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a b s t r a c t
This paper presents an experimental and numerical study of the results of a thermal performance test
using precast high-strength concrete (PHC) energy piles with W and coil-type ground heat exchangers
(GHEs). In-situ thermal performance tests (TPTs) were conducted for four days under an intermittent
operation condition (8 h on; 16 h off) on W and coil-type PHC energy piles installed in a partially saturated weathered granite soil deposit. In addition, three-dimensional finite element analyses were conducted and the results were compared with the four-day experimental results. The heat exchange
rates were also predicted for three months using the numerical analysis. The heat exchange rate of the
coil-type GHE showed 10–15% higher efficiency compared to the W-type GHE in the energy pile.
However, in considering the cost for the installation of the heat exchanger and cement grouting the additional cost of W-type GHE in energy pile was 200–250% cheaper than coil-type GHE under the condition
providing equivalent thermal performance. Furthermore, the required lengths of the W, 3U and coil-type
GHEs in the energy piles were calculated based on the design process of Kavanaugh and Rafferty. The
additional cost for the W and 3U types of GHEs were also 200–250% lower than that of the coil-type
GHE. However, the required number of piles was much less with the coil-type GHE as compared to the
W and 3U types of GHEs. They are advantageous in terms of the construction period, and further, selecting the coil-type GHE could be a viable option when there is a limitation in the number of piles in consideration of the scale of the building.
Ó 2015 Elsevier Ltd. All rights reserved.

1. Introduction
Among various renewable energy resources, geothermal energy
has been regarded as one of the most environmentally friendly and
efficient types for space heating and cooling [1–3]. Geothermal
energy has great potential as a directly usable type of energy, especially in conjunction with ground-source heat pump (GSHP) systems. Therefore, GSHP systems combined with various types of
ground-heat exchangers (GHEs) are widely used [4–7].
The main elements of a GSHP system are the geothermal heat
pump and the GHE. Geothermal energy can be obtained through
GHEs. With geothermal cooling/heating systems, heat energy is
fed into and withdrawn from the ground via GHEs [8–10]. The
GHE extracts heat from or injects it into a circulation fluid (e.g.,
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water or an anti-freeze solution) flowing through the GHE.
Conventional vertical GHEs consist of U- or W-shaped GHEs
inserted into a borehole. However, a conventional vertical GSHP
system has a high initial cost for the required drilling. As an alternative, a GSHP with an energy pile foundation has recently been
developed and used. With this system, the GHEs are embedded
into a cast-in-place grout pile [11–14]. Fig. 1 illustrates the concept
of the conventional vertical GHE and the energy pile [15]. The
energy pile is generally shorter by several tens of meters. In
Korean practices, PHC piles are broadly used. Moreover, to compensate for the shallow installation depth of the energy pile, spiral
coil-type GHEs can be used to enhance the heat efficiency because
they can increase the heat exchange area compared to U-type
GHEs [13,15,16].
Although there have been many researches of energy piles, a
few have conducted thermal efficiency analyses despite the fact
that an energy pile is known to reduce the installation cost and
offer a viable compromise between an increase in the efficiency
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Fig. 1. Schematic diagram of a vertical borehole and an energy pile [15].

and the cost [17–19]. Furthermore, there have been a few
researches which describe thermal efficiency evaluation among
different kinds of GHEs in energy pile.
Therefore, this paper presents the results from an experimental
and numerical study with finite element method programs such as
ABAQUS Standard and COMSOL Multiphysics [20] by comparing
the heat exchange rates using a precast high-strength concrete
(PHC) energy pile with W and coil-type GHEs (Fig. 2) installed at
an electric substation in Suwon, which is in the northwestern corner of South Korea. In addition to calculating the heat exchange
rate, a cost-efficiency analysis was also conducted in order to evaluate optimal thermal efficiency of each type GHEs based on the
whole construction cost.

2. Experimental setup
2.1. Setup of energy pile
PHC piles using coil and W-type GHEs were installed to construct an energy pile. Table 1 summarizes the dimensions of the
energy pile and the GHEs. Polybutylene pipes (inner/outer diameter of pipe = 0.016/0.02 m) were used as the GHEs; they had a coil
pitch of 5 cm. Cement grout with a cement-to-water ratio of 0.5
was poured and cured for about 28 days [20]. Fig. 3 shows the construction process of the energy pile. Since the TPT can consider
only cooling operation mode, the inlet temperature was set 30 °C
during the TPT (thermal performance test) as it is normally around

Fig. 2. Diagram of the energy piles.
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Table 1
Specifications of the energy piles.

3. Numerical analysis

Dimension of piles

Coil

W

Pile depth (m)
Pile inner diameter (mm)
Pile outer diameter (mm)

12.8
245
400

13.27
225
400

30 °C in summer, especially in Korea. The resistance temperature
detector sensors were attached to the inlet and outlet of the pipes
to measure the circulating water temperature.
The ground was composed of weathered granite soil and stiff
weathered rock. Ground water level was 4.5 m below from the
top of energy pile and no ground water flow was observed.
Average void ratio e and water content w of the weathered granite
soil below and above the ground water table were measured as follows: e = 0.66, w = 12.4% above ground water level, and e = 0.45,
w = 16.7% below ground water level. The ground thermal conductivity was measured using TP-02 device (Hukseflux Thermal
Sensors Inc, Delft, Netherlands) based on a transient hot-wire
method [21,22]. Soil was remolded in an indoor laboratory to
ensure the same void ratio and water content of the construction
site. The thermal conductivities of the soils above and below the
ground water table were measured and determined to be 1.1 and
2.4 W m1 K1, respectively.

2.2. Theory of TPT analysis
The heat transfer process of the GHE is related to the absorption
and release of heat to and from the borehole and ground as the
heat transfer fluid flows through the GHE within the borehole
[14,23]. The heat exchange rate of energy pile between the GHE
and the surrounding medium can be measured by means of a
TPT. Generally, the thermal response test (TRT) can be applied to
measure the ground thermal conductivity using a line source or
cylindrical source model while supplying constant power to the
TRT equipment [24–26]. On the other hand, the TPT can be used
to measure the heat exchange rate of the GHE under the condition
that the inlet temperature is kept constant [17]. The heat exchange
rate per pile depth (q) was calculated using Eq. (1).

q ¼ mcðT in  T out Þ=L

ð1Þ

Here, Tin is the inlet temperature of the fluid (K), Tout is the outlet temperature of the fluid (K), m is the flow rate of the fluid
(kg s1), c is the specific heat capacity of the fluid (J kg1 K1),
and L is the pile depth (m). The TPT equipment in this research
can also be used to conduct a TRT, as it is equipped with a heater
controller as well as a temperature controller. In other words, this
equipment is capable of conducting both a TRT and TPT.

(a) GHE Production

In this study, the TPTs were numerically simulated using a conductive heat transfer analysis scheme implemented in ABAQUS/
Standard [27] with the user subroutine method and COMSOL/
Multiphysics [28], coupled with a computation fluid dynamics
(CFD) analysis. The conjugate heat transfer behaviors were simply
modeled based on the following assumptions: convective heat
transfer between the circulating fluid and pipe, conductive heat
transfer in the grout, and conductive heat transfer in the soil
[20,29]. Generally, heat transfer in a normal unfrozen soil is mainly
governed by conduction, while radiation and convection can be
regarded to be insignificant if there is negligible ground water flow
[20,30]. The heat transfer governing equation from conduction in
the ground is as follows:

ki

@ 2 hi 1 @hi @ 2 hi
þ
þ 2
@r 2 r @r
@z

!

þ Q int ¼ qi ci

@hi
@t

ð2Þ

In this equation, the subscript i denotes the material, h is the
temperature variation (K), t is time, k is the thermal conductivity
(W m1 K1), q is the density (kg m3), c is the specific heat capacity (J kg1 K1), r is the radial distance, and z is the longitudinal distance, and Qint is the internal heat generation (W m3).
3.1. Heat transfer analysis of a W-type GHE
Choi et al. [29] developed a three-dimensional transient conductive heat transfer model and considered an intermittent operation condition by modeling a forced convective heat boundary
condition that represented the convective heat transfer of the circulating fluid. The heat transfer mechanism of line-type GHEs similar to the W-type was introduced in earlier works [20,29]. The
ABAQUS/Standard program with the aforementioned threedimensional transient conductive heat transfer model [29] was
used for the simulation of the W-type GHE.
3.2. Heat transfer analysis of a coil-type GHE
As illustrated in Fig. 4, the coil-type GHE can be approximated
as a series of rings placed vertically, which corresponds to an
axisymmetric condition. If a uniform fluid temperature distribution is assumed in the pipe cross-section, a one-dimensional heat
balance condition for two neighboring rings on an axisymmetric
plane or two neighboring points along the vertical return pipe
can be expressed as Eq. (3) [31].

qf lp cf

@T f ;nþ1=2
4heq lp
ðT grout  T f Þnþ1=2
þ qf uf cf ½ðT f ;nþ1  T f ;n Þ ¼
@t
Din

(b) Insert of GHE into the pile
Fig. 3. GHE installation in energy piles.

ð3Þ

(c) Cement grouting
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Fig. 4. Axisymmetric model of a coil-type GHE.

where the subscript n denotes nodal position in flow direction, Tf is
the bulk fluid temperature (K), Tgrout is the grout temperature (K), qf
is the density of circulating fluid (kg m3), cf is the specific heat

capacity of fluid (J kg1 K1), lp is the actual flow length as described
in Fig. 5 (m), Din is the inner diameter of pipe (m), and heq is the
equivalent convective heat transfer coefficient (W m2 K1).
By applying central implicit finite difference discretization of
the space–time derivative, the one-dimensional heat balance equation can be written in an incremental form as depicted in Eq. (4). Dt
is the time increment, and the subscripts n and k refer to the position in the flow direction and the time increment, respectively.





1 4heq lp qf lp cf
þ
T kf;nþ1
2
Din
Dt



1 4heq lp qf lp cf
¼ qf uf cf 
þ
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2
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!
k
k
qf lp cf
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þ
þ
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2
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!
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The following calculation procedure was applied in the simulation. (a) At the first increment of the operation period, the inlet
temperature is assigned as the initial temperature of the fluid.
(b) The conduction analysis is then performed, where the initial
fluid temperature is prescribed as the sink temperature. (c) After
reading the temperature of the grout nodes from the conduction
analysis, the fluid temperature is recalculated using Eq. (4) in the
ABAQUS user subroutine URDFLD and is reassigned as the sink
temperature in the user subroutine FILM upon the next increment.
This process (c) is repeated until the end of the analysis.
In addition to ABAQUS/Standard, another finite element analysis program coupled with a CFD module in COMSOL Multiphysics
was used to simulate the TPT of the coil-type GHE to determine
a more precise fluid flow in the coil-type GHE. The governing equation in the CFD model also considers the convective heat transfer
between the circulating fluid and the pipe wall and the conductive
heat transfer in the grout, pile, and soil [15]. The governing equation of the numerical model based on the convection current and
conduction is expressed by Eq. (11) [32].

qf cf Ap uf  rT ¼ r  Ap krT þ f D
Fig. 5. Finite element model for the simulation.

qf
2dh

juf j3 þ Q þ Q wall

ð5Þ
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Here, Q refers to the regular heat injection (W m1) and Qwall
denotes the heat source, as formed through the heat exchange
across the pipe wall (W m1). Qwall also represents the overlap of
the temperature between the fluid convection and pipe conduction. T is the temperature (K), A is the pipe cross section area
(m2), c represents the fluid specific heat capacity (J kg1 K1), and
q is the fluid density (kg m3). In addition, dh is the average
hydraulic diameter (m), fD (non-dimensional) is the coefficient of
friction, uf means the tangential velocity of the fluid (m s1), and
k is the thermal conductivity (W m1 K1). After the CFD analysis
of Eq. (5), the result was coupled with the heat conduction equation of a solid mass through Eq. (6).

Q wall ¼ ðhZÞeff ðT pipe  T f Þ

ð6Þ

Here, Tpipe is the temperature of the pipe wall (K); this value
comes from the heat conduction equation of the solid mass. Tf is
the fluid temperature in the pipe (K). The exact heat transfer with
the coupled analysis between the fluid convection and pipe conduction can be considered from Eq. (6). Furthermore, (hZ)eff is the
effective value of the heat transfer coefficient, i.e., h (W m2 K1)
[15], multiplied by the wall perimeter Z of the pipe (m).
3.3. Finite element modeling and simulation
Fig. 5 shows the finite element model for the simulation of the
TPTs; the dimensions are 10, 10, and 16 m in the x, y, and z (depth)
directions. Six- and eight-node three-dimensional solid continuum
elements (DC3D6 and DC3D8) for the diffusive heat transfer were
used to model the grout, PHC pile, and ground in ABAQUS. The
ground was divided into three regions based on a ground investigation. In COMSOL Multiphysics for the coil-type GHE, free tetrahedral meshes with a maximum element size of 1.2 m and a
minimum size of 0.08 m were used. The mesh element formation
of the pipe wall surface uses the wall layer built-in function of
the COMSOL pipe module. The input thermal properties of the
materials for the numerical simulation are presented in Table 2.
4. Results of TPTs and numerical analyses
The TPTs were performed for four days in September in 2012
with an eight-hour on and a 16-h off cycle. It is known that operation mode can affect thermal efficiency, and intermittent operation showed superior thermal performance than continuous
operation mode [20,33]. Prior to TPTs, Heat-free water circulation
was performed for 30 min to equalize ground and circulating fluid
temperature. The initial ground temperature was 17 °C. The inlet
temperature during the TPTs was kept at 30 °C to determine the
cooling load condition. The average outdoor temperature during
the TPT was around 30 °C. The temperatures of circulating water
at the inlet and outlet were measured during the TPTs, and the flow
rate of circulating water was measured at the outlet. The heat

exchange rates of the coil and W-type GHE were calculated with
temperature value at inlet, outlet and flow rate of circulating water
using Eq. (2). Moreover, three-dimensional finite element analyses
with the in-situ TPT condition were also conducted, and the results
were compared with the experimental results. Fig. 6 plots the heat
exchange rate of the W-type GHE and Fig. 7 compares the heat
exchange rate of the coil-type GHE over a course of four days.
The heat exchange rate value for each day was calculated by deriving the simple arithmetic mean of the heat exchange rates
obtained from eight hours of operation. The heat exchange rate
values for 3 months of operation considering cooling operation
mode were also predicted by the numerical analysis. Fig. 8 shows
the heat exchange rate values from the intermittent operation of
the W-type GHE for three months, and Fig. 9 shows the heat
exchange rate values from the intermittent operation of the coiltype GHE for three months. The results of the TPTs and the numerical analysis were in considerably good agreement, which shows
that the numerical analysis model simulates the heat exchange
rate values fairly well. In the coil-type GHE, two FEM models were
used to simulate the TPT results. The CFD analysis with COMSOL
Multiphysics showed more similar values with the TPT results than
ABAQUS model, but there was not a big superiority between two
FEM models. The CFD analysis was conducted for four days only
for comparison purposes, as it took a considerable amount of time
to describe the intermittent operation over a course of three
months. When the heat exchange rates were calculated while
using coil-type GHE, there were errors of approximately 10%
between the results of the TPTs and the results of the numerical
analysis. This likely arose due to the development of a certain
degree of error in the coil-type GHE model during the numerical
analysis without considering the actual irregular coil pitches and
owing to differences stemming from the development of considerable head loss in the coil-type GHE in comparison with the general
W-type GHE, leading to a failure to control the flow rate consistently during the TPTs.
According to the results of the TPTs and the numerical analysis,
when the coil-type GHE was used for three months, the heat
exchange rate per pile depth increased by approximately 10–15%
in comparison with that of the W-type GHE (Table 3). This
appeared to occur because when the coil-type GHE was applied,
the wide heat exchange area with the grout and the ground prolonged the time during which the circulating water remained, thus
increasing the amount of heat emitted to the ground. In addition,
the heat exchange rate decreased with the passage of time because
the ground temperature increased with time, in turn leading to a
reduction in the temperature difference between the ground and
the circulating water. In contrast, however, the heat exchange rate
per pipe length was higher for the W-shaped heat exchangers than
it was for the coil-type heat exchangers by 350–400%.
5. Design approach of energy piles
5.1. Design method of the GSHP system

Table 2
Thermal properties of materials used in the simulation [2].
Materials

Thermal conductivity
(W/m K)

Specific heat capacity
(J/kg K)

Density
(kg/m3)

Soil1
Soil2
Rock
Cement grout
PHC
Polybutylene
pipe
Circulating
water

1.10
2.40
3.24
2.02
1.62
0.38

1160
1280
823
840
790
525

1800
2140
2640
3640
2700
955

0.57

4200

1000

Eq. (1) can be converted to Eq. (7) considering the total thermal
resistance in a cross-section of a GHE. The heat exchange rate per
pile depth can be calculated with the temperature difference inside
the mean fluid temperature (tf) and the initial soil temperature (tg)
divided by the total thermal resistance of the GHE [34,35].

q ¼ mcðT in  T out Þ=L ¼ ðT f  T g Þ=

X

R

ð7Þ

P
The total thermal resistance ( R) is mainly composed of the
borehole thermal resistance (Rb) and the ground thermal resistance
(Rg). The ground thermal resistance is calculated as a function of
time, which corresponds to the time in which a particular heat
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Fig. 6. Four-day heat exchange rate of the W-type GHE.

pulse occurs. Kavanaugh and Rafferty [36] applied three different
heat pulses: the annual heat imbalances, the average monthly heat
rates during the design month, and the maximum heat pulse for a
short-term period during the design day. They then suggested
design lengths of a GHE for cooling and heating, as expressed in
Eqs. (8) and (9), respectively. For cooling loads, the required length
is expressed as Eq. (8).

Lc ¼

qa Rga þ ðqlc W c ÞðRb þ PLF m Rgm þ Rgd F sc Þ
out
T g  T in þT
 Tp
2

ð8Þ

Also, for heating loads, the required length is expressed as Eq.
(9).

Lh ¼

qa Rga þ ðqlh W h ÞðRb þ PLF m Rgm þ Rgd F sc Þ
out
T g  T in þT
 Tp
2

ð9Þ

Here, qa represents the net annual average heat transfer to the
ground, and qlc and qlh are the building design block loads for cooling and heating, respectively. Wc and Wh represent the power consumption of the heat pump under the designed cooling and heating
loads, PLFm is the part-load factor during the design month [36,37],
and Fsc refers to a short-circuit heat loss factor. Rga, Rgm, and Rgd represent the effective ground thermal resistances for the three different thermal pulses of the annual pulse, the monthly pulse, and the
daily pulse, respectively. To denotes the initial ground temperature,
and Tin and Tout are the fluid temperature at the inlet and outlet of
the GHE. Thus, (Tin + Tout)/2 is the mean fluid temperature of GHE.
Finally, Tp is related to the long-term thermal interference effect
among the adjacent piles; it is termed the temperature penalty
and has a positive value for heating and a negative value for cooling [15,36].

5.2. Design results of the energy pile
In addition, reflecting the heating/cooling load of an actual
industrial building in South Korea and ground conditions of the
GSHP system expected to be applied, the total lengths of the
energy pile were calculated with the use of the design method,
as represented by Eqs. (8) and (9). In actuality, a GSHP system
was not installed in this industrial building based on the exact
design process. Table 4 shows a summary of the building size
and building structure. 160 PHC piles were constructed as continuous footing for the foundation bearing capacity. This time, a 3Utype GHE was also considered (Fig. 9) in order to analyze various
kinds of GHE types in GSHP design process of energy piles.
Table 5 shows the input parameters used in the design of the
energy piles. The equivalent thermal conductivity of the grout for
the W-type and 3U-type GHEs were calculated by a weight equivalent formula considering the thickness of the grout and pile, as
shown in Eq. (10) [2].

keq ¼

ðr grout þ r pile Þ
r grout =kgrout þ r pile =kpile

ð10Þ

In Eq. (10), rgrout is the radius of the grout (m), and rpile is the
outer radius of the pile (m). kg is the thermal conductivity of the
grout (W m1 K1), and kpile is the thermal conductivity of the pile
(W m1 K1). With the values obtained from Eq. (10), the borehole
thermal resistance values for the W-type and 3U-type GHEs were
calculated with multipole methods [2,38–40]. The borehole thermal resistance value of the coil type GHE was also calculated with
an empirical formula developed by Go et al. [15]. Table 6 shows the
design results of the energy pile. The pile depth was hypothesized
to be 13.5 m considering the ground condition. When the W-type
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Fig. 7. Four-day heat exchange rate of the coil-type GHE.
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Fig. 8. Three-month heat exchange rate of GHEs for cooling operation mode.
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Table 4
Building specifications.
Building Size

4,200 m2
540 m2

Total floor area
Heating and cooling area

Cooling/heating load
Structure type

121,333 kW h
Steel frame construction

Table 5
Input parameters for the design of the energy piles.
Classification

Description

Peak load (kW)
Annual equivalent full-load hour (h)
Heat pump

57 (Heating & Cooling)
2129 (Heating & Cooling)
COP: 4.7 (Heating & Cooling)
Flow rate: 11.4 (L/min)/3.5 kW
Cooling: 30, Heating: 5
Ground temperature: 16 °C
Thermal conductivity: 2.1 W/m K
Thermal diffusivity: 0.08 m2/day
30
400(outer)/240(inner)
2.02
Pile depth: 13.5, pile separation: 6 m
Polybutylene: 20(outer)/16(inner)

Unit inlet (°C)
Ground condition

Modeling time period (yr)
Pile size (mm)
Grout thermal conductivity (W/m K)
Pile grid arrangement
GHE size (mm)

Fig. 9. Diagram of the 3U-type GHE.

and 3U-type GHEs were applied, the number of piles required
increased by 20–30% in comparison with that required for the
coil-type GHE.
6. Cost analysis of the energy piles
In order to analyze the costs in terms of efficiency, the lengths
and number of piles necessary and the ensuing energy pile construction costs were calculated under the hypothesis that the same
amount of heat, 57 kW, was emitted to the ground. First, the cost
analysis was conducted using the three-month heat exchange rate
values obtained by ABAQUS. According to the calculation results,
coil-type GHEs required 45 piles, while W-type GHEs required 56
piles. Regarding the cost calculation, the construction costs were
calculated based on South Korean standards for construction unit
cost estimation and estimate prices [19,41]. Energy pile construction consists largely of pile driving, the installation of the heat
exchanger, and cement grouting. The pile driving costs and pile
material costs are excluded here though. When the construction
costs were analyzed, a cost of approximately 7100 US dollars was
calculated when W-type GHEs were applied, and a cost of approximately 21,200 US dollars was calculated when coil-type GHEs
were applied. This arose most likely because the unit price of the
PB pipes installed within the energy piles was more than three
times higher than the cost of the pipes used in W-type GHEs, which
consist of straight pipes. Moreover, the coil-type GHEs required
approximately three times as many pipes as did the W-type GHEs.
Next, a cost analysis was also conducted with the results
obtained from the GSHP design process shown in Table 6. Similar
to the results above, when W-type GHEs and 3U-type GHEs were

Table 6
Design result of the energy piles.
GHE type

W type

3U type

Coil type

Borehole thermal resistance (m K/W)
Total pile depth (m)
Number of piles

0.104
1186
88

0.083
1062
79

0.079
861
64

Table 7
Summary of the cost analysis results.
Construction cost ($)

W type

3U type

Coil type

TPT from ABAQUS
GHSP design results

7100
11,100

–
12,100

21,200
30,000

applied, the number of piles required increased by 20–30% in comparison with that for the coil-type GHEs, but when the W-type
GHEs and 3U-type GHEs were applied, the construction costs were
approximately 3 times lower in comparison with those for the coiltype GHEs. Table 7 shows a summary of the cost analysis results.
The total construction cost for this industrial building is estimated about 4,000,000–5,000,000 US dollars, and the installation
costs associated with the energy pile in the GSHP system
accounted for only less than one percent out of the total building
construction costs, only considering the cost for the installation
of the heat exchanger and cement grouting. In addition, when
the coil-type GHEs were used in the energy piles, they are advantageous in terms of the construction period and interference.
Especially, the application of the coil type GHE is inevitable when

Table 3
Summary of the numerical analysis and experimental results.
GHE type

W type
Coil type

Four-day heat exchange rate (W/m)

Experiment
ABAQUS
Experiment
ABAQUS
CFD

Three-month heat exchange rate (W/m)

1st day

2nd day

3rd day

4th day

4-day average

3-month average

102
104
134
137
135

95
96
121
124
122

92
93
115
116
115

90
91
112
111
109

95
97
120
123
120

–
74.8
–
94
–
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there is a limitation in the number of piles in consideration of the
scale of the building. Consequently, selecting a GHE that suits the
site in consideration of the scale of the building and the construction period is a viable option.
7. Conclusion
In this study, PHC energy piles were installed at a site composed
of a weathered granite soil stratum. W-type and coil-type GHEs
were installed, and on-site TPTs were conducted to calculate the
heat exchange rates. The cooling operation conditions were
hypothesized through on-site TPTs; the temperature of the circulating water injected into the ground was held to 30 °C. The TPTs
were conducted for four days under the operating condition of
an 8 h on and a 16 h off cycle. Next, three dimensional finite element analyses using ABAQUS and COMSOL programs were performed to simulate the TPTs in their entirety and the results
were compared with the in-situ TPT results. Heat exchange rate
values were also calculated for three months based on the numerical analyses. Finally, a cost analysis was conducted with the TPT
results and the GSHP design procedure. The following conclusions
can be derived from the results of this study.
(1) A three-dimensional finite element numerical analysis was
applied to the present study and simulated the results of
the TPTs comparatively accurately. For the W-type GHEs,
the heat exchange rate per pile length for three months
using the numerical analysis was 74.8 W/m (heat exchange
rate per pipe length: 20.7 W/m). In addition, when coiltype GHEs were used for three months, the predicted value,
obtained through the numerical analysis, was 94 W/m (heat
exchange rate per pipe length: 6.1 W/m). Errors of approximately 10% were produced between experiments and the
numerical analysis in the coil-type GHE. This was likely
due to errors in the construction, in which the coil pitches
failed to be maintained consistently during the actual construction and in the differences stemming from the development of considerable head loss, leading to a failure to control
the flow rate consistently during the TPTs.
(2) Under the hypothesis that the same amount of heat was
emitted to the ground, based on the heat exchange rate values produced, the number and costs of the necessary piles
were calculated. According to the results, for the coil-type
GHEs, the number of piles was the least as it showed the
most superior thermal efficiency which was similar with
TPT results using numerical and experimental approaches.
The construction period with coil-type GHE could be
reduced; the additional cost for the installation of the heat
exchanger and cement grouting was approximately three
times higher than W-type GHEs. In addition, adding 3Utype GHEs and reflecting the heating/cooling load of actual
industrial buildings and the dimensions and ground conditions of the GSHP system, which were expected to be applied
in their entirety, the pile depths and numbers demanded
were calculated based on the design procedure of the
GSHP system. According to the calculation results, when
the W-type GHEs and 3U-type GHEs were applied, the number of piles required increased by 20–30% in comparison
with that required for coil-type GHEs. However, when the
W-type GHEs and 3U-type GHEs were applied, the additional costs were approximately three times lower than they
were for coil-type GHEs. However, although the simple construction costs were approximately three times lower for the
W-type GHEs and 3U-type GHEs, the GHE installation costs
for the GSHP only accounted for an extremely small
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percentage of the total building construction costs. The
coil-type GHEs were also advantageous in terms of the construction period. Consequently, it would be logical to select
the GHE type that is adequate for the site in consideration
of the scale of the building and the construction period,
and be expected to show the guideline and references in
selecting GHE types in energy pile from this research.
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