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Abstract: Using low-temperature (shallow) groundwater as a heat source or heat sink is a common
practice to supply space heating or cooling, especially in the United States, Canada, China, and
several European countries. The groundwater heat pump (GWHP) system has been extensively
studied in recent decades using numerical approaches, which have some limitations in understanding
the soil’s thermal behavior. Therefore, a laboratory-scale experimental study involving cooling tests
was carried out to investigate the impact of GWHP on system performance and sustainability with
varying groundwater flow velocities and injection and abstraction rates. The results demonstrated
that groundwater flow velocity, as well as injection and abstraction rates, significantly impact thermal
plume development. Higher injection and abstraction rates create a larger thermal plume, thereby
decreasing abstraction temperature. However, groundwater flow prevents heat development around
the well by dispersing the heat in the groundwater flow direction. Furthermore, the results indicate
that the energy gain only increased by 81% and 107%, with a respective increase of 100% and 200% in

injection and abstraction rates.

Keywords: groundwater heat pump; groundwater flow; thermal plume; thermal feedback; injection
and abstraction rate

1. Introduction

The ground source heat pump (GSHP) is a technology that can benefit from the
constant temperature of the shallow ground as a heat sink for space cooling during summer
and as a heat source for space heating during winter [1]. One common application of GSHP
systems is a groundwater heat pump (GWHP), which utilizes low-temperature (<32 °C)
groundwater to fulfill heating and cooling requirements for buildings [2]. GSHP systems
exhibit high efficiency compared to conventional heating and cooling technologies. The
efficiency of heat pumps is defined as the coefficient of performance, and it may range
between 4 and 6 depending on the source temperature, the technology used, and the
operating mode (heating or cooling) [1]. GSHPs can provide heating and cooling solutions
at the district level with low greenhouse gas emissions [2].

In GWHP applications, it is generally preferred to reinject the thermally used ground-
water back into the same aquifer to maintain aquifer pressure stability [3]. This practice
generally creates a thermal plume starting from injection wells. In certain instances, this
thermal plume may extend to the abstraction well due to the coupled effect of convection
and conduction. This phenomenon is referred to as thermal feedback when the injection
temperature is constant and as thermal recycling when the difference between injection
and abstraction temperature is constant [4]. If the source temperature changes, the thermal
feedback may affect the system’s sustainability and even cause system failure [5]. Thermal
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feedback may occur, especially in urban areas where the required distance between the
injection and abstraction well cannot be guaranteed due to the lack of available land area [6].
Many recent studies have focused on thermal feedback to choose optimal configurations
when designing a GWHP system. The occurrence of thermal feedback in a GWHP system
mainly depends on factors such as the distance between wells, abstraction and injection
rates (heating or cooling loads), groundwater flow velocity (hydraulic gradient), aquifer
size, and injection temperature [5]. All the parameters affecting the system’s efficiency and
sustainability should be considered and analyzed carefully before installation.

Thermal feedback has been extensively studied in recent decades, with the implemen-
tation of analytical solutions to analyze this phenomenon. Banks [5] introduced analytical
solutions to address thermal feedback, proposing that analytical solutions could serve as
an initial screening tool. Pophillat et al. [7] investigated thermal plume development using
three analytical formulations, one without groundwater flow and two with two varying
groundwater flow velocities. Their comparison of these analytical solutions indicated their
applicability in assessing the thermal effects of GWHP systems, although it was noted
that this approach could potentially lead to overestimating the thermal impact of such
systems. Milnes and Perrochet [4] presented an analytical solution for assessing the impact
of thermal feedback. They conclude that this analytical approach can be used as a screening
tool to identify potentially viable conditions for further analysis. They also highlighted
that defining steady-state conditions for dynamic systems presents some limitations. Fur-
thermore, Banks [5] pointed out that the limitations of analytical solutions in groundwater
systems include challenges related to well placement, seasonal variations in loads and tem-
peratures, multiple well configurations, heterogeneity of the aquifer, and three-dimensional
abstraction and re-injection scenarios.

Numerical approaches have also been used to study the phenomenon of thermal
feedback and determine optimal system configurations [8-10]. Many of these studies have
utilized FEFLOW, a finite element subsurface flow and transport simulator, to analyze the
effect of thermal feedback [7,10-19]. Some of these have been conducted based on case
studies involving the establishment of GWHP systems [6,10,12,20-23]. Additionally, there
are alternative numerical tools available for simulating heat and mass transport, as well
as groundwater flow, including SHEMAT (Simulator for Heat and Mass Transport) and
HST3D (Heat and Solute Transport in Three-Dimensional Groundwater Flow Systems).
Although numerical tools for investigating the performance of GWHPs are powerful and
widely used, they have certain limitations. For instance, they rely on simplifications and
assumptions to make the mathematical models tractable and computationally efficient.
Furthermore, numerical models are based on input parameters and initial conditions that
are subject to uncertainties, thereby making them (numerical tools) unable to capture
complex real-world conditions with regard to heat and liquid movement in soil and the
changes in ambient air temperature.

Laboratory-scale testing provides an alternative approach for evaluating thermal
plume dimensions and the impact of thermal feedback on system performance. The sandbox
model is a widely employed experimental method for investigating such systems, although
its application to GWHP systems has been relatively limited. For instance, Park et al. [24]
have conducted a laboratory-scale experimental study coupled with numerical modeling
in which the effect of the thermal dispersion coefficient under forced groundwater flow has
been investigated. It was found that groundwater flow influences the thermal dispersion
coefficient, leading to an increase in its value even at low velocities. Another experimen-
tal study, associated with a numerical computation, was carried out by Jiang et al. [25],
where they investigated the effect of different well types on the thermal breakthrough
in the aquifer. Their findings demonstrated that increasing the number of injection and
abstraction wells or expanding the distance between them can reduce the likelihood of
thermal breakthroughs. Another experimental study conducted by Giordano et al. [26]
focused on the thermal effects of heat injection in porous media for underground ther-
mal energy storage applications, using electrical apparent resistivity measurements. The
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outcomes highlighted that the electrical measurement results can be utilized to predict
heat transfer in saturated porous media. The results demonstrated an acceptable level of
agreement in terms of thermal plume development when compared to various approaches.
Zhou et al. [27] investigated the impact of groundwater flow on aquifer temperature by
carrying out a simulation-based model coupled with an experimental study to validate the
numerical model. The results indicated that a horizontal upstream groundwater flow can
delay the timing of thermal breakthrough in heating-only applications. Song et al. [28] con-
ducted an experimental study to investigate the thermal impact of various operation modes
on a single-well GWHP system. They discovered that when heating and cooling loads are in
close proximity, it increases heat extraction. Li et al. [29] carried out an experimental study
to examine the influence of groundwater flow variation on heat transfer characteristics.
They compared different layouts of abstraction and injection well groups to enhance the
efficiency of GWHP. They observed that higher groundwater flow velocity results in a
more significant change in the abstraction temperature, resulting in faster thermal break-
through. The literature shows that no studies were carried out on the impacts of different
injection, abstraction, and groundwater flow rates on the thermal plume development for a
well doublet.

Although many numerical studies on thermal feedback due to the operation of the
GWHP system have been conducted, laboratory-scale experimental studies on thermal
feedback are limited. It has been observed that while real-scale experiments are more
reliable, they have some limitations. For instance, conducting a real-scale underground
investigation for a GWHP system is expensive and time-consuming as it requires special
equipment and drilling. Real-scale experiments are site-specific, with each site having
its unique characteristics. Furthermore, the system must be available for testing, and
the testing may require permission from the authorities. In contrast, laboratory-scale
testing proves to be cost-effective and scalable, allowing for design at various scales.
Within laboratory-scale testing, parameters affecting the system configuration, such as
groundwater flow, well distance, injection and abstraction rate, and temperature, can be
meticulously controlled and adjusted.

The main aim of this paper is to investigate the impact of GWHP operation parameters
on system performance and sustainability for space heating operations. In addition, we
established a laboratory-scale sandbox model to study the thermal plume development
around the injection well and the thermal feedback resulting from cold water injection.
The tests were performed under three different groundwater flow velocities to observe
their impact on the thermal plume development. Furthermore, we explored the effect of
injection and abstraction rates on thermal plume development. The experimental results
were compared with the analytical approach, revealing an acceptable level of agreement.
The findings can serve as a valuable tool for validating numerical models and provide
significant insights to researchers and designers. However, it is important to acknowledge
that these results may be context-specific, as they could be influenced by potential variations
in the experimental parameters.

2. Materials and Methods
2.1. Overall Design

The experimental setup was designed to study the effects of injection and abstraction
rates and groundwater flow rates on the performance of a GWHP system. The experimental
setup was designed to permit the system to be run under various groundwater flow rates.
The tank, which is made of glass-reinforced plastic, has external dimensions of 1.178 m
x 0.721 m x 0.715 m (L x W x H). The thickness of the tank wall is 8 mm. All sides of
the tank were covered with an insulation board of 0.05 m thickness. The tank was divided
into three sections with steel mesh. A fabric was placed on the mesh to serve as a filter
to prevent sand particles from passing through the mesh. The middle chamber, which is
0.825 m long, was filled with Red Hill-110 sand to a height of 0.5 m from the bottom of the
tank. The other parts on the left and right were filled with water to control the groundwater
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flow by keeping the water head stable on the left tank and changing the water level on the
right side. These hydraulic head tanks have a length of 0.123 m. These tanks were also
filled with gravel to support the separator plate. Gravel does not affect groundwater flow
as it has a higher hydraulic conductivity than sand. Excess water purge faucets were placed
on both sides (see Figure 1). Faucets were placed at different elevations to give the desired
head difference. Three faucets at each level meet the overflow rate created by the hydraulic
head difference given.

Water bath and
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pump head tank head tank
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Cold water
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ll .T Abstraction
Steel mesh and filter Steel mesh and filter
700
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Figure 1. Schematic diagram of the experimental setup.

Two acrylic tubes with a length of 0.6 m and inner and outer diameters of 14 and 16 mm,
respectively, were placed in the tank. The locations of the tubes are shown in Figure 1
and indicated as point A and point E for injection and abstraction well, respectively (see
Figure 2). The acrylic tubes acted as injection and abstraction wells. Many holes were
drilled along the acrylic tubes to ensure the water flowed inside and outside from the well
surface easily. The same fabric material used for the separation was used as a filter for
acrylic tubes to prevent the wells from clogging. As shown in Figure 1, the injection and
abstraction wells were placed 0.15 m away from the hydraulic head tanks on the center line
of the tank in the width direction. They are 0.525 m apart from each other.

A chiller attached to a water bath to keep the temperature stable is used as a cold water
source for injection. An adjustable peristaltic pump with two heads (channels) transfers
water from the water bath tank to the injection well and from the abstraction well to the
water bath tank. The pump’s flow rate range is 0.036-108 mL/min per channel, which
enables us to run the test at flow rates of 25, 50, and 75 mL/min.
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Figure 2. The locations of the sensors located at (a) level 1, (b) level 2, and (c) level 3.

2.2. Location of the Sensors

The locations of the sensors used in the experiment are shown in Figure 2. The
temperature sensors used in this experiment are the PT100 resistance temperature detector
(RTD) and DS18B20 temperature sensor. The PT100 sensors are relatively more accurate
than the DS18B20 sensors. Therefore, PT100 sensors were placed at the locations where
accuracy is important, i.e., injection well, abstraction well, and between injection and
abstraction wells. Besides their accuracy, the PT100 sensor is smaller than the DS18B20
sensor, which makes it possible to place three sensors in one well.

As shown in Figure 2, the temperature sensors were placed at three different depths,
namely level 1, level 2, and level 3, located at the surface, at 0.25 m depth (middle of the
sand), and at 0.5 m depth (bottom of the sand). These locations are illustrated in Figure 1
as 1-1, 2-2, and 3-3 cross sections, each marked with an arrow. There are five temperature
sensors at level 1 and level 3. However, 11 temperature sensors were located at the middle
level (level 2) because it is expected that this level will be the least affected by the external
ambient temperature in comparison to the top and bottom levels.

The temperature sensors were connected to the data loggers, which can transfer
temperature readings to a computer via a Universal Serial Bus (USB). Two types of data
loggers were used for the DS18B20 and PT100 temperature sensors.

2.3. Test Results for the Thermal Properties of the Sand

Some of the thermal properties of the sand and water tank are given in Table 1. Before
the preparation was started, a particle size distribution test was performed for Red Hill-110
to characterize the diameter of the sand particles. The average particle size (D50) was
determined as 0.235 mm, which is within the range of fine sand. The hydraulic conductivity
of the setup was determined by maintaining a constant water head to the left side of
the model and allowing the water to flow through the soil and discharge at the right
side of the setup. Water was collected from one of the faucets and used to measure the
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hydraulic conductivity, and was found to be 8.4 x 107> m/s. Also, a couple of constant
head permeability tests were performed to determine the saturated hydraulic conductivity
of the sand, and the saturated hydraulic conductivity from these tests was found to be
2.4 x 10~* m/s. The average of the results obtained from the two different tests is given in
Table 1. This test was followed by other characterization tests such as porosity, density, and
specific heat capacity.

Table 1. Material properties.

Parameter Symbol Unit Sand Water Tank
Hydpraulic conductivity K m/s 1074 NA
Thermal conductivity A W/m/K 24 0.151
Specific heat capacity C J/kg/K 1432.5 1460 !
Density P kg/m> 1442 1850 1
Porosity n % 37 NA
Particle size Dsg mm 0.235 NA

1 Values obtained from the manufacturer.

2.4. Details of Experimental Cases

In this study, five different cooling tests were performed to understand the effect of
injection, abstraction rate, and groundwater flow velocity on thermal plume evolution.
For this purpose, three different injection and abstraction rates were chosen. These are
25, 50, and 75 mL/min, named 125, 150, and 175, respectively. We conducted three tests
where different head differences were given at a constant injection and abstraction rate of
75 mL/min. These head differences are 0, 50, and 150 mm; they are named 175, G50, and
G150. Many trail tests were conducted to determine the groundwater velocities depending
on the given head differences. The groundwater flow was measured during the tests. The
average groundwater flow rates were 96 mL/min and 288 mL/min for the given head
differences of 50 and 150 mm, respectively. The details of the different cases investigated
are shown in Table 2.

Table 2. Injection and abstraction rates given, head differences and measured groundwater flow rates.

Case Name Injection and Abstraction Head Difference Groundwater Flow
Rate (mL/min) (mm) Rate (mL/min)
125 25
150 50 0 NA
175 75
G50 75 50 9%
G150 75 150 288

2.5. Test Procedure

The injection temperature for five cooling tests (cooling down the ground as a result
of space heating) was set to 5 °C in the water bath. However, heat loss occurs between
the hoses and the room, which causes an increase in water temperature. This increase is
affected by the injection flow rate.

Each test has a continuous cooling period of 96 h. The cooling period was chosen
depending on the time it requires sand to reach an almost steady state condition. The
recovery period is different for each test. It starts just after the cooling period. The recovery
period is 64, 169, 160, 104, and 70 h for tests 125, 150, 175, G50, and G150, respectively. The
duration of the recovery period was also chosen depending on the time the steady state
condition was reached.
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3. Results and Discussion
3.1. Comparison of Laboratory Test with Analytical Models

A comparison of the experimental investigation results with analytical models was
carried out using the analytical formula proposed by Milnes and Perrochet [4]. The equation
is applicable to well doublets and exclusively accounts for pure advection. Advective return
flow may take place between injection and abstraction wells, potentially leading to thermal
breakthrough after a certain duration of operation, once the following condition is met:

2Q
X = 1 1
mbqL - @)
where q is the Darcy flux [m/day], b is the thickness [m], Q is the injection/abstraction rate
[m3/ day], and L is the distance between injection and abstraction wells [m].
The proposed method requires computing the « fraction, which represents the portion
of the injected flow rate that returns to the abstraction well. It can be calculated as follows:

oczi(tanl( X—l)— XX_1> 2)

Determining the o fraction involves performing a simplified heat balance calculation
focused solely on advection for the abstraction well under steady-state conditions. In the
context of thermal feedback, where the injection temperature Tj is constant, the pumping
temperature T}, can be calculated as follows:

Tp = Ta + AT(t = 0) ®)

where T, is the ambient temperature [°C], and AT is the temperature difference between
injection and abstraction temperature [°C].

To illustrate the proposed approach, let us consider test G150, with an injection/abstraction
rate (Q) of 6.48 m3/ day, aquifer thickness (b) of 0.5 m, Darcy flux (q) at 2.46 m/day,
return flow criterion (X) of 6.36 (greater than 1), « fraction of 0.5, ambient temperature
(Ta) of approximately 19 °C, and temperature difference (AT) of approximately 10.5 °C.
The computation results in a steady-state abstraction temperature (Tp) of 13.65 °C. The
measured temperature in the experimental test closely aligns with the result of the analytical
method. The same approach was applied to test G50, resulting in a steady-state abstraction
temperature (Tp) of 11.03 °C. The comparison of the results is shown in Figure 3.

16
14 r
o112 r
e
% 10
s 8r
2 ¢
: L
= 4
2 -
0
G50 G150
B Analytical solution Laboratory test

Figure 3. Comparison of analytical solution and laboratory test results for tests G50 and G150 for a
steady-state abstraction temperature.

The root mean square error (RMSE) and the maximum error (Errmax) were calculated
using Equations (4) and (5) to analyze the results further.
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(Texperiment - Tanaly’tical)
RMSE = @)
Texperiment
<Texperimer1t - Tanalytical) ’
Ertmax = ®)

Texperimen’f

where Texperiment and Tanalytical Tepresent experimental and analytical results, respectively.
The results, given in Table 3, show a close agreement between the experimental test results
and the analytical model, especially for test G150. However, the large error encountered in
test G50 could be attributed to the inability of the analytical model to capture heat transfer
at low groundwater flow velocities.

Table 3. Error analysis.

Test Name RMSE Errmax
G50 0.49473004 0.13828125
G150 0.223220936 0.05862069

3.2. Thermal Energy Calculations for Each Scenario

The thermal energy gained from groundwater abstraction varies during the operation
for each case. The thermal energy gain from the groundwater can be calculated by the
following equation:

Q =mCyy AT (6)

where Q is the heat energy [Kk]], m is the mass [kg], Cave is the average specific heat
calculated at the average temperature [k]/kgK], and AT is the change in temperature [K].

As the thermal energy gain varies with time, it was calculated using the temperature
reading recorded at the end of each hour until the end of the cooling period. Figure 4
shows the thermal energy gain during the operation. In each case, the thermal energy gain
follows a decreasing trend due to thermal feedback. However, this situation depends on
two factors, as given in Equation (6). All tests followed a decreasing trend in the thermal
energy gain. However, their magnitude varies depending on the abstraction rate and
groundwater flow velocity.

80 r
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T
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Figure 4. Thermal energy gain from the groundwater during the cooling operation for five tests.
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Varying abstraction and injection rate has a significant impact on the thermal energy
gain. The calculated thermal energy gain was about 56, 41, and 20.3 Wh in tests 175, 150,
and 125, respectively, an hour after the test began. In these three tests, the thermal energy
gain decreased by 46%, 30%, and 15% at the end of the cooling period due to the decrease in
the abstraction temperature. It can be seen that the decrease in the abstraction and injection
rate decreases the thermal feedback influence on the abstraction temperature. The total
thermal energy gain, as shown in Figure 5, is around 3.7 kWh (38.5 W), 3.2 kWh (33.3 W),
and 1.8 kWh (18.8 W) for tests 175, 150, and 125, respectively. The total thermal energy gain
is 14% and 51% lower in tests 150 and 125 compared to test I75.

0 I I I | |
125 150 175 G50

G150

\S] w L
T T T

Thermal energy gain (kWh)

—
T

Figure 5. Total thermal energy gain calculated for 96 h for five tests.

The impact of groundwater flow can be observed in Figures 3 and 4. In tests G50 and
G150, the calculated thermal energy gain at the end of the first hour was about 70.9 and
74.1 Wh, respectively. In test G150, the thermal energy decreased in the first 20 h, after
which it was almost constant until the end of the cooling period. Similarly, the energy gain
in test G50 witnessed a quick decrease in the first 50 h, and then it was almost constant.
The thermal energy gain at the end of the cooling period decreased by 42% and 34% in
tests G50 and G150, respectively. However, compared to test 175, the decrease in these two
tests was relatively lower. This is due to the groundwater flow, which lowers the thermal
feedback influence on the abstraction temperature. As shown in Figure 4, the total thermal
energy gain is around 4.64 kWh (48.3 W) and 4.92 kWh (51.25 W) in tests G50 and G150,
which is about 20% and 25% higher compared to test 175.

3.3. Analyses of Evolution of Thermal Distribution for Case 175
3.3.1. Injection and Abstraction Temperature

Figure 6 presents the results of temperature changes in the injection and abstraction
wells at level 1, level 2, and level 3. The initial temperatures observed at the injection and
abstraction wells are around 15 °C and 15.5 °C, respectively. At the start of the test, water at
a constant temperature of 5 °C was injected continuously into the injection well and reached
almost a steady state after 8 h. The water absorbed heat as it was being transferred from
the water bath to the injection well. The maximum changes in temperature observed in
the injection well were 7.5 °C, 7.1 °C, and 7.3 °C at level 1, level 2, and level 3, respectively,
and remained relatively the same throughout the test. Some fluctuations in temperature
were observed in the injection well. This may be due to the fluctuation in injection water
temperature in the water bath.
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Figure 6. Temperature measurements at (a) injection well and (b) abstraction well at three levels.

A temperature change was observed at the abstraction well after about an hour due to
the thermal plume caused by water injection at 5 °C (see Figure 6b). The temperature at
the abstraction well gradually decreased until the end of the cooling period, after which
the temperatures observed at the abstraction well were 10.5 °C, 10.7 °C, and 10.8 °C at
level 1, level 2, and level 3, respectively, at a decrease rate of about 0.05 °C per hour. The
abstraction temperature was not affected by the fluctuation in injection temperature.

The observed temperature at the injection well after 96 h, when pumping was stopped,
suddenly increased in the first hour, followed by a gradual increase at a rate of 0.06 °C per
hour until it reached a steady state. At this point, the temperature stabilized at around
16.5 °C. The temperature measured at the end of recovery is 1.5 °C higher than the initial
temperature. This result can be attributed to heat loss arising due to poor insulation.
Furthermore, the temperature at the abstraction well started increasing at a rate of 0.04 °C
per hour until the end of recovery. The average temperature at the abstraction well is
around 16.6 °C at the end of the recovery period. The observed temperature at the end
of recovery is 1.1 °C higher than the initial temperature, which can again be attributed to
heat loss.

3.3.2. Vertical Thermal Distribution

Vertical thermal distribution observed at points A, B, C, D, and E at the depths of 0,
0.25,and 0.5 m (Levels 1, 2, and 3) is shown in Figure 7. The figure indicates the temperature
readings at three stages: the initial, end of cooling, and recovery period.

The variation in the initial temperature of the sand is negligible at different depths.
However, it varies through the model domain. The temperature observed at the end of
recovery also has a negligible difference at different levels. The initial temperature is around
1.2 °C lower than the temperature observed after recovery at each observation point. This
result can be attributed to the heat loss between the sandbox and the room.

The maximum temperature change observed at point A (injection well) is at level 2,
as the water injection occurs at this level. The measured temperature at level 2is 7.2 °C,
with a decrease of about 51% after 96 h of cooling. The temperature decrease is 2% lower
atlevel 1 and level 3 than at level 2. Point B witnessed a temperature decrease of 6.9 °C
at level 2 and level 3. However, the temperature decrease is slightly lower at level 1
with a value of 6.2 °C. In the middle of the injection and abstraction well (point C), the
maximum temperature drop was observed at level 2, where the temperature decreased
by 41%, followed by level 3 and level 1, with a decrease of 40% and 38%, respectively.
At point D, the temperature decrease is the same at each level, and it is around 5.5 °C
with a decrease of 35%. The temperature decrease observed at the abstraction well (point
E) followed a different pattern where the maximum drop was observed at level 3. The
temperature decrease at the abstraction well is 4.8 °C, 4.7 °C, and 5.1 °C at level 1, level 2,
and level 3, respectively.
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Figure 7. Vertical thermal distribution at point A, B, C, D, and E.

3.3.3. Temperature Evolution

Figure 8 shows the horizontal distribution versus time at points B, C, D, ], and K. All
the observation points followed almost the same trend, where the temperature decreased

until the end of the cooling period. After that, it increased gradually during the recovery
period until it reached a steady state.
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Figure 8. Temperature evolution at observation points B, C, D, J, and K.

As shown in Figure 8, point B2 almost reached a steady state after 55 h of cooling at
8.3 °C with an average decrease rate of 0.13 °C per hour. During the recovery period, the
temperature increased gradually from 8.3 °C to 16.5 °C in 160 h with an average rate of
0.05 °C per hour.

Point D witnessed a continuous decrease in temperature until the end of the cooling
period. However, the temperature decrease is higher in the first 40 h at a rate of 0.115 °C
per hour, while the decrease rate is 0.02 °C per hour between the 40th hour and 96th hour.



Energies 2023, 16, 6994

12 0of 19

During the recovery, point D witnessed an almost gradual increase from 10 °C to 16.5 °C at
a rate of 0.04 °C per hour.

Points C, J, and K are located 0.262, 0.315, and 0.387 m away from the injection well,
respectively. These observation points witnessed a similar change in temperature as they
are located close to each other. The observed temperature decreased until the end of the
cooling period and increased during the recovery period. The temperature change observed
at the end of the cooling period is 6.1 °C with a decrease rate of 0.064 °C per hour. After
the recovery period, the average observed temperature at these points is around 16.4 °C,
which is a 7.1 °C increase at a rate of 0.04 °C per hour.

3.3.4. Horizontal Thermal Distribution

The temperature distribution throughout the sandbox model is shown in Figure 9. The
temperature readings were obtained at three levels (level 1, level 2, and level 3) along the
center line in the width direction for the initial stage, end of cooling, and end of recovery.
The distance is presented along the x-axis, starting from 100 mm to the left side of the
injection well and ending at 100 mm to the right side of the abstraction well.

20
---#&--- End of cooling at 0 m Initial at —0.25 m
18 | «++«¢-- End of cooling at —-0.25 m End of recovery at—0.25 m
----4&--- End of cooling at —0.5 m
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Figure 9. Temperature change with distance for test I75.

The initial temperature of the soil is 14 °C on the left side, and it is around 15 °C on the
other parts. After the cooling period, the maximum reduction was observed at the injection
well with an observed temperature of about 7.2 °C. The observed temperature difference
between level 2 and level 3 is negligible. However, the temperature measured at the top of
the soil (i.e., level 1) is slightly different from the other depths. This can be attributed to the
heat loss between the top of the soil and the air between the soil and the insulation board,
which was located 0.2 m above the soil top. At the end of the cooling period, the highest
temperature was observed as 11.2 °C at the point located the furthest to the injection well.
At the end of the recovery period, the soil temperature reached a steady condition with a
temperature of around 16.5 °C.

3.4. Impact of Different Injection and Abstraction Rates on Heat Transfer
3.4.1. Injection and Abstraction Temperature

Figure 10 shows the temperature readings at the injection and abstraction wells for the
tests (125, 150, and 175) conducted at injection and abstraction rates of 25, 50, and 75 mL/min.
As the highest impact was observed at level 2, the temperature readings from this level
were taken to compare the results of different injection and abstraction rates.
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Figure 10. Temperature measurements at (a) injection well and (b) abstraction well for three tests
(125, 150, and 175).

It can be seen that the temperature change is maximum when the injection rate is
75 mL/min (I75). A temperature of about 7.1 °C was observed just after the cooling period
started due to cold water injection at 5 °C. There is a heat loss that occurs due to the water
transfer from the water bath to the injection well. The magnitude of the heat loss varies
depending on the injection flow rate. The temperature magnitude in the injection well
decreases to 7.1 °C, 8.2 °C, and 10.5 °C, with a decrease of 52%, 50%, and 36% for the 175,
150, and 125 tests, respectively. The temperature reduction is higher in test I75 than in 150
and I25. This result can be attributed to the amount of energy injected into the injection
well and varied heat loss in different tests.

As shown in Figure 10b, the observed abstraction temperature follows a similar
trend as the injection well. The maximum temperature decrease was observed in test 175,
with an observed temperature value of around 10.6 °C at the end of the cooling period.
The observed abstraction temperature is around 12.9 °C and 14.7 °C in tests 150 and 125,
respectively. The abstraction temperature decreased by 31%, 22%, and 10% in tests 175, 150,
and 125, respectively. The abstraction water temperature in tests I50 and 125 has 18% and
28% less reduction, respectively, compared to test I75 due to the given injection rates. It is
clear that a higher injection rate will cause a more significant thermal plume, undermining
the long-term performance of the abstraction well.

The soil temperature reached almost 16.5 °C at the end of the recovery period for the
three tests at the injection and abstraction wells. The temperature observed at the injection
well increased suddenly in the first couple of hours, after which a gradual increase was
observed. The observed temperature in the abstraction well rose gradually during the
recovery period. The increasing trend observed in the injection and abstraction wells is
significantly different, which can be attributed to the response to temperature changes.
As the injection well experienced a higher temperature change relative to the initial soil
temperature, a faster recovery was observed compared to the abstraction well.

3.4.2. Temperature Contours

The temperature contours at the cross-sectional view taken from level 2 are shown
in Figure 11 for the three tests, 175, 150, and 125. The temperature readings were taken at
the end of the cooling period. The water head tanks are on the right and left ends. So, the
temperature readings on the right and left are the water temperatures in the water tanks. It
can be seen that the lowest temperature is observed at the injection point, whilst the highest
temperature is observed at the right end of the model, which is the region farthest from the
injection well. The effect of injecting cold water decreases toward the abstraction well in
each case.
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Figure 11. Temperature contours of tests (a) I75, (b) I50, and (c) 125.

Figure 11a shows the temperature contours of the test conducted at an injection and
abstraction rate of 75 mL/min (I75). This is the test where the highest thermal impact
was seen. The minimum and maximum temperature readings are 7.1 °C and 11.5 °C,
respectively. There is a decrease rate of about 0.6 °C per 100 mm from the injection toward
the abstraction well.

The temperature contours of the second test (I50) conducted at 50 mL/min are illus-
trated in Figure 11b. The minimum and maximum temperatures observed are 8.6 °C and
13.6 °C. The effect of injecting cold water decreases toward the abstraction well at a rate of
1.17 °C per 100 mm from the injection well to the middle point (point C2) and at a rate of
0.47 °C per 100 mm from the middle point to the abstraction well.

The temperature contours of the test conducted at an injection and abstraction rate of
25 mL/min (I25) are shown in Figure 11c. The minimum temperature was observed at the
injection well, and it was 11.3 °C, whilst the maximum temperature was observed at the
right end of the model, and it was 14.9 °C. The impact of injecting water decreases toward
the abstraction well at a rate of 1 °C per 100 mm from the injection well to point C2 and at
a rate of about 0.29 °C per 100 mm from C2 to the abstraction well.

As seen in the figures, different injection and abstraction rates create different thermal
impacts in the soil. The temperature distribution is the lowest in test I75, where the average
temperature is around 9.25 °C, followed by test I50, where the average temperature is about
10.9 °C. The highest temperature, which means the lowest thermal impact, is observed in
test 125, where the mean temperature is 13.1 °C.
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3.5. Impact of Different Groundwater Velocities on Heat Transfer
3.5.1. Injection and Abstraction Temperature

The observed temperatures at the injection and abstraction well for the tests (I75,
G50, and G150) conducted under a head difference of 0, 50, and 150 mm at an injec-
tion/abstraction rate of 75 mL/min are shown in Figure 12. The temperature readings
were taken from level 2 as the maximum change in temperature was observed at that level.
It needs to be stated that the initial soil temperature is different in each test. This can be
attributed to the residual heat impact of the previous test and the temperature of incoming
freshwater into the system.
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Figure 12. Temperature measurements at (a) injection and (b) abstraction well for three tests (175,
G50, and G150).

Figure 12a shows the results of temperature evolution at the injection well for three
tests (I75, G50, and G150). The results showed that the maximum change in temperature
magnitude was recorded in test I75, with an observed temperature value of about 7.1 °C.
The recorded temperature magnitude in the well decreases to about 7.82 °C and 8.23 °C
for the G50 and G150 tests, respectively. The 10% and 15% reduction in the observed
temperature drop is due to the flow of warmer groundwater (at an average measured
temperature of 16.6 °C), which slows down the cooling caused by the injection of cold water.

The results of temperature change at the abstraction well for the three tests are shown
in Figure 12b. It can be seen that due to warmer groundwater flow, the initial temperature in
tests G50 and G150 is higher than in test I75. The maximum temperature drop was observed
in test I75. The temperature at the abstraction well decreased to about 10.6 °C. At the end
of the cooling period, the observed temperature was about 12.8 °C and 14.6 °C in tests
G50 and G150, respectively. During the cooling period, the observed temperature at the
abstraction well decreased by 31%, 30%, and 23% in tests 175, G50, and G150, respectively.
The abstraction temperature decrease observed in tests G50 and G150 was relatively lower
than in test I75 due to the flow of warm groundwater.

During the recovery period, a sudden increase at the injection well was observed at
the beginning of tests G50 and G150 due to the flow of warm groundwater. However, the
temperature in the injection well witnessed a gradual increase in test I75. The temperature
at the abstraction well followed a similar trend, where the observed temperature quickly
increased in tests G50 and G150 while it rose gradually in test I75. The average temperature
observed at both wells is around 16.6 °C at the end of the recovery period for the three tests.

3.5.2. Temperature Contours

Figure 13 shows the temperature contours at the cross-sectional view taken from level
2 for the tests conducted under a head difference of 0, 50, and 150 mm (I75, G50, and G150).
These figures show the temperature readings taken at the end of the cooling period. The
lowest temperature was observed at the injection well in each case. The highest temperature



Energies 2023, 16, 6994

16 of 19

0 100

was observed on the rightmost side of the tank for test I75. However, it was observed at the
leftmost end of the tank for tests G50 and G150 due to warm water inflow from that side of
the tank.

Abstraction ><ll

L L L L L L
300 400 500 600 700 800 0 100 200 300 400 500 600 700 800
Distance (mm) Distance (mm)

(a) Test I75 (b) Test G50

Distance (mm)

0 100 200 300 400 500 600 700 800
Distance (mm)

(c) Test G150

Figure 13. Temperature contours of the tests (a) I75, (b) G50, and (c) G150.

The 175 test without groundwater flow shows the highest thermal impact caused
by injection from Figure 13a (as discussed in Section 3.3). For the test conducted under
the head difference of 50 mm (Figure 13b), the lowest temperature was observed at the
injection well at 8 °C. The highest temperature was observed at the left side of the tank
where the water comes in, at a temperature of about 15.7 °C. The effect of injecting cold
water decreases toward the abstraction well as soil temperature increases at a rate of 1.5 °C
per 100 mm from the injection well to the middle point (point C2) and at a rate of 0.4 °C
per 100 mm from the middle point to the abstraction well.

For test G150 (Figure 13c), the lowest observed temperature is at the injection well at
8.3 °C. The maximum temperature was observed on the left side of the tank at 17.3 °C. The
effect of injecting cold water decreases toward the abstraction well as the soil temperature
increases at a rate of 2 °C per 100 mm from the injection well to the middle point (point C2)
and at a rate of 0.4 °C per 100 mm from the middle point to the abstraction well.

As can be seen in the three figures, groundwater flow has a significant impact on
thermal plume characteristics. The effect of the cold water injection is highest in test
175 compared to other tests conducted with a groundwater flow. A faster flow of warm
groundwater heats up the ground, reduces the influence of cold water injection, and
enhances the long-term performance of the abstraction well. The average temperatures
calculated for the measuring points are 9.25 °C for 175, 11.9 °C for G50, and 12.8 °C for G150.
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3.5.3. Thermal Photos

For the initial stage, the temperature reading in the middle is 19.3 °C. The minimum
observed temperature is around 16.1 °C on the left side, where the water comes in, whilst
the temperature observed on the other end of the sand is about 18.5 °C. The maximum
temperature shown in the color scale is the temperature of the cables.

At the end of the cooling period, the temperature observed in the middle is 14.6 °C.
The thermal plume, starting from the injection well and spreading toward the abstraction
well, can be observed in dark color. The minimum temperature was measured at the
injection well. However, in Figure 14b, it can be seen that the minimum temperature is
observed around the abstraction well, which is around 12.6 °C. This could be because
the thermal photo was taken a couple of minutes after the end of the cooling period. In
that case, the thermal plume might have moved toward the abstraction well due to the
groundwater flow.

(c) End of recovery

Figure 14. Temperature distribution at the surface for test G150: (a) initial stage, (b) end of cooling,
and (c) end of recovery.

The observed temperature is 16.5 °C in the middle at the end of the recovery period. It
is almost the same along the surface of the sand.

4. Conclusions

In this study, a series of laboratory-scale cooling tests were conducted involving three
different injection and abstraction rates and three different groundwater flow velocities.
The effect of cold water injection on the soil temperature, the thermal plume dimension,
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and the change in abstraction temperature was observed using temperature sensors placed
inside the soil. The experiment provides information about how the variation in flow rate
and groundwater flow velocity affects the thermal plume development, the dimension
and direction of the thermal plume, and the abstraction water temperature and, hence, the
thermal energy gain. The following conclusions can be drawn from this research.

e  Cold water injection creates a thermal plume starting from the injection well and
reaching the abstraction well in all cases due to a coupled effect of convection and
conduction, which reduces the abstraction water temperature and reduces system
performance and sustainability. Therefore, a close distance between the injection and
abstraction well is not ideal for the GWHP system.

e Increasing the injection and abstraction rates results in larger thermal plume dimen-
sions, thus worsening system performance and sustainability. Despite a 100% and
200% increase in injection and abstraction rates, the energy gain only increased by 81%
and 107%.

e  Groundwater flow positively impacts the system’s sustainability as it mitigates the
effects of the cold water injection. The observed temperatures at the abstraction
well at the end of the cooling period are 10.7 °C, 12.9 °C, and 14.6 °C for the test
conducted under a head difference of 0 (I75), 50 (G50), and 150 mm (G150), respectively.
Therefore, it is significant to consider the groundwater flow direction when designing
the locations of the injection and abstraction wells.

e  The maximum decrease in thermal energy gain from the abstracted water occurred in
test 175, with a decrease of 46%. The maximum energy gain was observed in test G150,
followed by G50, 175, and I50. Test 125 had the lowest thermal energy gain due to the
low abstraction rate.

In summary, the results emphasize the crucial need to account for groundwater
flow velocity, injection and abstraction rates during GWHP system design. Additionally,
the distance between injection and abstraction wells emerges as another vital parameter
that demands careful consideration. However, it is important to note that altering the
distance between injection and abstraction wells was not feasible in this sandbox model
setup. Further research should explore these aspects through large-scale field tests or
numerical simulations.
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