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Abstract: A floor slab of buildings can be used as a ground heat exchanger by equipping heat ex-
change pipes with a horizontal layout, namely energy slabs. The thermal performance of conventional
energy slabs is relatively low due to the interference with the ambient air temperature. This fatal
drawback can be overcome by installing energy slabs in an underground parking lot, where the
influence of ambient air is not significant. This study experimentally investigated the applicability
of two types of energy slabs (floor type and wall type), which were constructed on the basement
slab in an underground parking lot. In particular, an aerogel-type thermal insulation layer was
fabricated in each energy slab to isolate it from the ambient air along with enhancing the structural
stability against automobiles. In the thermal performance tests, the constructed energy slabs showed
a thermal performance 265% higher than the conventional energy slabs. Moreover, the aerogel-type
thermal insulation layer effectively prevented surface condensation. However, the thermal stress of
2350 kPa was induced by the cooling operation in the energy slabs, which means the energy slab
should possess sufficient tensile strength to secure the structural integrity of the parking lot basement.

Keywords: energy slab; ground heat exchanger; thermal insulation; thermal performance test;
underground parking lot

1. Introduction

In order to cope with serious global climate change, various international efforts, such
as the Kyoto Protocol (1997), RE100 (2014), and Paris Agreement (2015), are underway. In
accordance with these worldwide trends, the government policies of many countries for
encouraging the use of non-fossil energy sources made a rapid increase in the consumption
of renewable energy (i.e., 2.6% per year), which exhibits the highest growth among other
energy resources (i.e., nuclear power, natural gas, coal, etc.) [1]. Among the various types
of renewable energy, the use of shallow geothermal energy offers an attractive option for
heating and cooling buildings, which is known as a ground source heat pump (GSHP)
system, due to its higher energy efficiency compared to conventional systems [2–4]. From
1995 to 2015, the worldwide installed capacity of GSHPs had increased from 1.8 GW to
50 GW [5]. The GSHP system consists of two main components, i.e., the heat pump and
ground heat exchanger (GHEX). In general, a closed-loop vertical GHEX has been widely
adopted in the GSHP system. This type of GHEX is installed by equipping plastic pipes
in a vertically drilled borehole backfilled with grout material to induce a heat exchange
between the circulating fluid and surrounding medium. However, the construction cost
of the closed-loop vertical GHEX is significantly high, accounting for approximately 50%
of the total installation cost of the GSHP system [6]. The high construction cost mainly
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owing to additional borehole drilling may result in a prolonged payback period of the
initial investment cost of the GSHP system. In order to reduce the total installation cost
of the GSHP system, a closed-loop GHEX can be installed horizontally without a drilling
process, which is called a closed-loop horizontal GHEX. However, the thermal performance
of closed-loop horizontal GHEXs is too low to be adopted in the GSHP system because
it is largely influenced by the ambient air temperature [7,8]. In addition, the closed-
loop horizontal GHEXs are hard to be installed in a dense construction site because a
considerable installation area is required when a long-length heat exchange pipe is installed
to obtain a demanded thermal load [9].

Recently, several trials have been made to adopt the closed-loop horizontal GHEXs
inside infra-structures to overcome the disadvantages. The energy wall secures the heat
exchange performance by arranging heat exchange pipes (usually high-density polyethy-
lene, HDPE) inside diaphragm walls [10,11]. Therefore, the energy wall can be adopted as
a GHEX in the GSHP system after a temporal use of the diaphragm wall to support excava-
tion surfaces and cutoff groundwater ingress while constructing underground structures.
Sterpi et al. (2020) conducted a numerical study to propose an optimal heat exchange pipe
layout in a diaphragm wall. According to their study, the diaphragm wall with a W-shape
layout of heat exchange pipes enhanced the thermal performance by 10% comparing with
a U-shape layout of heat exchange pipes [12]. Further, Barla et al. (2020) conducted a series
of numerical studies to investigate the mechanical behavior induced by the heat exchange
in the diaphragm wall [13]. The energy textile also assembles the closed-loop horizon-
tal GHEX inside a tunnel lining to induce a heat exchange with ground formations [14].
Lee et al. (2016) conducted experimental and numerical studies to establish an artificial
design for energy textiles [15]. Barla et al. (2019) installed a full-scale prototype energy
tunnel (i.e., energy textile) in the Turin Metro Line 1, and thus investigated the thermal
performance and thermal stress of the energy tunnel [16]. In addition, a numerical model
was developed by calibrating the experimental results in the energy tunnel of Turin Metro
Line 1, to provide an effective design tool [17]. Furthermore, Ma et al. (2022) developed a
numerical model, which can simulate the thermo-hydro-mechanical behavior of the energy
tunnel, for the safe design and sustainable long-term operation of the energy tunnel [18].

An energy slab is one of the hybrid structures that allows for utilizing geothermal
energy by encasing the closed-loop horizontal GHEX in building slabs [19,20]. The energy
slab can possess a long length of heat exchange pipes without the necessity of an additional
construction site. However, its low thermal performance owing to direct exposure to
ambient air is still an important issue to be addressed [21]. Therefore, Moon and Choi
(2015) remarked that the energy slab should be combined with other types of GHEX,
such as energy piles [22]. Meanwhile, equipping a thermal insulation layer inside the
energy slab was introduced to relieve the effect of the ambient air temperature [23]. A
Phenol foam (PF) board was proposed as an optimal material for thermal insulation in the
energy slab, considering the insulation performance and economic feasibility [24]. This
study introduced a novel way to improve the thermal performance of energy slabs by
installing them in an underground parking lot, in which both the wall and floor slabs
were utilized to install the energy slabs, and enabled producing more geothermal energy
in the limited construction site. Further, the effect of the ambient air temperature on the
energy slab was relieved compared to the previous study [23], which leads to a dramatic
improvement in the thermal performance. Here, it is still necessary to assemble a thermal
insulation layer inside the energy slabs to minimize the thermal interference induced by
the ambient air in the underground parking lot. However, because the PF board is a
closed-cell structure by foaming and curing the phenolic resin, it is vulnerable to external
loads. That is, the PF board-type thermal insulation is inappropriate for the floor-type
energy slabs on the basement floor in the underground parking lot, which can be stressed
by automobile loads. In order to compensate for this unfavorable situation, aerogel-type
thermal insulation was considered in this study. This new thermal insulation shows similar
thermal conductivity to the PF board-type thermal insulation while having a thin and
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flexible configuration. Therefore, the aerogel-type thermal insulation layer can be less
vulnerable to automobile loads while securing enough of a thermal insulation performance.
Meanwhile, surface condensation in the underground parking lot occurs generally due
to the temperature difference between the ambient air and the surface of concrete slabs
in the summer season. However, when energy slabs are installed in the underground
parking lot, surface condensation should occur in the winter season because the heating
operation of the GSHP system gradually decreases the temperature of the concrete slab
lower than that of the ambient air. According to the previous study, the temperature in
concrete slabs was approximately 10°C lower than ambient air, which can sufficiently cause
surface condensation according to the humidity of the ambient air [23]. As automobiles
constantly use the underground parking lot, surface condensation results in significant
safety problems. Consequently, the applicability of the novel type of energy slab installed
in underground parking lots should cover the assessment of both the thermal performance
and surface condensation for future practice.

Periodic temperature changes in the heat exchange pipes can have a fatal effect on
the integrity of infra-structures. The thermo-mechanical behavior induced by temperature
changes in GHEXs has been extensively studied. For example, Adinolfi et al. (2021)
conducted experimental and numerical studies on the thermo-mechanical behavior of
the energy sheet pile wall [25]. Sterpi et al. (2017) analyzed the energy wall by the finite
element analyses [26]. However, the stability of the energy slab corresponding to periodic
temperature changes was not investigated yet.

This study experimentally investigates the applicability of two types of the energy
slabs (floor type and wall type) equipped with the aerogel-type thermal insulation layer,
which were constructed on the basement floor in an underground parking lot. The thermal
performance tests (TPTs) were carried out in the constructed energy slabs, by simulating
the cooling operation of the GSHP system. During the tests, the thermal performance of
the energy slabs was investigated by measuring the inlet and outlet temperatures of the
heat exchanger. In addition, the occurrence of surface condensation was determined by
monitoring temperatures at the concrete slabs and comparing them with the ambient air
temperature. Finally, the structural integrity of the energy slabs in the cooling operation was
assessed from the measured temperatures and thermal stresses at the wall-type energy slab.

2. Construction of Energy Slabs in Underground Parking Lot
2.1. Overview of Construction Site

A residential building where the energy slabs were constructed is located in Daejeon
city, Korea (Figure 1). This building consisted of two floors above the ground and one
basement floor. The basement floor was constructed to make an underground parking
lot and a machine room. Details of the residential building are summarized in Table 1.
Before the construction, a subsurface geotechnical investigation was performed in the
middle of the construction site, and the results are summarized in Table 2. The geological
distributions were in the order of the buried layer, sedimentary layer, weathered soil layer,
and weathered rock layer from the ground level. Further, the thermal conductivity of
shallow ground formations (i.e., buried layer in this study) was measured by KD2-pro,
which is based on the transient hot-probe method [23], because the energy slabs exchange
heat energy mainly with the shallow ground formations. As shown in Figure 2, the thermal
conductivity was estimated by averaging the measured values at three randomly selected
locations in the ground where the basement floor was planned to be constructed. As a result,
the average thermal conductivity of the buried layer was estimated to be 1.2 W/(m·K).
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Table 1. Details of the residential building equipped with energy slabs.

Type Details

Location Daejeon City, Korea
Purpose/Structure Detached house/reinforced concrete

Land/Construction area 410 m2/193 m2

Total floor area 386 m2

Building scale One basement floor (parking lot and machine
room), two ground floors

Height 9 m

Table 2. Results of subsurface geotechnical investigation.

Depth (m) Division Type N-Value (Count/cm)

0.0~2.7 Buried layer Silty sand with gravel 4/30~13/30
2.7~3.7 Sedimentary layer Silty sand 5/30

3.7~11.0 Weathered soil Silty sand 17/30~50/13
11.0~15.3 Weathered rock Silty sand 50/7~50/10
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2.2. Design of Energy Slab in Underground Parking Lot

Figure 3 shows the layouts of the constructed floor-type and wall-type energy slabs.
The floor-type energy slab was constructed in the middle of the underground parking lot,
while the wall-type energy slab was constructed on the wall of section A (refer to Figure 3a).
Heat exchange pipes inside the energy slabs were assembled in a spiral configuration by
maintaining the distance between adjacent heat exchange pipes (i.e., pitch) to be 400 mm.
Note that the heat exchange pipes in the outlet parts (i.e., sections B and C in Figure 3a,b,
respectively) were thermally insulated to control the pitch of 400 mm in the energy slabs.
The specifications of the constructed energy slabs are summarized in Table 3.
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Table 3. Specifications of constructed energy slabs.

Type of Energy Slab Pipe Material Pipe Diameter
(mm)

Pitch
(mm)

Installation Area
(m2)

Total Length
(m)

Floor type High-density polyethylene
(HDPE) 25 400

49.5 123
Wall type 18.5 55

As previously described, thermal insulation should be equipped in the energy slab to
secure stable thermal performance. Moreover, surface condensation is expected to occur on
the surface of slab concrete during the winter season owing to temperature variations in
the heat exchange pipes (Figure 4a). This leads to a severe safety problem on the basement
floor in the underground parking lot. In order to prevent surface condensation, the lower
concrete slab possessing the heat exchange pipes should be thermally insulated from the
upper concrete slab that directly contacts ambient air, as shown in Figure 4. As previously
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mentioned, the PF board-type thermal insulation is inappropriate for the floor-type energy
slabs in the underground parking lot, because the slabs can be stressed by automobile
loads. In this study, aerogel-type thermal insulation was devised for the constructed energy
slabs. This thermal insulation consisted of Pyrogel XT-E, whose thermal conductivity is
0.02 W/(m·K) at 38 ◦C according to the manufacturer’s product declaration. In other words,
the aerogel-type thermal insulation had similar thermal conductivity to the PF board-type
thermal insulation (i.e., 0.018 W/(m·K)). In particular, the aerogel-type thermal insulation
is more suitable for the energy slab in the underground parking lot due to its flexible and
thin configuration. The sectional views of the constructed energy slabs are illustrated in
Figure 5.
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T-type thermocouples were equipped in the concrete slabs above the aerogel-type
thermal insulation layer and the lower concrete slabs containing the heat exchange pipes,
as shown in Figure 5, to examine surface condensation during the tests. Meanwhile, strain
gauges (PMFL-60-2LT) were equipped inside the wall-type energy slab to investigate the
thermo-mechanical behavior of the wall-type energy slab corresponding to temperature
changes (Figure 5b). The installation locations of the T-type thermocouples and the strain
gauges are summarized in Table 4.

Table 4. Detailed locations of thermocouples and strain gauges.

Type of
Energy Slab

Locations
Sensor Type Name

Floor Plan Slab Type

Floor-type
energy slab

1
(Figure 3a)

Concrete slab above
aerogel-type thermal

insulation
((A) in Figure 5a)

T-type thermocouple T1A

Concrete slab possessing heat exchange pipe
((B) in Figure 5a) T-type thermocouple T1B

Wall-type
energy slab

2
(Figure 3b)

Concrete slab above
aerogel-type thermal

insulation
((C) in Figure 5b)

T-type thermocouple T2C

Concrete slab possessing heat exchange pipe
((D) in Figure 5b)

T-type thermocouple T2D
Strain gauge S2D

3
(Figure 3b)

Concrete slab possessing heat exchange pipe
((D) in Figure 5b)

T-type thermocouple T3D
Strain gauge S3D

2.3. Construction Procedure of Energy Slabs

Figures 6 and 7 show construction procedures of the floor-type and wall-type energy
slabs, respectively. Both energy slabs were constructed under a similar procedure: arranging
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and fixing heat exchange pipes, connecting the return and supply pipes, pouring concrete
on each slab, and installing aerogel-type thermal insulation. Particularly, in case of the
floor-type energy slab, the construction was finished after the 2nd concrete pouring and
concrete leveling. On the other hand, the wall-type energy slab was finally made by pouring
cement mortar and installing finishing bricks.
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adjust leveling.
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Figure 7. Construction procedure of wall-type energy slab. (a) Arrangement of heat exchange pipes.
(b) Fixing heat exchange pipes. (c) Connection of supply and return pipe. (d) Placement of concrete
on wall slab. (e) Installation of aerogel-type thermal insulation. (f) Placement of cement mortar and
installation of bricks.

3. In Situ Thermal Performance Test (TPTs) with Constructed Energy Slabs
3.1. Experimental Conditions for In Situ TPT

In order to evaluate the thermal performance, surface condensation, and structural
stability of the constructed energy slabs, a series of in situ TPTs was conducted in the test
bed. The in situ TPT was proposed to evaluate the thermal performance of GHEXs by
simulating artificial heating or cooling loads [23,27]. In this study, artificial thermal loads
were supplied to the constructed energy slabs by maintaining the inlet temperature and
the flow rate of a working fluid with the aid of a constant-temperature water bath (refer
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to Table 5 [23] and Figure 8). During the tests, changes in the outlet temperature were
continuously measured. Then, the thermal performances of the constructed energy slabs
were evaluated by calculating heat exchange amounts through Equation (1) [23].

Q = C× .
m× |Tout − Tin| (1)

where Q is the heat exchange amount (W), C is the specific heat capacity of the working
fluid (J/(kg·K)),

.
m is the mass flux of circulating fluid (kg/s), and Tin and Tout are the inlet

and outlet temperatures, respectively (◦C).

Table 5. Specifications of constant-temperature water bath [23].

Type Details

Bath size (dimension, W×D×H mm) 350× 400× 300 mm
Bath capacity 42 L

Power of heater/cooler 4.0 kW/0.6 kW
Range of temperature capacity −10 ◦C~98 ◦C

Temperature uniformity ±1 ◦C
Capacity of circulation pump 20 L/min

Electric requirement 220 VAC, 60 Hz
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Figure 8. Schematic diagram of thermal performance test (TPT).

Figure 9 shows the experimental setup and monitoring instruments established in
the machine room (refer to Figure 3a). The inlet temperature was kept constant at 25 ◦C
during the TPTs to simulate cooling operation and continuously monitored by the T-type
thermocouple, as depicted in Figure 8. The flow rate of a working fluid was determined
to be 7.4 L/min to satisfy the Reynolds number greater than 4000, which is the threshold
value to generate fully turbulent flow inside the pipes [23]. An intermittent operation of 8 h
operation and 16 h pause was applied to replicate the heat pump operation in commercial
buildings. The TPTs were conducted for seven continuous days. During the TPTs, the
temperatures of outlet fluid, which finished heat exchange with the ground formations,
were measured using the T-type thermocouple, as illustrated in Figure 8. Finally, the
average heat exchange amounts of the energy slabs were calculated by using the flow rate
of working fluid and the measured inlet and outlet temperatures.

3.2. Result of TPTs

Figure 10 shows the measured inlet and outlet temperatures and the flow rate of the
working fluid during the TPTs at each energy slab. The temperature differences (i.e., the
heat exchange with the surrounding ground) occurred only during the operation phases
when the flow rate of a working fluid was generated at 7.4 L/min. The average temperature
difference during the TPTs was more than 2 ◦C, indicating a stable heat exchange was
obtained in both types of the energy slabs. The average heat exchange amounts of the
floor-type and the wall-type energy slabs were 2260 W and 866 W, respectively. Further,
the average heat exchange amounts per unit area of the floor-type and the wall-type energy
slabs were 45.7 W/m2 and 46.8 W/m2, respectively. Because both types of the energy
slabs had the identical configuration for the heat exchange pipes (i.e., a spiral configuration
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with 400 mm pitch), a similar average heat exchange amount per unit area was obtained.
In other words, the thermal performance of the energy slab was more influenced by the
configuration of the heat exchange pipes, not the structure type (i.e., wall type or floor type).
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Figure 10. Measured inlet, outlet, and ambient air temperatures and flow rate of working fluid
during TPTs.

In order to investigate the applicability of the energy slabs in more detail, the thermal
performance of the floor-type energy slab in this study was compared with that of the
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floor-type energy slab discussed in the previous study [23]. Table 6 shows the construction
conditions and the TPT results of the two floor-type energy slabs. Although the energy slab
studied by Lee et al. (2018) exchanged the heat energy with the surrounding ground with
171% higher thermal conductivity and a 125% denser configuration of the heat exchange
pipes than the energy slabs in this study, the present energy slabs showed the average
heat exchange amount per unit area was 265% greater than Lee et al. (2018). This is
attributable to the fact that the energy slab of Lee et al. (2018) was constructed on the
ground surface, and thus the ambient air temperature could significantly interfere with
the heat transfer in the energy slab, even when equipped with PF board-type thermal
insulation (refer to Figure 11 [23]). On the other hand, the energy slab in this study
effectively relieved the influence of the ambient air by installing below the ground surface
(i.e., in the underground parking lot). Such a favorable construction condition significantly
improved the thermal performance.

Table 6. Comparison on construction conditions and TPT results of floor-type energy slabs between
the present study and Lee et al. (2018) [23].

Type Floor-Type Energy Slab in
This Study

Floor-Type Energy Slab in
Previous Study [23]

Heat exchange pipe material
(diameter) HDPE (25 mm)

Total length of heat
exchange pipe 123 m 85 m

Pitch 400 mm 300 mm

Installation area 49.5 m2 25 m2

Density of heat exchange pipe
(Total length of heat

exchange pipe/
Installation area)

2.73 m/m2 3.4 m/m2

Thermal conductivity
of ground
formation

1.2 W/(m·K) 2.05 W/(m·K)

Thermal conductivity
of thermal

insulation material

0.02 W/(m·K)
(Aerogel)

0.018 W/(m·K)
(Phenol foam (PF) board)

Average heat
exchange amount

(7 days)
2260 W 430 W

Average heat exchange
amount per unit area 45.7 W/m2 17.2 W/m2

3.3. Investigation of Surface Condensation

The occurrence of surface condensation in the energy slabs was examined by monitor-
ing the temperature changes at the T-type thermocouples installed in each concrete slab
(i.e., T1A, T1B, T2C, and T2D in Table 4) during the TPTs. Figure 12 shows the temperature
variations corresponding to the locations of the thermocouples. The temperatures in the
concrete slabs equipped with heat exchange pipes (i.e., below the aerogel-type thermal
insulation, T1B and T2D) repeatedly increased and decreased in accordance with the inter-
mittent operation of the constant-temperature water bath. Meanwhile, the temperatures in
the concrete slabs located above the aerogel-type thermal insulation layer (i.e., T1A and
T2C) were changed regardless of the intermittent operation. Rather, they showed a similar
trend in the ambient air temperature. This result indicates that the concrete slab above the
aerogel-type thermal insulation layer and the lower concrete slab possessing heat exchange
pipes became thermally isolated by installing the aerogel-type thermal insulation. That is,
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surface condensation may not occur on the constructed energy slabs in the underground
parking lot even though the temperatures in the lower concrete slab become lower than
that of the ambient air during the heating operation of the GSHP system.
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slab types.

4. Structural Stability of Energy Slab in Underground Parking Lot

During the heat pump operations in a GSHP system, a temperature reduction in the
energy slab (i.e., heating operation) shrinks the concrete, and a temperature increase in the
energy slab (i.e., cooling operation) expands the concrete, which may cause thermal stress
on the energy slab. This can be a potential threat to the structural integrity of the energy
slab. In this study, the thermal stress in the wall-type energy slab was investigated by simul-
taneously measuring the temperature changes in T2D, T3D, S2D, and S3D during the TPTs.
Note that the strains in S2D and S3D were measured at the end of each operation phase.

Figure 13 shows the temperature changes and thermal stress at the concrete slab
possessing the heat exchange pipes during the TPTs. The thermal stresses were calculated
by the measured strains, assuming the elastic modulus of the slab cement to be 36,500 MPa,
referring to the previous study [28].
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Figure 13. Temperature changes and thermal stress at concrete slab possessing heat exchange pipe
during TPTs.

As illustrated in Figure 13, the thermal stresses were accumulated owing to the
continuously elevated temperature in the concrete (i.e., T2D and T3D) from the initial stage.
In addition, the thermal stress at the center of the concrete slab (i.e., S2D) was larger than
that at the corner of the concrete slab (i.e., S3D). Because S3D was located at the corner of
the wall-type energy slab, as shown in Figure 3b, the strain was restricted by the nearby
building structures. On the other hand, because S2D was located at the center of the wall-
type energy slab, as shown in Figure 3b, the strain restriction in S2D was less significant
than that in S3D, which increased the thermal stresses as well. As a result, the thermal stress
at the center of the wall-type energy slab was approximately 2350 kPa at the end of the TPT,
which is higher than that at the corner of the wall-type energy slab by as much as 1100 kPa
(Figure 13). In the previous study, the tensile and compressive strengths of the concrete
were varied with the properties of the cement mortar [28–30]. In particular, the tensile
strength of cement mortar is commonly smaller than 2 MPa [29,30]. That is, according to
the result of this study, the structural integrity of the energy slabs can be threatened by
excessive thermal stress. Consequently, it is necessary to secure enough tensile strength of
the cement mortar for the energy slab, specially to manage the thermal stress induced by
the cooling operation. Note that, in this paper, the structural stability of the energy slab
installed in the underground parking lot was investigated only in the cooling operation of
the thermal performance tests (TPTs). In addition, the tests were performed for seven days
in accordance with the previous study, which conducted the TPT to evaluate the thermal
performance of energy slabs [23]. Therefore, there are some limitations in this study to be
addressed in future works. The thermal stress induced by not only the cooling operation
but also the heating operation of the TPT should be investigated for the comprehensive
evaluation on the structural stability of the constructed energy slab. Moreover, because the
thermal stress is accumulated with the test progress (refer to Figure 13), a long-term TPT
(i.e., more than seven days) should be performed to obtain the maximum thermal stress in
the constructed energy slab.

5. Conclusions

The conventional energy slab is hard to be adopted in a practical GSHP system owing
to its low thermal performance, even with the utilization of thermal insulation. Considering
the increment of energy slab utilization, a novel type of the energy slab was devised in this
study, which is installed in an underground parking lot equipped with aerogel-type thermal
insulation. With this approach, the influence of the ambient air temperature is expected
to be minimized, leading to a dramatic improvement in the thermal performance of the
energy slab. In this study, the energy slabs equipped with aerogel-type thermal insulation
were installed in the underground parking lot to investigate their thermal behaviors by
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performing a series of TPTs. Then, the thermal performance, the occurrence of surface
condensation, and the structural integrity were investigated by analyzing the TPT results.
The followings are the primary findings of this study.

1. The floor- and wall-type energy slabs equipped with aerogel-type thermal insulation
showed a stable thermal performance in the underground parking lot. In particu-
lar, the energy slabs in this study increased the average heat exchange amount per
unit area by 265% in comparison with the previous study, by reducing the thermal
interference induced by the ambient air temperature.

2. The aerogel-type thermal insulation layer thermally isolated the concrete slabs with
the heat exchange pipes from the ambient air refrained from surface condensation.
This is especially critical when the temperature in the concrete slab encasing the heat
exchange pipes becomes lower than the ambient air temperature during the heating
operation of the GSHP system.

3. The maximum thermal stress was estimated to be approximately 2350 kPa at the end
of the TPT. Therefore, it is necessary to secure enough tensile strength of the cement
mortar for the energy slab, specially to manage the thermal stress induced by the
cooling operation.

4. The present study’s limitations are that the structural stability of the energy slab in-
stalled in the underground parking lot was investigated only in the cooling operation
of the thermal performance tests (TPTs), and the tests were performed for seven days
in accordance with the previous study. In future works, to overcome such limitations,
the TPT in the heating operation should be performed to comprehensively quantify
the effect of thermal stress on the structural stability of the energy slab. Further-
more, the maximum thermal stress is also necessary to be checked by performing a
long-term TPT.
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