout . Cp . (Tout - Tinitial) dr
[ Oindt J 1itin - cp - (Tin — Tinitia) dr

HRF = (10)

where Q is the heat flow, 77 is the mass flow, cp is the
specific heat capacity, T is the temperature, and Tipia 1S
the temperature of the undisturbed aquifer.

In Figure 6 the HRF of each simulation is plotted
against the total number of volumes. The colors of the
dots indicate the similarity of the variation. As expected,
the coarser the grid structure, the greater the deviation of
the HRF from the reference simulation. A coarser grid
in the vertical direction in the aquifer has a significantly
greater effect on the HRF than in the radial direction. Ad-
justing the grid outside the thermal plume has the least

1‘ 83 % without buoyancy. With buoyancy, the heat recov-
““ery drops below 70 %. Although the gap to the simulation

without buoyancy decreases from over 18 %pt. in the first
year to just under 15%pt. in the tenth year, this clearly
shows the relevance of considering the buoyancy forces.
It can be seen from the two figures that the HRF will in-
crease slightly in the following years.

5 Conclusion

The expansion of thermal energy storage is essential for
the implementation of the heat transition, and in partic-
ular seasonal storage solutions are needed. ATES are a
promising technology for seasonal heat storage. With their
integration into district heating systems, HT-ATES in par-
ticular have become the focus of current research. How-
ever, buoyancy effects have to be taken into account in HT-
ATES. The author is not aware of any system models that
take this effect into account. This paper presents a model
for the simulation of HT-ATES systems in Modelica. The
model is capable of simulating the thermohydraulic prop-
erties of an ATES system with high and low temperature
injection. The model has been validated with the results
of field tests at Auburn University. The results show that
the model is able to predict the temperature distribution in
the aquifer and the temperature profiles in the production
well with good accuracy. In addition, the model is capable
of modeling more complex aquifer models.

A sensitivity analysis of the grid structure has been imple-
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Figure 7. Comparison of well temperature curve and Heat Recovery Factor between simulation with and without buoyancy flow.

mented to reduce computation time in case of acceptable
deviations of the heat recovery factors from the reference
simulation. The grid analysis shows that outside the ther-
mal plume, the grid structure has less influence on the re-
sults. However, the vertical grid structure has a greater
influence on the results than the radial grid structure. By
adjusting the grid structure, the computation time can be
reduced by more than 6 times with an acceptable devia-
tion of the heat recovery factor from the reference simu-
lation. In future work, the optimization of the grid struc-
ture in radial and vertical direction could be investigated
to achieve further savings in computation time. The rele-
vance of buoyancy effects for the simulation of ATES sys-
tems is emphasized by comparing the simulation results
with and without buoyancy effects.
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