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ARTICLE INFO ABSTRACT

Keywords: Water pit thermal energy storage (PTES) systems have proven a cheap and efficient storage solution for solar

PTES district heating systems. This is partly due to their low cost, deriving from low material usage as the ground is

Heat storage used as the weight-bearing structure. Further savings are obtained by the absence of insulation toward the

Computational Fluid Dynamics . . .

CFD ground, although this makes the ground-storage thermal interaction more pronounced than other storage

Ground water technologies. However, it remains unclear how the different operation strategies affect the ground temperature
and heat losses, especially in cases where groundwater is present. A simulation model was created using ANSYS
and validated using operation data from the PTES in Marstal to investigate this. Using the validated model, it was
found that the presence of groundwater could increase heat losses up to 60%, while the heat losses were un-
affected when the groundwater table was more than 13 m below the storage bottom. The groundwater tem-
perature could be maintained below 20 °C for a seasonal PTES if the groundwater table was at a depth of 25 m.
However, maintaining this temperature for a short-term PTES operation was not feasible. Generally, the soil
temperature was unaffected outside of a 100 m radius around the storage regardless of the operation type or the

soil’s thermal properties.

1. Introduction

Thermal energy storage (TES) systems have been used in connection
with large-scale solar heating plants for district heating (DH), enabling
DH systems to achieve solar fractions of up to 50% [1]. For seasonal
storage, four main types of TES have been utilized, namely, pit thermal
energy storage (PTES), borehole (BTES), aquifer (ATES), and tank
(TTES) [2]. While TTES and PTES typically use water as a storage me-
dium, BTES systems use the soil itself [3], and ATES use natural un-
derground aquifers as the storage medium [4]. Classification of TES can
also be based on installation; ATES, BTES, and PTES are all under-
ground, while TTES are usually placed above ground. Nonetheless, in
some cases, large-volume TTES can be placed partially underground (e.
g., as in [5]).

Except for TTES, which are insulated against the ground, the other
seasonal storage technologies are in direct contact with the soil. For
example, the sides and bottom of PTES systems are uninsulated and only
lined with a watertight polymer liner to prevent water from leaking into
the ground [6]. Consequently, the soil’s thermal properties directly
affect the heat losses and performance of PTES.
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Heat transfer in the soil is mainly driven by thermal conduction [7],
although it should be noted that soil is a multi-phase material and can
consist of solid, gas, and liquid particles. While the presence of gas (i.e.,
air) obstructs heat conduction, its replacement with liquid (i.e., water)
increases the thermal conductivity of the soil [8]. Additionally, higher
moisture content can increase the soil’s specific and volumetric heat
capacity [9]. In general, the effective thermal properties of soil depend
on the soil type, mineralogy, particle size, packing geometry, porosity,
degree of saturation, and the state of the water (i.e., liquid or solid)
[10,11].

High soil thermal conductivity (e.g., water-saturated soils) has been
shown to increase heat losses, negatively impact efficiency, and reduce
the achievable temperature of seasonal heat storage systems [12]. Thus,
from a heat loss perspective, it is evident that placing underground TES
systems in locations with low soil thermal conductivity is beneficial.

Similarly, the presence of groundwater, especially flowing ground-
water, has been found to affect the efficiency of TES systems negatively.
For example, the efficiency of ATES can drop as low as 10% for cases
with groundwater flow rates higher than 50 m/year [13]. Depending on
the velocity of the groundwater flow, the efficiency of BTES systems can
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be reduced by up to 30% [14]. Similarly, PTES systems can have
approximately 15% higher heat loss due to groundwater [15]. Last, the
efficiency of TTES systems can be reduced by 8% due to the presence of
groundwater [16]. In general, it is acknowledged that the most favorable
geological conditions for TES systems are when there is no groundwater
[17,18] or with a low flow rate (e.g., groundwater flow rates less than 1
m/year are acceptable for BTES [19]). Nonetheless, there are cases
where TES systems are located within the groundwater table due to the
absence of local sites with favorable soil conditions or poor planning.

The TES-groundwater interaction leads to reduced TES performance
but also to an increase in the groundwater temperature. Since approxi-
mately half of the world’s population relies on groundwater for potable
water supply [20], it is paramount to ensure that the water quality is not
negatively affected by the change in groundwater temperature. Studies
have shown that temperature can considerably alter the groundwater’s
chemical composition, and an increase of 5-10 K is generally acceptable
[21]. As arule of thumb, as temperature increases, there is an increase in
the concentration of some bacteria and chemical elements (e.g., man-
ganese), which can be harmful to humans [22].

For this reason, some European countries have placed limits on the
maximum groundwater temperature, e.g., in Austria (20 °C), Denmark
(25 °C), and the Netherlands (25 °C) [23]. Additionally, a relative
change in the groundwater temperature of +6 K is given in the
geothermal installation guidelines in Austria (legally binding) and
Germany (recommended) [23] and + 3K in Switzerland (legally bind-
ing) [24].

To adhere to these regulations, Dahash et al. [16] investigated the
impact of a groundwater barrier and the addition of insulation between
the groundwater surface for PTES or the increase in the insulation
thickness for TTES. They found that, for maintaining the groundwater
temperature below 20 °C, a vertical water barrier (blocking ground-
water movement around the storage) should be placed 25 m from the
TES, combined with insulation around the TES. However, the study only
investigated seasonal storage operation. In seasonal operation, PTES
systems may act as the source for heat pumps; thus, the temperature
operation range is usually 15— 90 °C, while it is 45 -90 °C for short-
term operation. Due to the lack of research, it is unclear how the dif-
ferences in long-term and short-term operations affect groundwater
temperature. In addition, the study by Dahash et al. only considered a
ten-year period, while the expected lifetime is 25 for a PTES and 40 years
for a TTES. Thus, different results could be expected when simulating
the full lifetime of the storage systems.

Besides the thermal conductivity of the soil domain and the presence
of groundwater, the soil temperature can also affect the TES operation.
The temperature of the upper soil layer fluctuates during the year mainly
due to heat exchange with the ambient air, whereas an almost constant
temperature is typically achieved at depths below 10 m [25]. However,
heat losses from heat storage will gradually increase the temperature of
the surrounding soil. Dahash et al. found that the ground temperature in
the vicinity of a PTES or TTES can reach up to 50 °C during charging
periods [26]. Moreover, simulations of a seasonal BTES system using the
finite element simulation software COMSOL [27] indicated a 10 K
temperature increase in the soil around the boreholes within one year
and predicted a 16 K increase after five years [28]. In general, the
ground heat losses of a TES can be divided into a periodic variation with
an annual cycle and an initial part with a transient thermal build-up
around the storage [29]. The transient temperature built-up around
the storage is significant during the initial two to ten years of operation
(depending on the storage size), while the periodic yearly variation is
the most important long-term. Hence, it is important to investigate the
heat loss of a TES system for several years as it is not constant, even if
constant operation and ambient conditions can be assumed. However, it
is not evident from the literature how long it takes for TES heat losses to
stabilize due to the warm-up of the surrounding ground and if the length
of this period depends on the operation (i.e., seasonal vs. short-term)
and soil properties.
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Traditionally, PTES had been used only for seasonal heat storage in
conjunction with large-scale solar heating plants. However, in 2023, a
new PTES was put into operation in Hgje Taastrup (Denmark), which is
operated as a short-term storage (two-week cycle) and is directly con-
nected to the DH grid [30]. Thus, PTES can be used for both seasonal and
short-term operations, unlike other storage technologies (e.g., ATES and
BTES).

However, the change in operation strategy significantly alters the
seasonality of the heat losses to the ground, although this has yet to be
studied in detail. For this reason, the aim of this study is to elucidate the
effect of different PTES operations on the surrounding ground and
groundwater. Additionally, the effect of seasonal and short-term oper-
ations on groundwater will be investigated.

The present study focused on PTES, a promising heat storage tech-
nology combining low construction costs with high storage efficiency.
The efficiency of the existing seasonal PTES varies from 60% to greater
than 90% [31]. However, there are no specific guidelines regarding the
optimal ground conditions for a PTES, and it is currently unclear how
large of an impact ground conditions have on PTES performance. For
example, at the Dronninglund PTES, there is a groundwater Table 1-1.5
m below the storage bottom with a flow rate of 15 m/year [32]. For
maintaining a lower construction cost than TTES, PTES systems are not
insulated toward the ground. Thus, they are expected to be influenced
by the ground conditions much more than insulated technologies (e.g.,
TTES). Nevertheless, it remains unknown if and how much the
groundwater affects the PTES performance and if the storage operation
increases the groundwater temperature.

For this reason, the present study aims to investigate the following
research questions:

- How long does it take for the ground temperature around a PTES to
stabilize under short- and long-term operation?

- How large is the temperature zone of influence for a PTES?

- At what depth does the groundwater need to be for it not to affect
PTES performance?

- How far from the PTES should groundwater be to satisfy the
groundwater temperature regulations?

To answer these questions, a simulation model of the soil sur-
rounding a PTES was developed and used to study the heat losses from
the water-ground interface and the temperature development in the soil
domain. The model was validated by comparison against measurement
data from the PTES in Marstal. The validated model was used to simulate
heat losses to the ground assuming different soil conductivities and
groundwater conditions for short-term and seasonal PTES operations.

The PTES in Marstal is described in Section 2.1, followed by the
description of the developed simulation model in Section 2.2. Section
2.3 presents the PTES water temperature profiles, and Section 2.4 the
groundwater settings used in the simulations. The validation of the
simulation model is presented in Sections 3.1 and 3.2, followed by the
investigations for heat loss stabilization in Section 3.3. The PTES
interaction with the surrounding soil is presented in Section 3.4, fol-
lowed by the interaction with groundwater in Section 3.5. Last, the
conclusions are presented in Section 4.

2. Methods
2.1. The PTES in Marstal

The PTES system in Marstal was constructed in 2012 with an
approximate storage capacity of 6,000 MWh. The storage had the shape
of an inverse truncated pyramid, with a volume of 75,000 m°. The
storage depth was 16 m, and the floating lid measured 113 by 88 m. The
PTES was charged with heat from a 15,000 m? flat-plate solar collector
field and used primarily for seasonal storage. Hence, the PTES was
mainly charged during spring and summer and discharged during
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autumn and winter.

The DH supply temperature in Marstal was approx. 73 °C, while the
average return temperature was 40 °C [33]. When the temperature in
the top layers of the PTES was sufficiently high, the storage could supply
heat directly to the grid. However, when the storage temperature was
below the supply temperature, the storage acted as a heat source for a
1.5 MWy, heat pump that supplied heat to the DH network. During
autumn and winter, the heat pump operation lowered the PTES tem-
perature to 15-20 °C. A more detailed description of the design and
operation of the Marstal PTES can be found in [31]. An aerial photo of
the solar collector field and PTES in Marstal can be seen in Fig. 1.

It should be mentioned that the Marstal PTES was used for validating
the developed model due to the extensive ground temperature
measurements.

2.1.1. Measurement locations and uncertainty

The water temperature inside the storage was measured using two
temperature sensor strings mounted in the center of the lid. Each string
had 16 temperature sensors placed at 1 m intervals. The two tempera-
ture strings were located next to each other but offset vertically by 0.5
m; thus, the vertical temperature profile was measured every 0.5 m. The
temperature sensors were Class A PT100, with an accuracy of +0.15 K.

Additionally, to monitor the change in ground temperature, four
temperature sensor strings were installed near the edges of the storage
embankment. The ground temperature sensors were PT100, but since
their class is unknown, their accuracy was estimated to be +0.5 K. The
locations of all the temperature sensors are illustrated in Fig. 2.

2.1.2. Soil domain

The soil properties and groundwater conditions were assessed before
the storage construction. Specifically, soil samples were taken from ten
boreholes at a depth of either 14 or 24 m, with a uniform spatial dis-
tribution. Both intact soil samples were taken, and field vane tests were
performed. The report of the soil investigations stated that the soil
conditions were “messy,” with alternating deposits of sand and clay and
varying groundwater levels [35]. The stratigraphy of the terrain can be
found in.

In many cases, groundwater was found at two different levels in the
same borehole. However, the groundwater levels were different at each
borehole. This indicated that there were probably isolated groundwater
pockets in the area. Consequently, the exact dimensions and depth of the
groundwater are unknown. Additionally, groundwater levels tend to
change throughout the year due to rainfall, snowmelt, and dry periods
[36].

According to the literature, the mean annual soil surface temperature
in Denmark is 8 °C, and while there is a small increase with increasing
depth, the temperature is within 8-12 °C down to a depth of 250 m [37].
No measurements were made of the soil’s thermal properties; thus, the
properties used in the simulations were taken from the literature, as

Fig. 1. Aerial photo of the Marstal PTES in 2013 [34].
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summarized in Table 1. It has to be noted that, due to the high uncer-
tainty regarding the extent of groundwater, uniform thermal properties
were assumed for the entire soil domain.

2.2. Simulation model of the PTES in Marstal

Heat losses from a PTES consist of heat losses through the insulated
lid and through the uninsulated side and bottom walls. Accounting for
the heat losses through the insulation lid is relatively straightforward as
the phenomena can reasonably be assumed as one-dimensional. The
heat losses through the lid are generally uniform, with some thermal
bridges at the connection points of the insulation blocks. The main pa-
rameters affecting the lid heat losses are the ambient temperature, the
top water layer temperature, and the effective heat loss coefficient of the
lid. On the other hand, accounting for the heat losses to the ground is
much more complex due to the non-negligible heat capacity of the soil.
Consequently, the transient nature of the heat losses to the ground has to
be considered and requires modeling in 3D. Several other parameters
also affect the ground heat losses, e.g., the temperature gradient within
the PTES, the soil’s thermal properties, and the presence of
groundwater.

For this reason, a 3D model of the soil domain around the PTES was
developed using the finite volume method (FVM) software ANSYS
Fluent. Fluent uses a numerical approach to solve the governing equa-
tions of fluid flow, offering a range of capabilities for simulating laminar
and turbulent flows, heat transfer, etc. [39]. The simulation is conducted
on a user-defined domain that is discretized using a computational
mesh. Since this investigation focused on the heat losses toward the
ground, the water and lid of the PTES were not explicitly modeled. By
not modeling the movement of the water inside the PTES, only heat
conduction in the soil had to be simulated instead of a fluid dynamics
study, drastically reducing the computation time.

The heat losses from the water to the soil were simulated by applying
the water temperature (varying with height) as a boundary condition on
the soil’s surface. This simplification was based on the following
assumptions:

- The water temperature in the PTES can reasonably be described by
16 uniform-temperature layers, each 1 m tall.

- The convection coefficient between the water-soil interface is
negligible relative to the thermal conduction in the soil.

- The water temperature profile is predominantly affected by
charging/discharging and not by heat losses to the ground.

In the simulations, the soil domain was initialized with a uniform
temperature of 8 °C. Heat exchange between the soil surface and the
ambient air was simulated by applying a convection coefficient of 30 W/
(m2 K) to the exposed ground surface (corresponding to an average
airflow velocity of 5 m/s) [40]. It has to be noted that the simulation of
the soil domain did not account for solar radiation. In the first simulated
year, corresponding to the construction period, the PTES soil was only
exposed to the ambient temperature (pre-heating period) in order to
achieve a realistic ground temperature profile to develop.

The extent of the surrounding soil domain had to be large enough to
avoid the boundary conditions influencing the PTES operation. For this
reason, the soil domain was extended 150 m away from the PTES edges,
and the model had a depth of 200 m (see Fig. 3). Adiabatic boundary
conditions were used for the side and bottom of the soil domain. In re-
ality, there is some small heat gain from the Earth’s core, but it was
assumed negligible.

The created mesh consisted of hexahedral elements. The cells closer
to the water-soil boundary have a higher density and a smaller size. This
was done to ensure a high mesh density close to the heat source where
large temperature gradients are expected. A mesh and timestep inde-
pendence investigation was performed to confirm that the mesh was of
sufficient quality and that an appropriate timestep had been selected
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Water

<= - - temperature

sensors

Ground
temperature
SOTS

Fig. 2. Measurement sensor locations in the Marstal PTES. The water temperature strings are attached at location A, and the soil temperature is measured at lo-
cations B, D, F, and G. Each small red dot corresponds to a temperature sensor. (For interpretation of the references to color in this figure legend, the reader is referred

to the web version of this article.)

Table 1
Thermal properties of sand and clay for different water contents (up to 25% for
sand and 50% for clay) [38].

Soil type Thermal conductivity Specific heat Bulk density
[W/(m K)] capacity [J/(kg K)] [kg/m>]

Sand (dry- 0.3-1.9 590 — 1158 1800 — 2200
moist)

Sand 2.0-3.0 956 — 1474 1900 - 2300
(saturated)

Clay (dry- 0.4-1.0 789 — 842 1800 — 2000
moist)

Clay 1.1-3.1 952 - 1333 2000 - 2200
(saturated)

Water-soil interface:
Prescribed temperature
425m 450m Top surface:

Convection wall

200 m

Sides and bottom:
Adiabatic wall

Fig. 3. The simulated soil domain and boundary conditions.

(see Section 3.1). Different mesh densities and timestep durations were
selected and compared based on the calculated heat losses to the ground.

The model was validated by comparison against measured ground
temperature data from the Marstal PTES from 2013 to 2016 (see Section
3.2).

2.3. Water temperature profiles

Theoretical temperature profiles were made corresponding to sea-
sonal and short-term PTES operations. The seasonal PTES operation
performed one charge-discharge cycle per year, with a temperature
range of 90 — 15 °C (based on the actual operation of the PTES in Marstal
[31]). The short-term operation was modeled as performing one

charge-discharge cycle every two weeks (26 cycles per year), and the
temperature range of the short-term operation was between 90 and
45 °C. The operation of the short-term PTES resembled the PTES in Hgje
Taastrup, Denmark [30,41]. It should be noted that for both storage
operations, the top water layer was assumed to be constantly at 90 °C.
The ambient temperature profile was taken from Denmark’s Design
Reference Year (DRY) [42]. Fig. 4 illustrates the mean storage temper-
ature for the seasonal and short-term operations and the daily mean
ambient temperature used in the simulations. The simulation duration
was 25 years, so these profiles were repeated 25 consecutive times.

2.4. Groundwater simulation

For the initial investigations, the soil domain thermal properties
were considered uniform and without the presence of groundwater.
However, to investigate the interaction between the PTES and the
groundwater, a groundwater layer was added to the domain for the
simulations presented in Section 3.5. Realistic groundwater character-
istics were taken from the PTES in Dronninglund [32] (presented in
Table 2), as there was no pronounced groundwater layer at Marstal. This
assumption was considered acceptable since similar geological

— Secasonal storage  — Short-term storage
o
2= W
sE
i 2
e B
-
ZE 10
=
[ T T T T T T T T T T T 1
- ull
E —
]
g 5 10
u B
EZ
=E
g g L1}
=10 T T T T T T T T T T T 1
Jan Mar May Jul Sep Nov Jan

Fig. 4. Mean storage and ambient temperature for the simulated storage op-
erations. The same conditions were repeated for each year of the simulation.
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Table 2
Groundwater properties [44].

Parameter Value Unit

Hydraulic conductivity 3.6-107° m/s
Effective porosity 0.25 -
Hydraulic gradient 1/300 -
Groundwater velocity 48-1077 m/s

conditions exist in Marstal and Dronninglund (i.e., the soil consists
primarily of clay and sand). The groundwater was simulated as a 10 m
layer, which is a representative value for confined aquifers [43] (and
was also used in [16]) and was assumed to have the same temperature as
the initial soil domain (i.e., 8 °C). However, it should be noted that
groundwater characteristics can be very different depending on the
investigated location.

The groundwater layer was simulated in ANSYS as a porous medium,
and the flow was described using Darcy’s law, as shown in Egs. (1) and
(2). Darcy’s equations assume that the flow is laminar, viscous, and ig-
nores convective acceleration and diffusion.

K
qg= ——-Ap (€Y)
I

U= 2

where q is the flux discharge per unit area, Ap is the pressure gradient
vector, « is the permeability, u is the dynamic fluid viscosity, u is the
fluid velocity, and ¢ is the porosity [45].

3. Results
3.1. Mesh and timestep independence of the CFD model

First, the mesh independence study was performed, where the heat
losses for one year of operation were calculated for models with different
numbers of cells. The calculated heat losses and the corresponding
simulation time for each model are presented in Fig. 5. It can be
observed that as the number of cells increased, the calculated heat loss
for the scenarios with cells above 900 k reached an almost constant
value, thus independent of the density of the mesh. The calculated heat
loss for the scenario with 900 k cells differed only by 1% compared to
the 3600 k case, while the simulation time was reduced by 73%. For this
reason, it was decided that a mesh having 900 k cells was a good
compromise between accuracy and simulation time. The mesh

Mesh independence

500 r 80
® ® =
T & -0 @ =
A [602
= ) =
2 8
= 200 - A ;
2 X
F20 5
100 A =
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0 - 0

100 200 400 900 1800 3600
Number of cells [103]

375 142 130 78 59 41

Average cell volume (m3)
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independence study was done using an 8 h timestep.

Next, the timestep independence was investigated using the mesh
with 900 k cells. Similarly to the mesh independence, the calculated heat
loss and simulation time for a simulation of one year of operation is
presented in Fig. 5. The calculated heat loss for the case with the 8 h
timestep differed by 0.7% compared to the 2 h case, while the simulation
time was reduced by 68%. For this reason, a timestep of 8 h was chosen.

3.2. Model validation

The simulation model was validated against measured ground tem-
perature data from the Marstal PTES for 2013 - 2015. As described in
Section 2.2, the year 2012 was used as a pre-heating period.

In Fig. 6, measured ground temperatures can be observed at various
depths. Depending on the level, each depth has two or four temperature
sensors (see Fig. 2 and Section 2.1.1). The variation in the measured
temperatures at the same depth demonstrates the mixed soil conditions
around the PTES. In some cases, the temperature measured from two
different sensors at the same height differed by up to 10 K, indicating the
possible presence of groundwater pockets.

Comparing the simulated and measured temperatures in Fig. 6, it
may be observed that the simulated ground temperatures follow the
same trend as the measured ones at all depths, with an RMSE ranging
from 0.22 to 1.54 K. Due to the highly uncertain ground conditions
around the Marstal PTES (and also considering the sensor uncertainty),
the difference between the simulated and measured temperatures was
considered satisfactory. The following ground thermal properties were
used in the simulation: thermal conductivity of 1.6 W/(m K), specific
heat capacity of 800 J/(kg K), and bulk density of 2000 kg/m®. These
values are in line with the literature (see Table 1).

3.3. Heat loss and ground temperature stabilization

Fig. 7 presents the yearly heat losses toward the ground for a sea-
sonal and short-term PTES operation for a period of 25 years. It can be
observed that the heat losses decrease during the entire operation period
of the PTES, with the first years having the most dramatic decrease. The
reason for the reduction of heat loss with time is that when the PTES
starts operating, the soil temperature around it is much lower than the
charged water temperature. Thus, high heat transfer occurs from the
PTES water to the soil. As the PTES continues to operate, heat accu-
mulates in the soil, and the soil temperature increases; thus, the heat loss
toward the soil decreases. More specifically, for the seasonal operation,
the heat losses for the second year were 37% lower than the first.

Timestep independence

500 - 80
[ ] ° =
400 + @-------- o——----- B e e L =
o0 s
= £
S 300 A E
P F40 5
& 2
5 2001 N A
m -
F20 5
100 4 A <
N -

0= . : . — 0
2 4 8 16 24

Timestep duration [h]

Fig. 5. Mesh (left) and timestep (right) independence results. The yearly heat loss is shown on the left y-axis (blue circles), and the time for one year of simulation is
shown on the right y-axis (red triangles). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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Fig. 6. Measured and simulated ground temperatures for the Marstal PTES from 2012 to 2015. Note that depending on the depth, there are two or four measured

temperature curves.
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Fig. 7. Yearly heat losses toward the ground for seasonal and short-term
PTES operation.

However, the third year was only 12% lower than the second. The heat
losses in the last year of operation were 58% lower than the first.
Although there was a decrease during the entire operation period (25
years), after the 12th year, the change in the heat losses from one year to
the next was less than 2%, so the heat losses could be considered stable
after this point.

A similar trend can be observed for the short-term PTES operation.
For example, the second year of operation had 45% lower heat losses
than the first, while the last year had 64% lower heat losses than the
first. Overall, the heat losses stabilized quicker than the seasonal oper-
ation, i.e., in the 8th year of operation. It should also be noted that the
short-term PTES had approximately 15% higher heat losses than the
seasonal one due to the higher average water temperature. However, the
relative heat losses of the short-term storage are lower than the seasonal,
and thus the short-term efficiency is higher, although the annual heat
losses are higher. This is due to the greater number of storage cycles of
the short-term PTES, i.e., 10 — 20 times as much energy is stored
annually.

The ground temperatures around the PTES for the 25 years of

operation are presented in Fig. 8. It can be observed that, for both PTES
operations, there is a yearly variation in the soil temperature close to the
surface induced by the ambient temperature variation during the year.
However, this variation is much more intense in the case of seasonal
PTES operation. The reason is that a seasonal storage is discharged to
much lower temperatures than a short-term (due to the heat pump
operation). Thus, the soil temperature around the seasonal PTES is much
lower in the winter (when it is empty) than the short-term PTES.

Fig. 8 also demonstrates that the soil temperature close to the PTES is
not stabilized even after 25 years of operation (especially in lower
depths). The increase in the soil temperature, even after 25 years of
operation for the short-term PTES, is due to the higher minimum
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Fig. 8. Ground temperature development at different depths for seasonal and
short-term PTES operations. The horizontal location corresponds to location B
in Fig. 2.
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temperatures of the short-term PTES compared to the seasonal. It is thus
important to consider the entire lifetime of a PTES when assessing its
effect on the surrounding soil and groundwater temperatures.

3.4. PTES zone of influence

In order to determine the dimensions of the soil domain that was
affected by the operation of a PTES, a zone of influence was established.
This zone was determined by calculating the soil temperature on a
horizontal and a vertical line, starting at the bottom of the PTES and
extending to the end of the soil domain (see Fig. 9).

A low and a high soil conductivity scenario were investigated to
investigate the possible effect of soil conductivity on the size of the zone
of influence. For the high conductivity scenario, a thermal conductivity
of 3 W/(m K), a specific heat capacity of 1400 J/(kg K), and a bulk
density of 2300 kg/m® was used. In contrast, for the low conductivity
scenario, a thermal conductivity of 0.3 W/(m K), a specific heat capacity
of 700 J/(kg K), and a bulk density of 1800 kg/m® was used. These
values were the extremes for each parameter from Table 1. The ground
temperatures are illustrated in Fig. 9 for both scenarios. It should be
noted that Fig. 9 shows the temperature in the soil domain at the start of
July (i.e., both storage types were fully charged) after 25 years of PTES
operation.

As expected, the ground around the short-term PTES reached higher
temperatures than the seasonal PTES. Additionally, the high-
conductivity soil domain reached higher temperatures than the low-
conductivity domain at the same depth. Nonetheless, the soil tempera-
ture was unaffected outside of a 100 m radius from the storage,
regardless of the operation type or the thermal properties of the soil.

3.5. PTES and groundwater

The effect of groundwater on the soil temperature is illustrated in
Fig. 10 after 25 years of PTES operation. In the previous sections of this
paper, it was proven that the short-term operation of a PTES results in
higher soil temperatures; thus, the results presented in Fig. 10 are only
for short-term operation for space-saving purposes.

Fig. 10 presents calculated soil temperature contour plots for three
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Fig. 9. Ground temperature profile after 25 years of operation for a high and
low conductivity (cond.) soil domain. The soil temperature was calculated on a
horizontal line and a vertical line. Both lines started at the bottom center of the
PTES and extended to the end of the soil domain.
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Fig. 10. Soil temperature contours for short-term PTES operation where there
is no groundwater (A), one static groundwater layer (B), and one moving
groundwater layer (C). The semi-transparent horizontal white bar in the bottom
two subplots illustrates the groundwater layer.

groundwater scenarios; scenario (A) has no groundwater, (B) has a static
groundwater layer, and (C) has a moving groundwater layer. The
groundwater layer modeling was done as described in Section 2.4. The
depth of the groundwater layer was 5 m below the ground surface
(average depth for Denmark [46]), resulting in the bottom half of the
PTES being within the groundwater layer.

It may be observed that the contours in (A) and (B) are very similar.
However, in case (B), the soil temperatures are somewhat higher due to
the presence of groundwater and, thus, higher thermal conductivity in
this layer. As expected, the largest difference can be spotted in sub-figure
(C), where, due to the moving groundwater, the temperature contours
are shifted in the direction of the moving groundwater.

Apart from the differences in the soil temperature profiles, ground-
water also impacted the heat losses. Table 3 presents each case’s average
yearly heat loss for the 25 years of operation for seasonal and short-term

Table 3
Yearly average heat losses toward the ground of the seasonal and short-term
PTES operation for different groundwater conditions. Values are in MWh.

Scenario Seasonal Short-term
No groundwater 715 820

Static groundwater 820 927
Moving groundwater 1118 1333
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PTES operations. It may be observed that both PTES operations are
affected similarly, having approximately 14% higher heat losses for
static groundwater (B) and approximately 60% higher heat losses for
moving groundwater (C) compared to the case without groundwater
A).

It should be noted that the results in Table 3 are for a case where the
groundwater is located 5 m below the ground surface (thus, the lower
half of the PTES is surrounded by groundwater). Consequently, the next
step was to investigate the impact of the depth of the groundwater layer.
Since the highest heat losses occurred for the scenario with moving
groundwater (15 m/year), this case was selected for investigating
different depths. These results are presented in Fig. 11.

Fig. 11 presents the heat losses from a PTES operating in seasonal or
short-term mode with different depths of the groundwater layer. As
expected, the closer the groundwater layer is to the PTES bottom, the
higher the heat loss. Specifically, the heat losses were approximately
40% higher when the groundwater was 5 m below the ground surface
compared to when the groundwater layer was at 25 m.

It may be observed that the PTES heat losses were unaffected by the
presence of groundwater at a depth of 25 m below the ground surface (or
13 m below the bottom of the PTES). This was true for both seasonal and
short-term PTES operations.

Fig. 12 and Fig. 13 show the corresponding temperature profile for
the seasonal and short-term PTES operation, respectively. The ground-
water depth ranged from 5 m below the surface (A) to 30 m below the
surface (F). It may be observed that the temperature contours are
skewed toward the moving direction of the groundwater in both figures.
In Fig. 12, the highest temperature contours (greater than 25 °C) are
located only close to the PTES sides since the heat pump operation cools
the bottom to lower temperatures. However, in Fig. 13, the highest
temperature contour is located around all sides of the PTES. Generally,
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Fig. 11. Average yearly heat losses toward the ground for seasonal and short-
term PTES operations at different groundwater depths for a moving ground-
water layer.
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Fig. 12. Ground temperature contour plots for seasonal PTES operation for
different depths of moving groundwater. The semi-transparent horizontal white
bar illustrates the groundwater layer.

the soil temperature profile changes from the depth of the groundwater
downwards.

According to the regulations mentioned in Section 1, the ground-
water temperature should not exceed 20 — 25 °C (depending on the
country). Thus, it can be observed that the temperature of the ground-
water layer remains lower than 25 °C for depths below 20 m for the
seasonal operation and below 30 m for short-term operation. In fact, the
groundwater temperature was below 20 °C at a groundwater depth of
25 m for the seasonal operation, whereas it was not achievable for short-
term operation.

Nevertheless, under no circumstances was it possible to limit the
change of the groundwater temperature to + 6 K, which is required in
some countries. Thus, it can be concluded that, in countries where this is
required, groundwater should not be present in the selected location.
Alternatively, it may be advisable to increase the allowable heating of
groundwater within a specified radius of heat storage systems and
require documentation that local groundwater wells remain unaffected.
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Fig. 13. Ground temperature contour plots for short-term PTES operation for
different depths of moving groundwater. The semi-transparent horizontal white
bar illustrates the groundwater layer.

4. Conclusions

This study investigated the effect of groundwater on PTES heat losses
as well as the effect of PTES operation on the groundwater temperature.
A simulation model was developed using ANSYS Fluent and was vali-
dated using operation data from the Marstal PTES. The model was
modified to be able to simulate seasonal and short-term PTES operations
and account for groundwater at different depths. The main conclusions
from this study were the following:

e The soil temperature was unaffected at a 100 m radius around the
PTES regardless of its operation or the soil’s thermal properties.

e The heat losses of a short-term PTES stabilized after eight years of
operation, while the heat losses of a seasonal PTES stabilized after 12
years.

e The short-term PTES had, on average, 15% higher heat losses than
the seasonal PTES due to higher storage temperatures.

Applied Thermal Engineering 235 (2023) 121382

Static groundwater increased the PTES heat losses by 14%, and for
moving groundwater, the heat losses were increased by 60%
compared to a case without groundwater.

PTES heat losses were unaffected by the presence of groundwater
when the groundwater table was 13 m below the bottom of the PTES.
e The groundwater layer could maintain a temperature lower than
25 °C at a depth of 20 m for seasonal PTES operation while at 30 m
for short-term operation.

The groundwater temperature was maintained below 20 °C for the
seasonal operation at a groundwater depth of 25 m, whereas this was
not possible for the short-term operation.

These conclusions can be used primarily in the planning stage of a
PTES for choosing a construction location based on geological condi-
tions. Accurate prediction of a storage performance is of major impor-
tance for securing financing and delivering the promised results to the
DH system. Additionally, since environmental permits are required in
most countries, it is important to be able to document that the PTES
operation will not affect the groundwater or any cultivation in the
vicinity.

Future work could include investigating different groundwater flow
rates at different depths. Additionally, with the wider adoption of low-
temperature district heating, it could be relevant to investigate
different temperature operation ranges for seasonal and short-term
operation. It is expected that with low-temperature district heating,
the PTES heat losses would be lower, resulting in lower groundwater
temperature.
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