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 We suggested a new model for the borehole thermal resistance of coil PHC pile.
 The developed regression model was in good agreement with the experiment results.
 We examined the effect of groundwater ﬂow on the long-term ground temperatures.
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a b s t r a c t
This study presents experimental and numerical research results in determining an effective borehole
thermal resistance of a spiral coil energy pile. A precast high-strength concrete (PHC) energy pile with
a spiral coil GHE was installed and thermal response test was carried out to evaluate the thermal behavior of the energy pile and to validate the effective borehole thermal resistance. Besides, parametric studies using a numerical analysis were carried out to suggest a multiple regression equation for the effective
borehole thermal resistance of spiral coil energy piles. The adjusted coefﬁcient of determination (adjR2) of
the regression equation was 92.4%, which was also veriﬁed by comparison with experimental results.
Furthermore, using current analytical models, this paper examined the effect of groundwater advection
on the long-term ground temperatures. In the long-term period operation, groundwater advection attenuates the average temperature rise in the ground compared to the case with the absence of groundwater
advection, and this phenomenon ultimately causes a decrease of the temperature penalty value. The temperature penalty value, considering the effect of groundwater advection, was calculated and compared
for various groundwater advection velocity values in different pile arrays.
Ó 2014 Elsevier Ltd. All rights reserved.

1. Introduction
The recent run-up of oil prices and the growing awareness of
the depletion of fossil fuel sources have increased interest in
renewable energy sources. In particular, Ground Coupled Heat
Pump (GCHP) system for providing efﬁcient space cooling and
heating in buildings can be one of the most desirable technologies
in renewable energy markets. The GCHP system is composed of a
heat pump and a set of closed loop pipes, which are usually called
ground heat exchangers (GEHs). This system extracts thermal energy from the ground for heating or injects it into the ground for
cooling using ﬂuid circulating in the GHEs. The performance of
GCHP system mainly depends on the temperature of the circulating ﬂuid in the GHE, and hence the accurate evaluation of heat
⇑ Corresponding author. Tel.: +82 42 350 3617; fax: +82 42 350 7200.
E-mail address: srlee@kaist.ac.kr (S.-R. Lee).
http://dx.doi.org/10.1016/j.apenergy.2014.03.059
0306-2619/Ó 2014 Elsevier Ltd. All rights reserved.

transfer between the GHE and the surrounding ground is crucial
for optimal design of GCHP system [1]. In general, a GHE with a
vertical borehole [2] has been the mainstream for GCHP systems;
however, this type faces a major obstacle due to its high initial construction costs, which come from the drilling operation. For this
reason, recently, foundation piles of buildings have been used as
parts of GHEs [3–6] to overcome the initial cost of conventional
vertical borehole systems. This innovative idea, utilizing what are
usually called ‘‘energy-piles’’, has led to notable progress in the
ﬁeld of GCHP systems and has become particularly attractive to
developers in urban areas because it offers the lowest total cost
while offering the highest renewable contribution and the lowest
spatial requirements [7]. In the system’s early years, pipes were
embedded in piles with the conﬁguration of U-tubes; however,
the effective heat transfer area was limited in piles and air choking
occurred in the turning tips of the tubes connected in series. Hence,
a novel conﬁguration of an energy pile with a spiral coil has been
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Nomenclature
Symbol
c
cw
dh
fD
Fsc
PLFm
Q
q
qlc
qlh
ql
Rg
Rb
rb
rc
rp
Tg
Tf
Tb
Tp
T
t

speciﬁc heat (J kg1 K1)
speciﬁc heat of water (J kg1 K1)
mean hydraulic diameter (m)
coefﬁcient of friction
short-circuit heat loss factor
part-load factor during design month
general heat sources (W m3)
heat transferred (W)
building peak load for cooling (W)
building peak load for heating (W)
heating rate per length of pile (W m1)
ground thermal resistance (m K W1)
borehole thermal resistance (m K W1)
pile radius (m)
spiral coil radius (m)
pipe radius (m)
ground temperature (K)
ﬂuid temperature (K)
borehole wall temperature (K)
temperature penalty
temperature (K)
times (s)

proposed; this type, compared with types that have serial or parallel U-tubes in the pile, has the advantage of more heat transfer area
and better ﬂow pattern without air chocking in the pipes [8]. A
schematic diagram of the conventional vertical borehole with single U-tube and the energy pile with a spiral coil GHE is provided in
Fig. 1.
In the design of spiral coil GHEs installed in energy piles, it is
essential to know the borehole thermal resistance (Rb) of the energy pile because the thermal characteristics of the GHE are determined by its effective borehole resistance [9]. However, the
borehole thermal resistance for a spiral coil energy pile is difﬁcult
to estimate and there has not been any attempt to calculate it because the current analytical models of estimating the borehole
thermal resistance are only applicable for line-type GHEs such as
U-tube or double U-tubes. For example, Shonder and Beck [10] suggested the equivalent diameter for multiple heat pipes; Gu and
O’Neal [11] applied shank space to consider the distance between
two pipes; and Remund [12] proposed empirical coefﬁcients for
different pipe conﬁgurations to obtain the borehole thermal resistance. The multipole method is another typical analytical model for
evaluating the borehole thermal resistance. This method addresses
the steady-state heat transfer between a set of circular pipes in a
composite cylindrical region and yields an exact solution for the local steady-state temperature ﬁeld and for the borehole thermal
resistance [13,14]. The aforementioned methods regard the heat
source as a set of line-type cylinders with a certain radius; they
then obtain the solution in a steady state. Unfortunately, however,
spiral coil type GHEs cannot be expressed as cylindrical pipes in
two dimensional cross section; this may cause difﬁculties in calculating the borehole thermal resistance using current analytical
models. Moreover, since the thermal diffusion behavior of spiral
coil GHEs is more complex than that of line-type GHEs, it is necessary to consider the three dimensional shape effects of the spiral
coil. Accordingly, engineers cannot continue to use commercial design programs that are based on one dimensional or two dimensional analytical solutions without considering the complex
geometry of spiral coil type GHEs. Therefore, this paper presents

tw
tg
t0 , u 0
u
x0 , y0 , z0

mean ﬂuid temperature (K)
temperature at soil interface (K)
integral variable
vector in x, y, z Cartesian coordinates
integral variable

Greek letters
a
thermal diffusivity (m2 s1)
q
density (kg m3)
qw
density of water (kg m3)
qf
density of ﬂuid (kg m3)
k
thermal conductivity (W m1 K1)
kf
ﬂuid thermal conductivity (W m1 K1)
kg
grout thermal conductivity (W m1 K1)
ks
soil thermal conductivity (W m1 K1)
x
wave number (m1)
Subscripts
ILS
inﬁnite line source model
SCS
spiral coil source model
MILS
moving inﬁnite line source model
MFLS
moving ﬁnite line source model
MSCS
moving spiral coil source model

experimental and numerical studies to determine the effective
borehole thermal resistance of spiral coil energy piles. In this regards, a precast high-strength concrete (PHC) energy pile with a
spiral coil GHE was installed. Thermal response test was carried
out to evaluate the thermal behavior of the energy pile; and then,
the results were compared with those determined using analytical
models. Besides, this thermal response test was simulated numerically using COMSOL Multi-physics (Version 4.3a); and, ﬁnally the
effective borehole thermal resistance value was evaluated. Using
the developed numerical model, parametric studies were also carried out to newly suggest a borehole thermal resistance estimation
model. The ground’s and the grout’s thermal conductivities, coil
pitch, pipe size and pile size were selected as parameters. Finally,
the results from the new estimation model were veriﬁed by the
comparison with those measured from the experiment.
Along with the borehole thermal resistance, the ground thermal
resistance and temperature penalty are other key factors in the design of spiral coil energy piles. In order to obtain the ground thermal resistance around the energy piles, the heat transfer
mechanism in ambient ground should be analyzed. Some analytical studies of the heat transfer behavior of spiral coil GHE have
been carried out [6,15–18]; all of these previous studies relied on
ideal simpliﬁcations such as zero-volume of the coil pipe, and
neglecting vertical return pipe. Also, some numerical approaches
[19,20] analyze the thermal behavior of spiral coil GHE with a more
realistic calculation and a more accurate space description of the
ground’s thermal properties. Meanwhile, in the long-term period
operation, the groundwater advection may have an inﬂuence on
the thermal interferences between the group piles. Accordingly,
the temperature penalty, which compensates for the ground temperature rise due to thermal interference among the energy piles,
should be obtained by considering the groundwater advection effect. This paper examined the effect of groundwater advection on
the long-term ground temperature using current analytical models, and the temperature penalty values were also compared for
various levels of groundwater advection velocity in different pile
arrays.
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Fig. 1. Schematic diagram of vertical borehole and energy pile.

2. Theoretical models
2.1. Design methodology of GHE in GCHP system
In general, the problem of conduction in the ground is solved
based on analytical or semi-analytical schemes as represented by
Eq. (1) [21]. The mean temperature of the ﬂuid circulating within
the GHE is estimated by considering a one- or two-dimensional
thermal resistance network in a cross section of the GHE. If a steady heat ﬂow is maintained around the GHE, the difference between
the mean ﬂuid temperature (tw) and the temperature at the soil
interface (tg) has a unique proportional relationship with the heat
transferred (q). This proportional factor is generally called the
ground thermal resistance (Rg). And, if the soil interface approaches
the borehole boundary, the factor is called the borehole thermal
resistance (Rb). Thus, an exact estimation of the ground thermal
resistance and the borehole thermal resistance is essential for a
reasonable GHE design.

q  R ¼ Lðtg  t w Þ

qa Rga þ ðQ lc  W c ÞðRb þ PLF m;c Rgm þ Rgd F sc Þ
Tg 

T fi þT fo
2

 Tp

ð2Þ

For heating loads the required length is:

Lh ¼

2.2. Analytical models applicable for spiral coil GHEs

ð1Þ

The steady state equation shown in Eq. (1) can be transformed to
represent the variable heat rate of a GHE by using a series of constant heat rate pulses. The thermal resistance of the ground per unit
length is calculated as a function of time, which corresponds to the
time in which a particular heat pulse occurs. Kavanaugh and Rafferty [22] applied three different pulses of heat: long-term heat imbalances, average monthly heat rates during the design month, and
maximum heat rates for a short-term period during the design
day. Then, they worked out the required GHE length (L). The suggested design lengths of GHE for cooling and heating are shown
in Eqs. (2) and (3).
For cooling loads the required length is:

Lc ¼

and heating, respectively. Wc and Wh represent the power input
at design cooling and heating loads, PLFm is the part-load factor
during design month, and Fsc is a short-circuit heat loss factor.
Rb is the borehole thermal resistance, and the values of Rga,
Rgm, and Rgd represent the effective thermal resistances for three
thermal pulses: an annual pulse, a monthly pulse, and a daily
pulse, respectively. The periods of these pulses are generally of
the order of 10 years, 1 month, and 6 h, respectively. Also, Tg denotes the ground temperature, Tﬁ and Tfo are the ﬂuid temperature at the inlet and outlet, and thus, (Tﬁ + Tfo)/2 represents the
arithmetic mean ﬂuid temperature in the pipes. Finally, Tp is related to the long-term thermal interference effect among the
group piles and acts as a temperature penalty; it has a positive
value for heating or negative value for cooling. The detailed
methodology for calculating Tp was presented in the literature
[22].

qa Rga þ ðQ lh  W h ÞðRb þ PLF m;h Rgm þ Rgd F sc Þ
Tg 

T fi þT fo
2

 Tp

ð3Þ

where qa denotes the net annual average heat transfer to the
ground, and qlc and qlh are the building peak loads for cooling

To estimate the ground thermal resistance values, such as Rga, Rgm, and Rgd, it is crucial to select appropriate and validated heat
transfer models of the GHE. The representative classical model is
the inﬁnite line-source (ILS) model [23–25]. Though this model is
applicable for annual energy value, it may be difﬁcult to deal with
the short term temperature response corresponding to a monthly/
daily maximum peak load because ILS model cannot predict the
short term thermal pulse. As a result, it would be difﬁcult to obtain
the short term ground thermal resistance values such as Rgm and
Rgd. To overcome this drawback, some researchers [6,8,15–18] recently have suggested analytical models that can yield both short
term and long term values of ground temperature ﬁelds for various
types of heat source. This paper focuses on analytical models for a
spiral coil type GHE, among others; the following are examples of
the applicable model.
Man et al. [8] proposed a two-dimensional ﬁnite ‘‘solid’’ cylindrical source model, which supposed that the cylinder is ﬁlled with
a medium identical to that out of the cylinder. This model can consider the effect of the ﬁnite length of the cylindrical heat source.
The assumptions made in this model are as follows: a single homogeneous medium outside and inside the heat source, a constant
temperature identical to the initial temperature at the boundary
of the medium, and a cylindrical heat source that stretches from
the boundary to a certain depth, h.
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The solution of this model can be obtained as:


Z tZ h
q
1
rr0
DT 2 ðr; z; tÞ ¼ l
I0
p
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
0
3
qc 0 0 8½ paðt  t0 Þ
2aðt  t Þ
(
"
#
"
#)
2
2
2
0
r þ r0 þ ðz  zÞ
r2 þ r 20 þ ðz0 þ zÞ2
0
0
 exp 

exp

dz dt
4aðt  t 0 Þ
4aðt  t 0 Þ
ð4Þ

where a is the thermal diffusivity (m2 s1), ql is the heating rate per
length of pile (W m1), q is density (kg m3), and c is the speciﬁc
heat (J kg1 K1). Integrating upon z0 , the dimensionless solution
of the problem takes the following expression with a dimensionless
parameter H = h/r0.
H2 ðR;Z;F o Þ ¼

1
8p
2

Z
0

"
# 

1
R2 þ 1
R
I0
exp

0
0
0
Fo  Fo
4ðF o  F o Þ
2ðF o  F o Þ
0
1
0
1
0

Fo

13

Z
6
B HZ C
B
C
B HþZ C7 0
 4erfc@ qﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃAþ2erfc@ qﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃAerfc@ qﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃA5dF o
2 F o  F 0o
2 F o  F 0o
2 F o  F 0o
ð5Þ

Rn
2
where erfcðnÞ ¼ p2ﬃﬃpﬃ 0 eu du is the error function, and F o ¼ ar2t indi0
cates the Fourier number.
More recently, Cui et al. [6] and Man et al. [15] developed a ring
coil source model and a spiral heat source model, respectively.
These models provided desirable tools for simulating a spiral coil
GHE, and they are advantageous in dealing with short term temperature response. However, their solutions cause computational
problems because of the singularity in evaluating 1/(t  t0 )3/2 and
the need for double integrations. In order to overcome these problems, Park et al. [16] suggested an efﬁcient spiral coil source analytical model (SCS), considering three dimensional shape effects
and the radial dimension effect of spiral coil type GHEs using
Green’s function. Because of the limitation in computation and
the complicated formula, the model used an error function (see
Eq. (6)) to improve and simplify the computation for engineering
applications. The assumption of a single homogenous medium is
applied, and the thermal properties of the ground do not change
with the variation of temperature. Also, the spiral coil heat source
is assumed to take a spiral coil form without a vertical outlet pipe
and the thickness of the heat source is neglected. The solution derived using this model can be expressed as Eq. (6).

Rt Rh ~
0
0
Gðu;t;x0 ¼ r 0 cosðxz0 Þ;y0 ¼ r 0 sinðxz0 Þ; z0 ; t 0 Þdz dt
0 0


2
2
Fðx;y;z0 Þ
ðzz0 Þ
ðzþz0 Þ
Rt 1 Rh
0
0
l
¼ ð4paqÞ3=2
exp4aðtt0 Þ exp4aðtt0 Þ  exp4aðtt0 Þ dz dt
qc 0 ðtt0 Þ3=2 0
pﬃﬃﬃﬃ
pﬃﬃﬃﬃ
Rh
0 Þ=2 at Þ
0 Þ=2 at Þ
0
¼ 4qpl k 0 erfcðAAðu;z
 erfcðAþAþðu;z
dz
ðu;z0 Þ
ðu;z0 Þ

DT SCS ðu; tÞ ¼ qqcl

with
Fðx;y;z0 Þ ¼ x2 þ y2 þ r20  2xr 0 cosðxz0 Þ  2yr0 sinðxz0 Þ
qﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
A ðu; z0 Þ ¼ Fðx;y;z0 Þ þ ðz  z0 Þ2
ð6Þ
where x = 2Np/h indicates the wave number, and erfcðnÞ ¼
R n u2
du denotes the error function.
p 0 e
The aforementioned models have been proposed for pile GHE
assuming that the heat is released from the pipe wall and ignoring
the different properties between soil and foundation piles. In order
to overcome this drawback, Li and Lai [17] suggested a continuous
cylindrical surface model which considers a composite media. They
are solving the unsteady heat conduction in composite solids; they
consider an inﬁnite composite solid, expressed in cylindrical coordinates, region r 6 rb of which is of one medium and region r > rb of
another. The solution of this model can be obtained as:
p2ﬃﬃﬃ

DT s;1 ðt; rÞ ¼ 2pqkl 1
DT s;2 ðt; rÞ ¼ pq2 lr

b

R þ1

0

0 0

0 0

0

0 ður Þðu g w f Þ
½1  expða1 u2 tÞ  J0 ðurÞJuð
u02 þw02 Þ

0

u Y 0 ðaurÞ
½1  expða1 u2 tÞ  J0 ður Þ½wuJ20ððuaurÞ
du
02 þw02 Þ

R þ1

0

0

0

with

u0 ¼ k1 ½akJn ðrb uÞJ0n ðarb uÞ  J0n ðrb uÞJn ðarb uÞ
w0 ¼ k1 ½akJ n ðr b uÞY 0n ðar b uÞ  J 0n ðrb uÞY n ðarb uÞ
f 0 ¼ k1 ½akY n ðr b uÞJ 0n ðarb uÞ  Y 0n ðr b uÞJ n ðar b uÞ
g 0 ¼ k1 ½akY n ðr b uÞY 0n ðar b uÞ  Y 0n ðrb uÞY n ðarb uÞ
ð7Þ
where Jn and Yn denotes the Bessel functions of the ﬁrst kind and
the second kind of order n, and u is the integral variable (1/m).
The subscriptsp1
andﬃ 2 represent regions r 6 rb and r > rb, and
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
k ¼ k2 =k1 ; a ¼ a2 =a1 are the dimensionless variables, where k1
and k2 are the thermal conductivities and a1 and a2 are the thermal
diffusivities of the composite medium.
2.3. Heat transfer models with groundwater advection
In taking a long term period of operation into account, Tp in Eqs.
(2) and (3) can be an important design factor. Especially, ground
conditions such as groundwater advection may have an inﬂuence
on Tp and ultimately on the design length of the GHEs. The soil surrounding the GHE mostly lies under the groundwater table
(G.W.T), and water ﬂows through the soil’s voids in response to
the hydraulic gradient. In general, groundwater advection is expected to make a notable difference in alleviating possible heat
buildup around an energy pile. Therefore, it is desirable to account
for the groundwater inﬁltration in the heat transfer model to avoid
over-sizing of the GHEs [26]. In order to consider the groundwater
advection, the combined set of heat transfer models of conduction
and advection in the GHE have been solved by an analytical approach. Sutton et al. [27] and Diao et al. [28] suggested the moving
inﬁnite line source (MILS) model, which assumes that the ground is
a homogeneous porous medium saturated by groundwater with a
uniform initial temperature.

DT MILS ðx; y; tÞ ¼

ql
4kp

Z

0

"

t

1
ðt  t0 Þ

#
2
½x  Uðt  t 0 Þ þ y2
0
dt
 exp 
4aðt  t 0 Þ

ð8Þ

where U = uqwcw/qc denotes the revised velocity (m s1), and qw
and cw are the density (kg m3) and speciﬁc heat (J kg1 K1) of
water, respectively. By introducing a new parameter
w = 4a(t  t0 )/r2 in the place of t0 , Eq. (8) can be expressed as Eq. (9).

DT MILS ðx; y; tÞ ¼

  Z ðx2 þy2 Þ=4at
ql
Ux
1
exp
2a 0
w
4kp
"
#
1 U 2 ðx2 þ y2 Þw
dw
 exp  
w
16a2

ð9Þ

Furthermore, the solution evolved into the moving ﬁnite line
source (MFLS) model based on the Green’s function by Nelson
et al. [29], which considers GHE axial effects. Fig. 2 depicts the temperature anomaly created in the vertical direction due to these axial effects. In considering the short-term temperature ﬁelds in
energy piles, the use of MFLS model seems to be reasonable. However, this temperature anomaly disappears in the long-term period
operation, and the solutions of MFLS and MILS become almost
identical at the end. The solution of MFLS is expressed as Eqs.
(10) and (11).

DT MFLS ðx; y; z; tÞ ¼

 Z H

Z 0
ql
Ux
0
0
exp
f ðx; y; z; tÞdz 
f ðx;y;z; tÞdz
2a
2kp
0
H

ð10Þ
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Fig. 2. Temperature change isotherm contours in vertical cross section along
centerline [29].

f ðx; y; z; tÞ ¼






 


1
Ur
r  Ut
Ur
r þ Ut
erfc pﬃﬃﬃﬃﬃ þ exp
erfc pﬃﬃﬃﬃﬃ
exp 
4r
2a
2a
2 at
2 at
ð11Þ

qﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
where r ¼ x2 þ y2 þ ðz  z0 Þ2 , and H is the borehole length (m).
These approaches can also be applied to a spiral coil source
model (Eq. (6)) by inserting an additional term to represent the
groundwater advection. Thus, when the groundwater ﬂows in the
x-direction, the moving spiral coil source model (MSCS), proposed
by Kang [30], can be expressed as Eq. (12).

Rt Rh ~
0
0
Gðu;t;x0 ¼ r 0 cosðxz0 Þ;y0 ¼ r 0 sinðxz0 Þ;z0 ;t 0 Þdz dt
0 0


2
ðzþz0 Þ
R t 1 R h FðxUðtt00Þ;y;z0 Þ  ðzz0 Þ20

0
0
l
4aðtt Þ
¼ ð4paqÞ3=2
e
e 4aðtt Þ  e 4aðtt0 Þ dz dt
0 3=2 0
qc 0

DT MSCS ðu; sÞ ¼ qqcl

ðtt Þ

ð12Þ
where U = uxqwcw/qc indicates the revised velocity and ux denotes a
uniform Darcy velocity in the x-direction (m/s).
3. Experimental setup
This study conducted thermal response test (TRT) using a precast high-strength concrete (PHC) energy pile at a site near Incheon
City (Fig. 3). The length of tested PHC pile was 15 m, a coil type
polybutylene (PB) pipe was manufactured and a pressure test
was carried out to check for possible leaking in the pipe wall.
The manufactured ground heat exchanger was installed as close
as possible to the PHC pile wall, and the pile inside was ﬁlled with
cement mortar. The cement-to-water ratio was 0.5 and the grout
was cured for more than 28 days. Also, before conducting the
TRT, ﬂushing and purging were performed to remove air bubbles
and impurities inside the pipes.
Based on the ground site investigation (Fig. 4), the ground was
divided into three parts; i.e., the upper part was reclamation soil
and the middle parts were sedimentary soil and weathered granite
soil. And, the bottom part was composed of a layer of stiff weathered rock. The groundwater table (G.W.T) was about 1.0 m, but no
noticeable ﬂow of ground water was observed during the tests. The
thermal properties of the materials are stipulated in Table 1. The
thermal conductivity of reclamation soil and sedimentary soil (soil
1 and 2) were measured using TP 08 probe [31] equipment, which
uses the non-steady state method [32,33]. The thermal conductivity of weathered granite soil (soil 3) was deduced using an empirical estimation model [34]. And, the thermal properties of the
cement grout, the PHC pile, the poly-butylene (PB) pipe, and the
circulating ﬂuid were obtained by referring to the literature [35].
Also, two resistance temperature detectors (RTD) were installed

Fig. 3. Location of energy piles in Incheon.

at the inlet and outlet of the GHEs to check the ﬂuid temperature.
The locations of the sensors are shown in Fig. 5; and all the measured results were automatically collected in a data logger, simultaneously processed by remote access. Also, Fig. 6a–f show the
installation process of the energy pile before conducting the thermal response test.
After the installation of spiral coil energy pile, the thermal response test was carried out. Though the ultimate aim of the thermal response test was to estimate the thermal conductivity of
the ground, it can be also utilized to calculate the borehole thermal
resistance. Starting from an initial ground temperature of 25.1 °C,
the test was performed for about 240 h with 1170 W of heat injection (Q). During the experiment, the temperatures were measured
at 10-min intervals.
4. Numerical analysis
In this study, a numerical analysis model was adopted to analyze the thermal behavior of spiral coil GHE embedded in energy
pile using COMSOL Multiphysics 4.3a [36]. It is a computer code
based on the ﬁnite element method (FEM) coupled with computational ﬂuid dynamics (CFD) analysis. The governing equation in
this model considers convective heat transfer between the circulating ﬂuid and the pipe wall and conductive heat transfer in the
grout, pile, and soil.
4.1. Conductive heat transfer in the ground
Heat transfer in the ground is usually made up of three different
elements: convection, conduction, and radiation [37]. Among
these, heat conduction is the heat transfer mechanism caused by
a temperature gradient between adjacent molecules in a material,
and the heat always moves from higher points to lower ones until
it reaches the steady state. Thermal conductivity is deﬁned as a
property of a material to conduct heat. It is evaluated primarily
in terms of Fourier’s law for heat conduction; the unit is W m1 K1. Radiation in the soil usually plays a negligible role in the
ground heat transfer and the amount of convective heat transfer
can safely be ignored in low permeable soils [38,39]. Thus, this
study assumed that heat transfer in soil only occurs by conduction.
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Fig. 4. Drill log of the test site.

Table 1
Basic thermal properties of materials used in thermal response test.

a

4.2. Coupling process of heat transfer at pipe wall

Material

Thermal conductivity
(W m1 K1)

Speciﬁc heat capacity
(J kg1 K1)

Density
(kg m3)

Soil 1
Soil 2
Soil 3
Rock
Grout
PHC
a
Polybutylene
pipe
Circulating
water

1.10
2.30
2.40
2.50
2.02
1.62
0.38

1160
1300
1280
879
840
790
525

1800
2100
2140
2640
3640
2700
955

0.57

4200

1000

qf Ap C P

Given by manufacturer.

Then, the governing equation, based on a Fourier’s law, can be expressed as follows:

qi C i

@T ext
þ r  ðki rT ext Þ ¼ Q
@t

The energy equation for an incompressible ﬂuid ﬂow in a pipe
can be written as Eq. (14) [37,40].

ð13Þ

where q is density (kg m3), c is the speciﬁc heat (J kg1 K1), and
the subscript i denotes each region in which g, c, and s indicate
the grout, PHC, and bulk soil, respectively. Text is the temperature
outside the pipe wall (K), k is the thermal conductivity of the medium (W m1 K1), and Q indicates the general heat sources (W m3).

@T f
1 qAp
þ qf Ap C P u  rT f ¼ r  ðkf AP rT f Þ þ fD
juju2 þ Q þ Q wall
2 2dh
@t
ð14Þ

where qf is the ﬂuid density (kg m3), Ap is the pipe cross section
area (m2), CP represents the speciﬁc heat capacity at constant pressure (J kg1 K1), Tf is the ﬂuid temperature (K), and kf is the ﬂuid
qA
thermal conductivity (W m1 K1). Also, 12 fD 2d p juju2 indicates the
h
friction heat dissipated due to viscosity, in which Churchill’s friction
model was applied to calculate the coefﬁcient of friction, fD [41] and
dh is the mean hydraulic diameter (m). And, u is the tangential
velocity of the ﬂuid (m s1), Q represents a general heat source,
and Qwall denotes a heat source term due to heat exchange with
the surroundings through the pipe wall. The equation between pipe
ﬂow and heat conduction of solid mass can be coupled through the
following term (Eq. (15)). This process is schematized in Fig. 7.

Q wall ¼ ðhZÞeff ðT ext  T f ÞðW=mÞ

ð15Þ

where Text is the external temperature outside the pipe (K), and
effective hZ corresponds to an equivalent convective heat transfer
coefﬁcient; i.e., h (SI unit: W m2 K1) times the wall perimeter Z
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Fig. 5. Temperature sensors and data logger used in thermal response test.

Fig. 6. Installation process of energy pile in Incheon.
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Fig. 7. Coupled process between convective and conductive heat transfer at heat exchanger wall.

Fig. 8. Finite element model for TRT simulation of spiral coil GHE installed in energy pile.
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Fig. 12. Borehole wall temperature variations with elapsed time determined by
numerical analysis.

Effective Borehole Thermal Resistance (mKW-1)

Fig. 9. Measured inlet temperature and regression curve applied to the simulation.
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Fig. 13. Effective borehole thermal resistance at steady state in TRT.
Fig. 10. Comparison of temperature variations by experiment and numerical
analysis.
Table 2
Considered range of parameters for developing the database.

Dimensionless Temperature Rise

0.30

Numerical solution
Analytical solution [Eq. 4]
Analytical solution [Eq. 6]

0.25

Pile
radius
(mm)

Coil
pitch
(mm)

Grout thermal
conductivity
(W m1 K1)

Soil thermal
conductivity
(W m1 K1)

Pipe
radius
(mm)

200
250

50
70
100

0.5
1.0
1.5
2.0
2.5

1.0
1.5
2.0
2.5
3.0

10
12.5

0.20

0.15

0.10

(SI unit: m) of the pipe. For a circular tube, the effective hZ can be
denoted as:

0.05

ðhZÞeff ¼

2p
 rn 
P
lnr
1
þ rN h1ext þ Nn¼1 kn1
r 0 hint
n

ð16Þ

0.00
0

1

2

3

4

5

6

7

8

9

10

Dimensionless Radius
Fig. 11. Comparison of results between numerical and analytical solutions.

where kn is the thermal conductivity (W/m K) of wall n, rn (m) is the
outer radius of wall n, and hint and hext are the ﬁlm heat transfer
coefﬁcients inside and outside of the tube (W m2 K1).

174

G.-H. Go et al. / Applied Energy 125 (2014) 165–178

Fig. 14. Parametric study results for effective borehole thermal resistance. (a) Coil pitch = 50 mm, (b) coil pitch = 70 mm and (c) coil pitch = 100 mm.
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Table 3
Selected independent variables for multiple linear regression analysis.

5. Results and discussion

x1

x2

x3

x4

x5

y

rc
rb

pitch
rc

ks

kg

rp

Rb,eff

X1 = x1

X2 = x2

X 3 ¼ x13

X 4 ¼ x14

X5 = x5

Y=y

rc
rb

pitch
rc

1
ks

1
kg

rp

Rb,eff

rc: Coil radius, rb: pile radius, rp: pipe radius, ks: soil thermal conductivity, kg: grout
thermal conductivity, x, X: independent variable, y, Y: dependent variable.

Table 4
Results of multiple linear regression analysis.
B

b

VIF

Constant
X1
X2
X3
X4
X5

.170
.252
.040
.009
.036
.846

.304***
.256***
.070***
.821***
.033***

1.528
1.267
1.000
1.002
1.294

2
adjR

.924
324.456

F

B: non-standardized coefﬁcient, b: standardized coefﬁcient, VIF: variance inﬂation
factor.
p < 0.01.

***

Table 5
Comparison of effective borehole thermal resistances.

Effective borehole
thermal resistances
a

Thermal
response test

Parametric
study database

Multiple linear
regression

0.078a

0.079a

0.080a

5.1. Thermal response tests and effective borehole thermal resistance
of energy pile
As can be seen in Fig. 6, the thermal response test of the spiral
coil energy pile was carried out. Fig. 10 provide a comparison of the
temperature variations measured in the experiment and calculated
in the numerical analysis. As shown in Fig. 10, which represents
the ﬂuid temperature variation with elapsed time, the numerical
model predicted the experimental results well. One of the biggest
advantages that can be obtained through numerical analysis is that
the borehole wall temperature can be numerically calculated. This
borehole wall temperature is a crucial factor for estimating the
effective borehole thermal resistance (Rb). However, this value is
difﬁcult to obtain through experiment because the installed temperature sensors cannot cover the whole borehole wall area. The
analytical models also do not always provide exact values for the
borehole wall temperature. As shown in Fig. 11, the difference in
temperature rise between the analytical and numerical solutions
was greatest at the location of borehole wall (R = 2) at Fo = 6.0 as
the heat source location is considered to be R = 1. This is because
the numerical model considered the actual conditions of the energy pile, while other analytical models [8,16] were able to consider only the heat sources and the homogeneous medium.
Hence, this study obtained the borehole wall temperature of the
energy pile from the numerical analysis model calibrated by the
experimental conditions. Fig. 12 represents the borehole wall temperature variations as determined by the numerical analysis. And,
ﬁnally, the effective borehole thermal resistance was calculated by
using Eq. (17). The following equation was derived from Eq. (1).

Rb;eff ¼

unit: m kW1.

T f  T b;av
ql

ð17Þ

where Tf is the average ﬂuid temperature, Tb,av indicates the average
borehole wall temperature, and ql is the heating rate per pile length
(W m1). The calculated effective borehole thermal resistance is
about 0.078 m K W1, as shown in Fig. 13.

Table 6
Input properties applied to theoretical models.
Properties
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Value
1

Soil thermal conductivity [W m
Soil density [kg m3]
Soil heat capacity [J kg1 K1]
Heat transfer rate [W m1]
Elapsed time [year]

K

1

]

2.31
2352
1061
20
1

4.3. Finite element modeling and simulation of TRT
Fig. 8 shows the ﬁnite element model used in the TRT simulation of a spiral coil GHE installed in the energy pile, of which the
dimensions are 9, 9, and 30 m in x, y, and z directions. This model
uses free tetrahedral meshes with maximum element size of 1.2 m
and minimum size of 0.08 m. And, the mesh element formation of
the pipeline wall surface uses the wall layer built-in function of
COMSOL pipe module instead of creating a direct mesh. The material properties used in the numerical model were taken from Table 1. The inlet ﬂuid temperature was input into the numerical
model using a function equation based on the experiment data.
The inlet ﬂuid temperature in the experiment was obtained from
the RTD sensor (Fig. 5); and the estimation regression equation
of the inlet ﬂuid temperature is shown in Fig. 9. The boundary condition between pipe ﬂow and heat conduction of solid medium
was represented by Eqs. (15), (16) and Fig. 7, and the boundary
of soil medium’s exterior wall was set to be an initial ground temperature (Fig. 8).

5.2. Parametric studies for setting up a database
Parametric studies were carried out to develop a database for
the effective borehole thermal resistance of spiral coil energy pile.
The considered parameters are as follows: radius of pile, radius of
pipe, coil pitch, grout and surrounding soil thermal conductivity.
The ranges of the parameters are presented in Table 2. In the
PHC piles, the most commonly produced piles are 400 mm or
500 mm in diameter, with thickness values of 65 mm and
80 mm, respectively. Accordingly, the parametric studies consider
the diameter and the thickness according to the above speciﬁcations. The spiral coil GHE was located near the borehole wall;
and the ratio of the coil diameter to the pile diameter was between
0.55 and 0.65. Also, the volumetric ﬂow rate was set to be 16 LPM,
which is a slightly higher value than the one commonly used in
cylindrical pipes because a coil GHE requires much larger pump
up head. The initial ground temperature was 16.5 °C and the inlet
ﬂuid temperature was set 30 °C. With these boundary conditions,
the thermal performance tests were simulated numerically for
5 days with varying of the values of the parameters; and ultimately, the effective borehole thermal resistance was calculated.
In general, the thermal performance test is carried out to obtain
the heat exchange rate of the GCHPs [42–44], this study utilized
the thermal performance test results for estimating the borehole
thermal resistance. Fig. 14a–c show the variations of the effective
borehole thermal resistance according to the coil pitch, pile size,
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Fig. 15. Effect of groundwater advection on long-term ground temperature rise. (a) No groundwater advection, (b) 10 m/year, (c) 20 m/year and (d) 100 m/year.

Table 7
Comparison of temperature penalty value.

a
b
c
d

Pile conﬁguration
Theoretical model

33
ILSa

SCSb

19
ILSa

SCSb

Note
No groundwater advection

Temperature penalty
Theoretical model

7.3565
MILSc

7.3569
MSCSd

3.5863
MILSc

3.5865
MSCSd

Advection velocity

Temperature penalty

4.5542
2.5450
0.9810

4.5548
2.5451
0.9822

2.2202
1.2407
0.4782

2.2205
1.2407
0.4788

10 m/year
20 m/year
100 m/year

ILS: inﬁnite line source model.
SCS: spiral coil source model.
MILS: moving inﬁnite line source model.
MSCS: moving spiral coil source model.

grout and soil thermal conductivity. Overall, as the grout thermal
conductivity increases, the effective borehole thermal resistance
tends to converge to a constant value. The effects of soil thermal
conductivity were most prominent when the coil pitch was
50 mm (dense arrangement). If the coil pitch spacing is narrow,
the heat source distribution will be much closer to the ground because the source’s density increases at the pile wall. As a result, the
soil thermal conductivity values greatly inﬂuence the effective
borehole thermal resistance. However, if the coil pitch spacing is
large, the effective borehole thermal resistance will be more sensi-

tive to the variation of the grout thermal conductivity than to the
soil thermal conductivity.
5.3. New borehole thermal resistance estimation model
Table 3 shows the independent variables used in the multiple
linear regression equation. These values were selected by considering the various inﬂuencing factors. Before applying the multiple
linear regression, checks for outliers and relationships among
variables were conducted using a scatterplot matrix. The matrix
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conﬁrmed the absence of outliers; however, a non-linear relationship between the independent variables (x3, x4) and the dependent
variable (y) was observed. Hence, in order to apply the multiple
linear regression, it was necessary to transform the non-linear
independent variables (x3, x4) into a linear form (X3, X4) by inversion. Thus, the new variable Xi, shown in Table 3, was used for multiple linear regression. In general, if the important independent
variables are missed, an auto-correlation occurs among the dependent variables. The criteria for identifying the auto-correlation is
the Durbin-Watson index [45]. In using this index, it can be regarded that the dependent variables are independent without
auto-correlation as long as the DW index lies between 1.40 and
2.60. The analysis results showed that there was no auto-correlation in the dependent variable, because the DW index was 2.564.
Furthermore, as shown in Table 4, all the independent variables
had notable impacts on the dependent variable because their pvalues were lower than 0.05. Also, the variance inﬂation factor
(VIF) of the independent variables was lower than 10; representing
no multicollinearity between independent variables was found.
This means that there was no correlation between the independent
variables. Table 4 also shows that if X1 (B = .252) decreases, and if
X2 (B = .040), X3 (B = .009), X4 (B = .036), and X5 (B = .846) increase, Y
starts to increase. The explanatory power of these variables for the
value of Y is 92.4%. X4 (b = 0.821) had the greatest impact on the value of Y, while X5 (b = 0.033) had the smallest impact on the value
of Y. In other words, the greatest inﬂuencing factor on the effective
borehole thermal resistance of the energy pile was the grout thermal conductivity; and the next most inﬂuential variables were the
pile size, coil pitch spacing, soil thermal conductivity, and pipe size,
in descending order.
In general, in the multiple variable regressions, the adjusted
coefﬁcient of determination (adjR2) is used instead of the coefﬁcient
of determination (R2) because adding even unrelated independent
variables to a model will raise the coefﬁcient of determination. The
adjusted coefﬁcient of determination, as expressed by Eq. (18),
compensates for the number of variables in the model. This coefﬁcient will only increase if added variables contribute signiﬁcantly
to the model [46].
adj R

2

¼ 1  ð1  R2 Þ

n1
np1

ð18Þ

where n indicates the number of data and p is the number of independent variables. The adjusted coefﬁcient of determination in the
developed model was 0.924. Therefore, it can be concluded that the
regression equation reasonably explains the data. In order to verify
the multiple regression equations, the results from TRT and from
the parametric database were compared, and the results were
shown in Table 5. The regression equation predicted the results
well, and it is thought that it will be possible to utilize this equation
to determine the borehole thermal resistance, which is the key design factor of a spiral coil energy pile.
5.4. Groundwater advection and long-term ground temperature
If groundwater advection is observed in the target area, the total design length of the GHEs should be reconsidered because the
long-term ground temperature will vary according to the groundwater advection. Especially, temperature penalty (Tp) used in Eqs.
(2) and (3) will be inﬂuenced by the groundwater advection, and
this ultimately affects the design length of the GHEs. Based on
the input properties presented in Table 6, an isotherm of the
ground was drawn, assuming that the groundwater ﬂows in the
x-direction. Fig. 15a–d well depict the effect of groundwater advection on the long-term ground temperature for various values of
advection velocity. The results show that groundwater advection
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attenuates the average temperature rise in the ground compared
to cases in which there is no groundwater advection. Also, as the
advection velocity increases, the degree of attenuation becomes
much larger. With these isotherms obtained from the theoretical
models, the temperature penalty (Tp) values were calculated and
they were presented in Table 7. The total number of piles was
set to be nine, and the pile arrangements were considered to have
square (3  3) and line (1  9) shapes. Table 7 clearly shows that
groundwater advection decreases the temperature penalty. As
the groundwater starts to move faster, the value of Tp decreases
further. Also, heat interference might occur more severely in the
square arrangement because Tp was much higher in the square
(3  3) conﬁguration than in the line (1  9) conﬁguration. Also,
it can be seen that there was no great difference in the results between the ILS and SCS (or MILS and MSCS). Hence, it can be concluded that any analytical model is acceptable to obtain the
value of Tp in the long-term operation.
6. Summary and conclusions
In this study, experimental and numerical studies were carried
out to determine the effective borehole thermal resistance of a
spiral coil energy pile. A precast high-strength concrete (PHC) energy pile with a spiral coil GHE was installed; and thermal response test was carried out to evaluate the thermal behavior of
the ground and the effective borehole thermal resistance. Besides,
parametric studies using a numerical analysis were carried out to
suggest a multiple regression equation for evaluating the effective
borehole thermal resistance of spiral coil energy pile; the accuracy
of the resulting regression equation was veriﬁed by comparison
with experimental results. Furthermore, this paper examined the
effect of groundwater advection on the long-term ground temperature by using current analytical models. The temperature penalty
value was determined for various levels of groundwater advection
velocity in different pile arrays. According to the research results,
the following conclusions can be drawn.
1. The energy pile’s borehole wall temperature is a crucial factor
for the estimation of the effective borehole thermal resistance.
However, analytical models for spiral coil GHEs may not give
exact values of the borehole wall temperature because these
models make certain assumptions and do not consider the
actual conditions of the energy pile. Most of analytical models
only consider the heat sources and the homogenous medium.
Also, it is difﬁcult to obtain a value for the effective borehole
thermal resistance through experiment because the installed
temperature sensors cannot cover the whole borehole wall area.
Accordingly, a numerical analysis that considers the actual conditions is deﬁnitely required to evaluate the exact borehole wall
temperature and hence to estimate the effective borehole thermal resistance of a spiral coil energy pile.
2. In the parametric studies, as the grout thermal conductivity
increases, the effective borehole thermal resistance tends to converge to a constant value. Also, the effects of soil thermal conductivity were most prominent when the coil pitch was densest.
However, if the coil pitch spacing was large, the effective borehole thermal resistance was more sensitive to the variation of
grout thermal conductivity than to the soil thermal conductivity.
3. The multiple linear regression equation for evaluating the effective borehole thermal resistance was in good agreement with
the results of the parametric studies since, in those studies,
the adjusted coefﬁcient of determination (adjR2) was 92.4%.
Therefore, this regression equation can be utilized to determine
the borehole thermal resistance, which is the key design factor
of a spiral coil energy pile.
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4. According to the multiple linear regression analysis, the factor
that has the most inﬂuence on the effective borehole thermal
resistance of the spiral coil energy pile was the grout thermal
conductivity. Then, the next most inﬂuential variables were
the pile size, the coil pitch spacing, the soil thermal conductivity, and the pipe size, in descending order.
5. In the long-term period operation, groundwater advection
attenuates the average temperature rise in the ground compared to a case in which there is no groundwater advection.
As the advection velocity increases, the degree of attenuation
becomes much larger. This phenomenon ultimately causes a
decrease in the temperature penalty value. As the groundwater
starts to move faster, the value of Tp further decreases. Also,
there was no great difference in the results between the ILS
and SCS (or MILS and MSCS) as those methods were used to
estimate the long term ground temperatures. Thus, it can be
concluded that either the MILS or the MSCS can be used to
determine the temperature penalty in the long-term operation.
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