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Abstract: We prepared bentonite-based grouts for use in the construction of vertical ground heat
exchangers (GHEs) using various proportions of silica sand as an additive, and measured the
thermal conductivity (TC) and specific heat capacity (SHC) of the grouts under saturated conditions.
Furthermore, we performed numerical simulations using the measured thermal properties to
investigate the effects of grout-SHCs, the length of the high-density polyethylene (HDPE) pipe,
the velocity of the working fluid, and the operation time and off-time during intermittent operation
on performance. Experimentally, the grout TCs and SHCs were in the ranges 0.728–1.127 W/(mK)
and 2519–3743 J/(kgK), respectively. As the proportions of bentonite and silica sand increased, the TC
rose and the SHC fell. Simulation showed that, during intermittent operation, not only a high grout
TC but also a high SHC improved GHE performance. Also, during both continuous and intermittent
operation, GHE performance improved as the working fluid velocity increased, and there was a
critical working fluid velocity that greatly affected the performance of the vertical GHE, regardless
of operation mode, high-density polyethylene (HDPE) pipe length, or grout thermal properties;
this value was 0.3 m/s. Finally, during intermittent operation, depending on the operation time and
off-time, critical periods were evident when the ground temperature had been almost completely
restored and any beneficial effect of intermittent operation had almost disappeared.
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1. Introduction

Given the depletion of fossil energy and the need to reduce the carbon footprint, interest in new
and renewable energy techniques has increased worldwide. Of the various renewable energy systems
currently available, ground source heat pump (GSHP) systems have been widely used because of their
efficiency, energy conservation, and low-level emissions [1–3]. Worldwide, GSHP capacity increased
1.52-fold from 2010 to 2015 at a compound annual rate of 8.69% [4].

GSHP systems are composed of a heat pump coupled with a GHE. The GHE, which is the most
important component of the GSHP system, can be either vertical or horizontal in form, and exchanges
heat with the ground by circulating a working fluid within a vertical or horizontal closed-loop HDPE
pipe to transfer heat to/from the ground. Vertical GHEs, placed in boreholes of diameter 0.1–0.2 m
and depth 20–200 m, usually afford better thermal performance than horizontal GHEs, and have been
more widely used throughout the world [5–9].

When installing a vertical GHE, the empty space in the borehole is backfilled with grout.
This prevents collapse of the borehole and contamination of the groundwater and aquifer, and enhances
the thermal contact between the GHE and the ground [10]. GSHP performance is strongly affected by
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the thermal properties of the ground and grout, especially the TC of the grout [11]. However, neat
bentonite–water or cement–water mixes, which are commonly used as grouts, exhibit relatively low
TC. Various efforts have been made to solve this problem by mixing grout with additives to achieve
superior TC.

Remound and Lund [12] reported that the use of quartzite sand as an additive improved the TC
of bentonite-based grout. Lee et al. [13] measured the TC and viscosity of bentonite-based grouts using
silica sand or graphite as an additive, and found that as the additive content increased, the TC rose,
but the viscosity also increased. Allan and Philippacopoulos [14] evaluated the thermal, mechanical,
and hydraulic properties of cement-based grouts, and developed a grout mix (MIX 111) containing
silica sand. Lee et al. [15] developed a cement grout containing silica sand and graphite that afforded a
TC of 2.6 W/(mK) when evaluated via in situ thermal response testing (TRT).

Numerical modeling, which is widely used to solve complex problems, has been employed in
many studies to predict the performance of GSHP systems. Esen et al. [16] simulated the temperature
distributions in boreholes of a vertical GHE using a two-dimensional (2D) finite element model.
Lee et al. [17] simulated in situ TRT using a three-dimensional (3D) finite element model of a vertical
GHE. The in situ TRT and numerical simulation results were in good agreement at a ground TC of
4 W/(mK). Jalaluddin and Miyara [18] numerically evaluated the thermal performances of three types
of vertical GHEs operating in different modes. Intermittent operation improved GHE performance and
may allow borehole depth to be reduced. Choi et al. [19] numerically investigated the effect of varying
the thermal properties of partially saturated soil on the intermittent operation of vertical GHE. Li et
al. [20] numerically evaluated the performance of vertical GHE with various HDPE pipe diameters and
borehole parameters. As the borehole diameter increased or the borehole depth decreased, the influence
of thermal interference was reduced. Bidarmaghz et al. [21] numerically investigated the effect of
surface air temperature for the long-term operation, and reported that considering the surface air
temperature fluctuation could reduce GHE length up to about 11%. Congedo et al. [22] analyzed the
principal factors affecting heat transfer of horizontal GHEs via numerical simulation. The TC of the
ground around the GHE and the velocity of the working fluid played important roles in energy saving.

Recently, Kim et al. [23] explored the TC and SHC of cement-based grouts with various proportions
of silica sand. Numerical simulations were performed to investigate the effects of the thermal properties
of such grouts on vertical GHE performance during either continuous or intermittent operation. During
continuous operation, only TC positively influenced the GHE performance, but, during intermittent
operation, both TC and SHC were significant. However, in earlier experimental studies [12–15] focused
primarily on the TC of grout; SHC was usually ignored. Also, the SHC of grouts used in previous
numerical analyses varied widely or was not measured [24–27]. During numerical modeling, invalid
inputs may compromise the results. Therefore, to ensure accuracy, not only TC but also SHC (essential
when performing numerical modeling) must be measured and entered.

Here, we prepared bentonite-based grouts using silica sand as an additive at various mixing ratios
and measured TC and SHC under saturated conditions. Additionally, numerical simulations of vertical
GHE performance during both continuous and intermittent operation were performed to explore the
effect of grouts’ SHC, working fluid velocity, and the length of the HDPE pipe, on measured thermal
properties. During intermittent operation, the effects of operation time and off-time on vertical GHE
performance were also investigated.

2. Materials and Methods

The Volclay bentonite used in this study is widely used in GSHP installation and for geophysical
site investigations. The physical properties of the bentonite are listed in Table 1. The additive used to
improve TC was silica sand, the grain size distribution of which is plotted in Figure 1. The specific
gravity of the sand was 2.637.
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Table 1. Physical properties of Volclay bentonite.

Permeability (cm/s) Swelling Potential Montmorillonite Content (%) Thermal Conductivity (W/(mK)) Specific Gravity

≤1 × 10−7 25 mL/2.0 g ≤90 0.74 2.60
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The grout mix proportions were the same as in previous studies [13], as listed in Table 2. For each
mix proportion, three specimens were formed by pouring the mixes into cylindrical molds (7 cm
diameter × 7 cm height). After allowing for free swelling under sealed conditions for 48 h, the thermal
properties were measured at about 21 ◦C using KD2 PRO and SH-1 sensors (Figure 2). The KD2 PRO,
a handheld device, which uses a transient line heat-source method to measure thermal properties,
consists of a handheld controller and sensors. Among the sensors, the dual needle SH-1 sensor used in
the present study, which can measures TC, volumetric heat capacity (VHC), resistivity, and diffusivity,
is equipped with two stainless steel needles mounted in parallel. One needle is a line-source heater
and the other is a temperature sensor. After inserting the SH-1 sensor into to the specimen, a heat
pulse is applied to the heater and the temperature at the temperature sensor is recorded as a function
of time. The VHC and thermal diffusivity of the specimen are then determined from the measured
temperature response with time at the temperature sensor [28–30]. TC is computed as the product of
the VHC and thermal diffusivity. We used the following equation to calculate SHC:

cm =
cv

ρ
, (1)

where cm (J/(kgK)) is the SHC, cv (J/(m3K)) the VHC and ρ (kg/m3) the bulk density [31].
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Table 2. Mix proportions for test specimens.

Specimen No. Bentonite (wt %) Silica Sand (wt %) Water (wt %)

BS20-0

20

0 80
BS20-10 10 70
BS20-20 20 60
BS20-30 30 50

BS30-0

30

0 70
BS30-10 10 60
BS30-20 20 50
BS30-30 30 40

wt: weight percentage.
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3. Experimental Results and Discussion

Table 3 lists the mean saturated bulk density, porosity, TC, and SHC values. As the bentonite and
silica sand levels increased, the saturated bulk density rose and the porosity fell.

Figure 3a plots the TCs of all specimens under saturated conditions. As the amounts of bentonite
and silica sand increased, the TC also increased. Figure 4a shows the relationship between porosity
and TC. Overall, as the porosity increased, the TC decreased. However, when the wt % values of soil
(bentonite or bentonite + silica sand) were the same, the higher the ratio of silica sand to bentonite,
the higher the TC at a similar porosity. Thus, BS20-30, BS20-20, and BS20-10 exhibited slightly higher
TCs than BS30-20, BS30-10, and BS30-0, respectively, possibly attributable to differences in porosity
and composition. Under saturated conditions, bentonite-based grouts consist of bentonite + water or
bentonite + silica sand + water. The TC of water is 0.6 W/(mK) at 20 ◦C [32], thus lower than that of
the specimens (Table 3). Therefore, the lower the porosity, the smaller the gaps between soil particles
(bentonite and bentonite, or bentonite and silica sand), facilitating heat transfer and increasing the TC.
Moreover, when the soil wt % values are the same, the higher the ratio of silica sand, the higher the TC
at a similar porosity, because silica sand has a higher TC than bentonite.

Figure 3b plots the SHC of all specimens under saturated conditions. As the amounts of bentonite
and silica sand increase, the SHC decreases. Figure 4b shows the relationship between porosity
and SHC. As the porosity increases, the SHC increases, reflecting the high SHC of water, which is
higher than that of any other common material (4182 J/(kgK), 20 ◦C) [33]. Therefore, under saturated
conditions, the greater the amount of water retained within the void spaces (i.e., the higher the grout
porosity), the greater the SHC. Thus, under saturated conditions, the SHC of bentonite-based grout is
greatly affected by porosity.
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Table 3. Physical and thermal properties of all specimens.

Specimen No. Saturated Bulk Density
(kg/m3) Porosity (%) Thermal Conductivity

(W/(mK))
Specific Heat Capacity

(J/(kgK))

BS20-0 1096 91.57 0.728 3743
BS20-10 1170 86.56 0.791 3363
BS20-20 1298 80.17 0.855 2960
BS20-30 1354 74.19 0.988 2770
BS30-0 1158 86.64 0.775 3443

BS30-10 1256 80.78 0.846 3056
BS30-20 1359 74.06 0.976 2752
BS30-30 1439 67.11 1.127 2519
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4. Numerical Analysis

4.1. Numerical Method

We used commercial FLUENT CFD software to simulate a 3D vertical GHE [34]. Figure 5 shows
the configuration and mesh of the model, which is made up of an HDPE pipe, grout, and the ground.
In the model, the length, diameter, and thickness of the HDPE pipe are 50 m, 0.025 m, and 0.005 m;
the depth and diameter of the borehole are 50.3 m and 0.15 m; and the depth and diameter of the ground
are 51 m and 3 m, respectively. The thermal and physical properties of the bentonite-based grouts
derived above were used in modeling (Table 3). The properties of the working fluid, the HDPE pipe,
and the ground; and the boundary conditions; are listed in Table 4. Additional boundary conditions
used in each section of the numerical analysis were as follows:

- To investigate the effects of the SHC of bentonite-based grouts, HDPE pipe length, and working
fluid velocity, the model simulated the cooling mode during intermittent operation (3 h operation
time and 3 h off-time) and during continuous 24-h operation.

- To investigate the effects of the operation time and off-time on vertical GHE, the model simulated
the cooling mode during intermittent operation (3 h operation time and 3 h off-time) over
three days.

- To simulate the intermittent operation mode, user-defined operation times and off-times
were modeled.

- When exploring the effects of HDPE pipe length and working fluid velocity, and operation time
and off-time, numerical simulations were performed using the thermal properties of the most



Sustainability 2018, 10, 2664 7 of 15

diverse grout specimens (i.e., BS20-0, which has the lowest TC and the highest SHC, and BS30-30,
which has the highest TC and the lowest SHC).
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Table 4. Parameters for simulation analysis [17,23].

Item Description

Inlet water velocity 0.3 m/s
Inlet water temperature 35 ◦C (308.15 K)

Turbulence intensity 5%
Initial ground temperature 18.2 ◦C (291.35 K)

Physical Parameters Density (kg/m3)
Thermal Conductivity

(W/(mK))
Specific Heat Capacity

(J/(kgK))
Viscosity
(kg/(ms))

Working fluid 998.2 0.6 4182 0.001003
HDPE pipe 955 0.4 525

Ground 2600 4.0 790

HDPE, high-density polyethylene.

We considered the mass, momentum, and turbulence of the working fluid; and energy
conservation by the grout and the ground. The SIMPLEC method, second-order upwind scheme,
and realizable k-εmodel were used [35]. The relevant equations are listed in Table 5.

Table 5. Summary of CFD model equations [34].

Continuity equation ∂ρ
∂t +∇

(
ρ
→
v
)
= 0

Momentum equation
∂ρ
→
v

∂t +∇
(

ρ
→
v ×→v

)
−∇

(
µe f f ∇

→
v
)
=

−∇p +∇
(

µe f f∇
→
v
)T

+ S

Energy equation ∂(ρh)
∂t −

∂(p)
∂t +∇

(
ρ
→
v h
)
= ∇

[(
µ+

µt
σt

)
∇h
]
− Sh

Turbulence equations Turbulent energy equation ∂(ρk)
∂t +∇

(
ρ
→
v k
)
= ∇

[(
µ+

µt
σk

)
∇k
]
+ Gk + Gb − ρε

Turbulence dissipation rate
equation

∂(ρε)
∂t +∇

(
ρ
→
v ε
)
= ∇

[(
µ+

µt
σε

)
∇ε
]
+ ε

λ (cε1Gk − cε2ρε)

cε1: 1.44, cε2: 1.92 ε: turbulent dissipation rate (m2/s2)
Gb, Gk: turbulence kinetic energies (m2/s2) µ: viscosity ((Ns)/m2)
h: enthalpy of the fluid (J) µe f f : effective viscosity ((Ns)/m2)
k: turbulence kinetic energy (m2/s2) µt: turbulence viscosity ((Ns)/m2)
p: pressure (Pa) →

v : velocity (m/s)
S: source term ρ: density (kg/m3)
Sh: volumetric heat source (kJ/(m3s)) σε: 1.2, σk : 1, σt: constant
t: time (h)
T: Temperature (◦C)
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4.2. Validation

We used the experimental data of Lee et al. [17] for verifying the accuracy of the 3D GHE model
under the same conditions of the cited work. Lee et al. performed in situ TRT in Wonju, South
Korea, and simulated the results. To simulate in situ TRT using bentonite-based grouts, we applied
two user-defined functions accounting for variation in the ground temperature with depth (i.e.,
the geothermal gradient) and the difference in temperature between the working fluid inflow and
outflow. Figure 6 compares the numerical simulations of the present study to the in situ TRT data and
the numerical simulations of Lee et al. Overall, the results are in good agreement. Therefore, it can be
concluded that our numerical model well predicts the heat transfer characteristics.
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4.3. Numerical Results and Discussion

4.3.1. Effects of the Specific Heat Capacity of Bentonite-Based Grouts

When investigating the performance of a vertical GHE, we used the heat exchange rate (HER,
W/m), calculated as:

HER =
cm ×

.
m (Tin − Tout)

l
, (2)

where cm (J/(kgK)) is the SHC of the fluid,
.

m (kg/s) the mass flow rate of the fluid, Tin (◦C) the inlet
temperature of the fluid, Tout (◦C) the outlet temperature of the fluid, and l (m) the length of the
HDPE pipe.

The HERs for each specimen operating in the different modes are plotted in Figure 7a. In the
continuous and intermittent modes, the higher the TC, the greater the HER. Moreover, the HERs during
intermittent operation were higher than during continuous operation, reflecting ground temperature
recovery during the off period. Therefore, use of the intermittent operation mode improved vertical
GHE performance.

To investigate the effect of the SHC of grout, the percentage change in the HERs of the continuous
and intermittent operation modes was calculated as:

Percent change =
HERint −HERcon

HERcon
× 100(%) (3)
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where HERint (%) and HERcon (%) are the HERs during intermittent and continuous operation,
respectively. The percentage changes in the HER under different operation modes are shown in
Figure 7b. Overall, the higher the grout-SHC, the greater the change; the mean value for bentonite-based
grout was 27%. These results are similar to those of a previous study on the effects of the SHC of
cement-based grouts with silica sand as an additive [23]. However, as the numerical simulations were
performed under the same conditions as applied in a previous study [23], the mean percentage changes
associated with bentonite-based grouts were about 3% higher than those associated with cement-based
grouts. To further investigate these effects during intermittent operation, we performed a numerical
simulation using the highest TC and SHC of bentonite-based grouts measured in the present study.
Then, the HER was 62.72 W/m, 2.39 W/m higher than that of BS30-30, which exhibited the same TC
but the lowest SHC. Thus, during intermittent operation, use of a grout with a high SHC improves
the vertical GHE performance; a bentonite-based grout would be preferred to a cement-based grout.
However, when silica sand is used as an additive, the SHC of bentonite-based grout decreases as
the amount of silica sand increases. Therefore, to develop a grout with not only high TC but also
high SHC, improving vertical GHE performance, various other additives should be investigated and
experimental studies conducted. Especially as an increase in the proportion of additive decreases the
SHC, an additive affording high-level TC is required, even at small proportions.Sustainability 2018, 10, x FOR PEER REVIEW  10 of 17 
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4.3.2. Effects of Working Fluid Velocity and HDPE Pipe Length

Figure 8 shows the changes in the HERs of BS20-0 and BS30-30 during continuous and intermittent
operation at various fluid working velocities and HDPE pipe lengths. Overall, regardless of the pipe
length, the HERs were higher during intermittent than continuous operation, and the HERs of BS30-30
(with a higher TC) were greater than those of BS20-0. In addition, the HERs increased as the working
fluid velocity increased, similar to what was noted in a previous study [25]. However, when the
working fluid velocity was <0.3 m/s, the HERs increased markedly, but when the velocity exceeded 0.3
m/s, the changes were small. This result indicates that there is a critical velocity for the working fluid
that has a large effect on the performance of a vertical GHE, regardless of the operation mode, HDPE
pipe’s length, and thermal properties of the grout; that flow rate is 0.3 m/s. Nevertheless, when the
velocity was >0.3 m/s, the HERs increased slightly as the length of the HDPE pipe increased, but little
difference in the HERs was evident at a velocity of 1.2 m/s. For example, during intermittent operation,
the HER of BS30-30 was about 70 W/m at a fluid velocity of 1.2 m/s, regardless of HDPE pipe length,
whereas the HERs at a fluid velocity of 0.3 m/s were 64.9 W/m, 60.5 W/m, and 56.5 W/m when
the pipe length was 30 m, 50 m, and 70 m, respectively. This result indicates that there are optimum
velocities for the working fluid depending on the length of the HDPE pipe (i.e., velocities in the range
0.3 to 1.2 m/s). Moreover, as shown in Figure 8, given the increase in HERs with increased HDPE pipe
length and working fluid velocity, the optimum velocity for the working fluid is expected to increase as
the length of the HDPE pipe increases. However, since increasing the velocity of the working fluid can
increase energy consumption, additional field studies should be carried out to determine the optimum
velocity for a vertical GHE for a given length of HDPE pipe.Sustainability 2018, 10, x FOR PEER REVIEW  12 of 17 
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4.3.3. Effects of Various Operation Times and Off-Times during Intermittent Operation

Figure 9a shows the changes in HERs of BS20-0 and BS30-30 grouts during intermittent operation
over three days, when the operation time was 3 h and the off-time varied. Figure 9b shows the changes
in HERs of BS20-0 and BS30-30 grouts during intermittent operation over three days, when the off-time
was fixed at 3 h and the operation time varied. Overall, the higher the grout TC, the higher the
HER; as the operation time or off-time increased, the HERs were similar regardless of the thermal
properties of the grout. However, as shown in Figure 9a, when the off-time exceeded 9 h, the HERs
differed only marginally, attributable to recovery of the ground temperature during the long off-time.
In Figure 10, which is the simulation for BS20-0, panel (a) shows the ground temperature distribution
when the operation time is 3 h and panels (b), (c), and (d) show the ground temperature distributions
after 3 h of operation at off-times of 3, 6, and 9 h, respectively. The ground temperature recovered
gradually as off-time increased; after 9 h, the ground temperature had almost completely recovered.
This identifies a critical time when the temperature of the ground has become almost completely
restored; this time depends on the operation time and off-time, not on the thermal properties of the
grout. Also, as shown in Figure 9b, when the operation time exceeded 9 h, little change in the HERs was
evident, probably because the ground temperature had not recovered sufficiently during the off-time
given the long operation time. The HERs of BS20-0 and BS30-30 during continuous operation over
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three days were 37.86 W/m and 46.49 W/m, respectively, similar to those associated with operation
times ≥9 h (Figure 9b). This indicates that there is a critical interval at which any beneficial effect of
intermittent operation almost disappears if the operation time is too long, regardless of the thermal
properties of the grout. Therefore, after installation of a vertical GHE, it may be possible to use our
method to estimate the critical times for optimizing intermittent operation. Using our present results
as an example, if the operation time is 3 h, it is not necessary to set the off-time to ≥9 h, because the
ground temperature recovers almost completely. Also, if the off-time is 3 h, the operation time should
be set to <9 h; otherwise, the beneficial effect of intermittent operation almost disappears. Therefore,
if the optimal operation time and off-time are thus determined, the vertical GHE will operate more
efficiently. However, the critical times (when the ground temperature is almost completely restored
and the benefit of intermittent operation almost disappears) may depend on the working fluid velocity,
borehole depth, ground thermal properties, and operation time and off-time. Therefore, to efficiently
apply our method, additional field investigations are required.Sustainability 2018, 10, x FOR PEER REVIEW  14 of 17 
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5. Conclusions

We studied the thermal properties of bentonite-based grouts used to construct vertical GHEs
and explored the effects on GHE performance of grout-SHC, HDPE pipe length, working fluid
velocity, and operation time and off-time during intermittent operation. We also performed numerical
simulations using the measured thermal properties.

(1) Under saturated conditions, the TC and SHC of bentonite-based grouts ranged from
0.728–1.127 W/(mK) and 2519–3743 J/(kgK), respectively. As the proportion of silica sand
increased, the TC of the bentonite-based grouts increased, but the SHC decreased. The thermal
properties of bentonite-based grouts were affected principally by composition and porosity.

(2) For bentonite-based grouts, the mean HER was 27% higher during intermittent operation than
during continuous operation. Also, during intermittent operation, grout with high TC and high
SHC improved GHE performance. Because the SHC of bentonite-based grout is higher than that
of cement-based grout, the effect of bentonite-based grout was more significant.

(3) During both continuous and intermittent operation, GHE performance improved as the working
fluid velocity increased. However, there was a critical working fluid velocity that greatly affected
the performance of the vertical GHE, regardless of the operation mode, HDPE pipe length,
or grout thermal properties; this value was 0.3 m/s. Therefore, it is recommended to set the
velocity for operation of the vertical GHE to 0.3 m/s or higher.

(4) During intermittent operation, depending on the operation time and off-time, we found critical
time intervals at which the ground temperature was almost completely restored, or any benefit
of intermittent operation almost disappeared. Moreover, the method to estimate the critical
time intervals for optimizing intermittent operation was proposed. Our results can be used as
input data for analyses of the thermal behavior of vertical GHEs to improve GHE performance
and operation.
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