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a b s t r a c t

In recent years, energy pile systems have been developed as a cost effective alternative to traditional
systems. An optimal design requires good characterization of the effective thermal properties of the soil
and the system, through analysis of the results of thermal response tests (TRT). However, due to the size
of foundation piles, accurate estimations require tests which are excessively long for practical applica-
tions. Hence, in most situations the analysis is carried out using the results of relatively short tests, which
depend upon several factors, such as pile and ground thermal properties, pile geometry, pipe configu-
ration, etc.

In this article we use detailed numerical simulations to reproduce the results of thermal response tests
for synthetic energy pile systems with different material properties, dimensions and pipe configurations.
We used the standard line heat source model to evaluate the results of the numerical simulations and to
highlight the magnitude of the errors this type of interpretation may produce. We demonstrate that even
in the absence of groundwater flow and soil heterogeneity, TRT results obtained using the line heat
source model can be misleading and must be treated with care.

© 2015 Elsevier Ltd. All rights reserved.
1. Introduction

Heating and cooling of residential and industrial buildings re-
quires large amounts of energy, which indirectly account for a large
proportion of greenhouse gases emissions [26]. In recent decades,
low enthalpy geothermal systems have emerged as a renewable
and environmentally friendly alternative to supply all or part of
these energy requirements. These systems use the soil's ability to
maintain a relatively stable temperature throughout the year,
which, depending on the location and altitude fluctuates between 7
and 13 �C at 10e15mdeep [5]. The temperature difference between
air and ground is used for heating or cooling purposes through heat
exchanger systems such as Ground Source Heat Pumps (GSHP) [10].

Borehole Heat Exchangers (BHE) are low enthalpy geothermal
systems that typically consist of a 10e20 cm diameter borehole that
is 50e200 m deep, which contains a piping system that acts as a
heat exchanger between the fluid inside the pipe eusually a mix of
ering, University of Chile, Av.
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water and antifreeze fluid- and the ground [10]. The space between
pipes and soil is filled with materials such as grout, concrete, or
bentonite, to enhance heat flow from/to the soil [15]. The devel-
opment of BHE systems has mainly occurred during the last 20
years in Europe, China and North America [10], and more recently
in other regions (e.g. Ref. [33]. Several studies have demonstrated
the feasibility of implementing this type of solution as part of
heating systems of commercial and residential buildings (e.g.
Refs. [4,8,11,16].

Piles made of concrete are used as foundations systems in
buildings on soft or loose soil and also as embedded retaining walls.
These piles naturally have a large area of contact with the sur-
rounding soil, so that they can work as heat exchangers saving the
time and expenses associated to the drilling and cementing of more
traditional systems. In order to use them as heat exchangers, pipes
are installed to carry the working fluid within the piles during the
construction process [8]. Systems built this way are known as En-
ergy Piles (EP). Although there are many similarities between BHE
and EP systems, there are also important differences that arise from
parameters such as the length of the installation, the diameter of
the pile and the filling material which cannot be changed in EP
systems to optimize their efficiency. Thus, EP systems can only
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partially meet the thermal demands of a project, but they can
significantly contribute to reducing the energy costs of buildings.
Although, in recent years there has been increasing interest in the
study of EP systems (e.g. Refs. [4,8,14,16] more research to optimize
their design, construction and operation is still needed.

Thermal Response Tests (TRT) are carried out in BHE systems to
determine the ground thermal conductivity (ls) and borehole
resistance, which controls the efficiency and long term sustain-
ability of low temperature geothermal systems [12,35]. During
TRTs, heat is injected into the system through the circulation of a
heated fluid, while recording inlet and outlet fluid temperatures
[15,35]. A constant temperature difference between the inlet and
outlet is reached after some circulation time, which indicates that
the system is sustaining constant heat extraction or an injection
rate. Interpretation of the recorded data of temperature versus time
to obtain values of thermal conductivity is typically performed
using the Line Heat Source (LHS) model [17]. Although, the use of
the LHS solution assumes several simplifications of the problem
that are not always satisfied in practice, several studies [36,24] have
concluded that its interpretation of TRT data for BHE systems is
fairly accurate for evaluating the influence of key parameters such
as soil heterogeneity, groundwater flow, installation depth or
spacing between pipes [12,15,36]. However, interpretations based
on the LHS model introduce significant errors for some specific
cases [20,31,39], as demonstrated by studies that applied this
model for the interpretation of synthetic tests performed through
numerical simulations [36,24]. Moreover, the analysis of TRT is also
affected by errors in the measurement of parameters, which can
propagate and amplify [42]. estimated that such errors can be as
large as 5% in the estimation of the thermal conductivity and up to
10e15% in the case of the borehole thermal resistance.

Correct estimation of effective thermal conductivity is necessary
to optimize the design of energy exchangers for a specific location.
According to [34]; an overestimation of ls can result in: estimations
of fluid temperature that are lower and decrease faster than in
practice, lower coefficient of performance (COP) of heat pumps,
underestimation of operational costs due to higher real electric
power consumption, and possible malfunctioning of the systems
because of wrong dimensioning. On the other hand, an underesti-
mation of thermal conductivity can result in designs that over-
estimate the size of BHE fields, with a subsequent higher initial
investment. For example [34], discuss the possible practical im-
pacts of errors in the estimation of the thermal conductivity for a
typical BHE system. They demonstrate that an overestimation of ls
by 38% results in a 43% increase in energy costs during operation
compared with the original design. On the other hand, an under-
estimation by 21% can generate an increase of 15% in investment
costs. Therefore, errors in the estimation of the effective thermal
conductivity of the system can produce significant differences in
the performance and costs of real BHE systems.

For simple pipes configurations, some of the simplifications
made in the derivation of the LHS theory become valid sometime
after the beginning of the test that directly depends on the square
of the radius of the borehole [25,35]. Previous studies have found
that for typical vertical borehole heat exchangers, which usually
have diameters smaller than 20 cm, the minimum required dura-
tion of the test to obtain reliable results is 50 h [35,37]. Since EP
systems have much larger diameters than typical BHE systems
eabout 1 m-, and therefore a much greater heat storage capacity, it
is not always possible to perform TRTs in such systems in a
reasonable and economically feasible time frame [13,35]; which
represents a serious barrier for practical applications. The Ground
Source Heat Pump Association [13] suggests building a BHE at a
nearby site to carry out equivalent TRTs to address this issue.
However, this is not always feasible, due to technical or economic
limitations.
This study was based on an analysis of the TRT results of tests

carried out in a research system at the campus of the School of
Engineering at the University of Chile. The main objective of the
system was to investigate the technical feasibility of constructing
and operating geothermal systems as part of the foundation piles
and anchors of large buildings. While analyzing the collected data,
it became clear that LHS interpretation needed to be modified in
order to be used for this type of system. Hence, the main purpose
of this study is to identify how different factors have an impact on
the results of TRTs performed in EP systems and affect the validity
of traditional interpretation models. To accomplish this, we car-
ried out a parametrical study based on highly detailed numerical
simulations of synthetic TRTs in EP systems. We applied the LHS
model to interpret the results of simulations to test its validity,
quantify errors, and propose ways to extrapolate results of short
TRTs to obtain reliable estimates of the performance of EP sys-
tems. While other numerical studies have focused their attention
in the effects of groundwater flow [40], soil heterogeneity
[29e32,36], thermal dispersivity [39], pipes placement [19,22,25],
tube diameter and Reynolds number [27]in TRTs for traditional
BHE systems, the main contribution of this study is to extend the
analysis to evaluate the impact of other parameters such as the
geometry of the pipes, the physical properties of the soil and
filling material, considering typical dimensions of real EP systems.
We expanded on the analysis carried out by Refs. [20]; who
evaluated the impact of different thermal properties of the ground
and the grouted material of energy piles for the estimation of the
thermal borehole resistance. We focus our analysis on the esti-
mation of thermal conductivity and consider other parameters
such different tube placement, volumetric heat capacity, pile
diameter and shank spacing.
2. Analytical interpretation based on the line heat source
model

When interpreting the results of TRTs, it is often assumed that
geothermal heat exchangers behave like a line heat source in an
infinite, homogeneous and isotropic domain with uniform initial
temperature. Furthermore, it is considered that the borehole
instantly releases a finite amount of uniform and constant energy in
a radial direction due to the temperature difference between the
inlet and outlet sections of the pipe. Using these assumptions, it is
possible to find an analytical solution to estimate the variation of
temperature versus time during the transient regime. This con-
ceptual and mathematical model, known as the Line Heat Source
(LHS) model, is based on Kelvin's Line Source theory and has been
the method of choice to interpret the behavior of BHE systems
[17,23]. The model assumes that the temperature around the BHE
system as a function of time t, and radial distance r from the
borehole axis, can be calculated as:

Tðr; tÞ � T0 ¼ q
4pl

E1

�
r2

4at

�
(1)

where T [�K] is the ground temperature, T0 is the initial ground
temperature, q is the heat injection rate per meter of borehole
length [W m�1], l is the volumetric thermal conductivity
[Wm�1 K�1], a is the thermal diffusivity of the ground [m2 s�1], and
E1 denotes the exponential integral function. However, for small
values of the argument of the function, i.e. large times or short
distances from the source, the solution can be approximated by
Refs. [17,33]:
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Tðr; tÞ � T0 ¼ q
4pl
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�
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�
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where g is Euler's constant. The error of this simplification is less
than 20%when r time t is greater than 1;2 r2

a
, and less than 10%when

t is greater than 1;8 r2
a

. However, the criterion that is used in practice
to apply the LHS model only considers times that are greater than
5 r2
a

[21,36,41].
T Thermal resistance per unit length between the fluid and the

borehole wall,

Rb ¼ �
TðtÞ � Tðrb; tÞ

��
q (3)

where rb[m] is the borehole wall radius and TðtÞ is the average fluid
temperature of the circulation fluid, and the average temperature is
calculated according to

TðtÞ ¼ ðTin þ ToutÞ=2 (4)

where Tin and Tout are the inlet and outlet temperature of the fluid,
respectively. Then, TðtÞ can be expressed as a simple linear relation
[9,35].

TðtÞ ¼ k lnðtÞ þm (5)

where

k ¼ q
4pl

(6)

m ¼ q
4pl

�
ln
�
4a
r2

�
� g

�
þ T0 þ qRb (7)

Equation (5) is often used in the interpretation of TRT results by
plotting T versus the natural logarithm of time. Then, the slope of
the curve is compared to (6) to obtain an estimation for the thermal
conductivity of soil, lLS,

lLS ¼
q
4p

½lnðt1Þ � lnðt2Þ�h
Tðt1Þ � Tðt2Þ

i (8)

In this last expression and according to the LHS model, q is
constant and equal to

q ¼ rCw QwðTin � ToutÞ=H (9)

where rCw [J m�3 K�1] is the volumetric heat capacity of the fluid,
Qw [m3 s�1] is the fluid flow rate that circulates through the pipe,
and H is the length of the borehole.

3. Numerical modeling approach

We use COMSOL Multiphysics® version 4.3a [6] for modeling of
a synthetic EP system. COMSOL allows you to incorporate different
flow and heat transport phenomena, which makes it a suitable tool
to simulate these types of systems, which has motivated its use in
other modeling studies of BHE systems (e.g. Refs. [3,18,24]. To
simulate the heat transport that takes place during a TRT, we use
COMSOL's Heat Transfer Module [7], which solves the general heat
transport equation in each of the model domains through the
following expression:

r C
vT
vt

þ r C$u$VT ¼ V$ðl VTÞ þ Q (10)
where r is the material density [kg m�3], C is specific heat capacity
[J kg�1 K�1], u is the flow velocity [m s�1] erelevant only inside the
pipe system-, and Q represents heat sources other than viscous
heating. The model only contains the mechanisms of heat transfer
by conduction and convection, neglecting radiation, which has
been usually ignored in this type of analysis [4].
3.1. Conceptual model

In our simulations, we modeled an EP system as two water-
filled pipes: an inlet downward flow pipe and an outlet up-
ward flow pipe. These are embedded in a concrete cylinder of
H ¼ 28 m, that is in contact with the natural ground. The
modeled domain is a symmetric 12 m diameter cylinder as
shown in Fig. 1. The domain is comprised of four subdomains or
regions: water, pipes, filling material (hereafter referred to as
concrete) and natural soil.

According to (10) and considering the different materials in the
system, the relevant properties to include in simulations are the
thermal conductivity of the soil (ls), thermal conductivity of the
concrete (lc), the volumetric heat capacity of the soil (rsCs) and the
volumetric heat capacity of the concrete (rcCc). Thewater domain, l
and rC depend upon temperature, with values assigned according
to COMSOL's material library.

The condition of constant heat flow into the system was
imposed through the following boundary condition

Tdownð0; tÞ ¼ Tupð0; tÞ þ DT (11)

where Tdown(z,t) is the downward fluid temperature,Tup(z,t) is the
upward fluid temperature, and DT is the constant temperature
difference as shown in Fig. 2. In this way, only DT is imposed in the
model, while the inlet and outlet temperature evolves over time
depending upon the initial fluid temperature, DT, and the heat
dissipation rate of the system. Therefore, expression (11) represents
the operation of a TRT system that uses a constant amount of fluid,
which is continuously recirculated and that is heated between the
outlet and inlet. Next, the continuity of the pipe between the
downward and upward sections was modeled by imposing:

Tdownð � H; tÞ ¼ Tupð � H; tÞ (12)

In addition, we only modeled the a boundary condition of
outflow heat by convection at the end of the downstream (z ¼ -H)
and upstream (z ¼ 0) pipes, according to

�n$ðl VTdownð � H; tÞÞ ¼ �n$
�
l VTupð0; tÞ

� ¼ 0 (13)

We imposed adiabatic boundary conditions, i.e. no heat flow, on
the other external surfaces of the domain. We also considered a
constant initial temperature T(z)¼T0 and constant water velocity
inside the pipes. Table 1 summarizes other geometrical and phys-
ical properties considered in all the simulated scenarios. In addi-
tion, shank spacing S (m), which corresponds to the distance
between the axes of the pipes, was set equal to half of the pile
diameter in all simulations.

To generate the numerical mesh, we first meshed the horizontal
plane with a maximum distance between elements of 0.5 m and a
minimum distance of 0.001 m, and we then create pentahedral
elements repeating the previous mesh every 0.5 m in a vertical
direction, generating a total of 120,498 elements. We refined the
mesh around the pipes to accurately represent its geometry and the
heat transfer that occurs around them (Fig. 1). Flow inside the pipes
was simulated assuming laminar conditions, which is adequate for
the range of Reynolds numbers considered.



Fig. 1. Numerical mesh used to represent an energy pile.

Fig. 2. Schematic illustration of the top (left) and the bottom (right) of the pile, where
Tdown(z,t) is the down-flow pipe fluid temperature, Tup(z,t) is the up-flow pipe fluid
temperature and S is the distance between pipes also called shank spacing.
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3.2. Dimensionless parameters used in data analysis

To test the validity of the LHS model to interpret the results of
TRTs, we looked at the ratio between the calculated thermal con-
ductivity estimated using the LHS interpretation of the results (lLS),
and the value of the thermal conductivity used as input in the
numerical simulations (lS). In that case, when lLS/lS is closer to 1,
we assumed that the LHS is a valid model to interpret the results of
the tests. According to the theory described in Section 2, it is ex-
pected that at long times this ratio will tend to be 1. To make the
analysis independent of the dimensions of the problem, we plotted
Table 1
Constant parameters in simulations.

Parameter Value

d, pipe diameter [mm] 32
e, pipe thickness [mm] 2.9
S, shank space [m] 0.5
D, pile diameter [m] 1
T0, initial temperature [�C] 16
Qw, water flow [l/min] 5
DT, temperature difference between in and out pipes [�C] 2
lpipe, HDPE pipe thermal conductivity [W/mK] 0.4
rCpipe, HDPE pipe volumetric heat capacity [MJ/m3kg] 2.16
the results as a function of the dimensionless time (Fourier num-
ber), Fo ¼ t$ac=r2b , i.e. the product between time and thermal
diffusivity of the concrete, divided by the square of the pile radius.

4. Results and discussion

In this section we present the results of numerical simulations
carried out to evaluate the validity of the LHS interpretation model
on EP systems.

4.1. Differences between natural soil and filling material properties

One of the main limitations of the LHSmodel to interpret results
of TRTs performed in EP systems, is that it neglects the difference in
thermal dispersivity and heat storage capacity between the ground
and the filling material of the pile. Variations in the soil's physical
parameters do not immediately influence the observed outlet
temperature due to the time needed for the heat dissipated from
the pipe to reach the pile edge and the ground. However, for long
times after the beginning of the test, it is reasonable to assume that
the heat bulb has expanded beyond the limits of the pile and that
the observed behavior of the system mainly reflects the soil's
thermal properties. To confirm this hypothesis, we first evaluated
the impact of the difference between soil and concrete thermal
conductivity, measured as the ratio l*¼ls/lc. To obtain ratios that
are close to typical values found in real tests, we considered ther-
mal conductivity of the soil as equal to 1.5W/mK, andwe varied the
thermal conductivity of the filling concrete between 0.5 and 3.0 W/
mK, which corresponds to typical values reported for these mate-
rials (e.g. Refs. [2,33]. Fig. 3 shows that, as expected and predicted
by the theory explained in Section 2, estimations of the thermal soil
conductivity based on the LHS model differ from the true value at
early time (F0 < 1.0) even in a completely homogeneous medium.
For scenarios that consider different properties for the ground and
the pile, the differences are still observable even for F0 > 1.5.
Moreover, for l*¼0.5, which corresponds to the most realistic value
considering the properties of real materials, the error is greater
than 50% for the maximum simulated time. For this particular



Fig. 3. Calculated dimensionless thermal conductivities based on the line-source
model, lLS/ls, for different ratios of soil and concrete conductivities, l*¼ls/lc. The rCs
and rCc values were set equal to 2 MJ/m3kg.

Fig. 5. Calculated dimensionless thermal conductivities based on the line-source
model, lLS/ls, for two values of the ratio between soil and concrete thermal conduc-
tivities, l*¼ls/lc, and heat storage capacity ratio, rC*¼rCs/rCc.
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scenario, an overestimation of this magnitude in the soil properties
can cause a reduction of the effective heat rejection rate of the pile
system of about 10%. This means that a system designed according
to the estimated parameters would be too large to meet a given
heat extraction or injection capacity, with the consequent increase
in investment and operational costs.

4.2. Volumetric heat capacity

Fig. 4 shows the results for scenarios with equal thermal con-
ductivity, but different heat capacity for the soil and concrete,
measured as rC*¼rsCs/rc Cc. Since the volumetric heat capacity is
associated with the amount of heat that the material can store per
unit volume, it is consistent that for higher rC* heat dissipates faster
in the concrete, which is interpreted as a higher lLS. For the case of
highest volumetric heat storage capacity (rC*¼2.0), the estimated
lLS is up to 40% higher than lS even at Fo ¼ 1.5. Heat transfer to the
ground is also slower for the opposite case when rsCs < rcCc, due to
the greater capacity of the concrete to store heat, which explains
the underestimation of ls for rC* ¼ 0.7 at times Fo > 1.2.

Fig. 5 shows the results of TRTs for extreme values of l* and rC*

that can be found in the literature. This figure shows that errors in
the estimation of ls can be important even after a significant
amount of time has elapsed since the beginning of the test. For
Fig. 4. Calculated dimensionless thermal conductivities based on the line-source
model, lLS/ls, for different rC*¼rCs/rCc values. The thermal conductivity of the soil
and concrete, ls and lc, are equal to 2 W/mK.
example, if we perform a TRT for a 1 m diameter pile with lc ¼ 2W/
mK and rCc ¼ 2 MJ/m3 that lasts 100 h, which corresponds to
Fo ¼ 1.44, the error in the estimation of ls can be up to 50%. At early
times, the difference between the values of lLS/ls, is due mainly to
different values of the thermal conductivity ratio, while at later
times the difference is mainly due to the heat storage capacity ratio.
For example, if we perform a TRT for a 1 m diameter pile with
lc¼ 2W/mK and rCc ¼ 2MJ/m3 that lasts 100 h, which corresponds
to Fo ¼ 1.44, the error in the estimation of ls can be up to 50%.

4.3. Shank spacing

Fig. 6 shows curves of lLS/lS versus dimensionless time for
different shank spacing (S) and l*¼1 and l*¼2. As expected, for
homogeneous medium (l* ¼ 1), the LHS approximation works best
when there is the smallest separation between the pipes. However,
the error of the LHS approximation increases for larger values of S.
For example, for the maximum shank spacing (S ¼ 0.8 m), the LHS
overpredicts ls for approximately 30% at Fo ¼ 1.5. The difference
between the true value and the one estimated from the LHS
approximation at short times, is mainly due to the time that is
needed for heat to dissipate and both pipes to act as a single line
heat source. During this initial period the system has the capacity to
store heat in the space between the pipes. This error is in addition
to the overestimation in calculating lLS that comes from the
mathematical approximation of the integral exponential function.

On the other hand, for the case that considers higher ground
conductivity than concrete (l* ¼ 2), the LHS overestimates or un-
derestimates the ground thermal conductivity depending upon the
value of the shank spacing. For smaller spacing the LHS approxi-
mation tends to underestimate the ground thermal conductivity,
because the initial effective thermal conductivity is closer to lc.
Nevertheless, in cases where S is large (e.g. S ¼ 0.8 m), pipes are
located near the pile edge, and the response of the system is more
influenced by the higher value of ls. Note that regardless of the
value of S, the error in the estimation is less than 20% for Fo ¼ 1.5
and l* ¼ 2.

4.4. Pile diameter

The diameter of the pile is another factor that can potentially
affect the validity of applying an LHS approximation when inter-
preting the results of TRTs in energy piles. Fig. 7 shows that the pile
diameter directly affects the ls estimation, and that the time
needed for the LHS theory to become valid can be very large for



Fig. 6. Calculated dimensionless thermal conductivities, lLS/ls, based on the line-source model for a D ¼ 1 m pile, for different shank space values, S, with l* ¼ 1 (left) and l* ¼ 2
(right). The heat storage capacity for soil and concrete, rCs and rCc, are 2 MJ/m3kg.
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large pile diameters. The application of the LHS model to interpret
the test results produces large errors early on due to the initial
available capacity in the pile to store heat. However, LHS becomes a
good approximation with estimated values for the thermal con-
ductivity lLS, within 10% of the true value for Fo > 3 in all the cases
analyzed. Note that for a 1 m diameter pile, this value of F0 is
equivalent to 278 h, with lc ¼ 1.5 W/Mk, rCc ¼ 2 MJ/m3kg.

4.5. Comparison between different pipe geometries: Helicoidal,
Triple-U and U

Finally, we analyzed differences in the interpretation of TRT
results performed in systems with three different pipe geometries:
U, Triple-U and Helicoidal shaped configurations, as shown in Fig. 8.
The pipes in the Triple-U and Helicoidal configurations are of
identical length, three times longer than for the U-shaped pipe. To
evaluate the importance of the different geometries versus changes
in other parameters, we considered two different sets of material
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Fig. 7. Calculated dimensionless thermal conductivities based on the line-source
model, lLS/ls, for different l* and D values. The rCs and rCc values are 2 MJ/m3kg. In
all cases the shank spacing, S, is equal to D/2.
properties defined in Table 2 for these simulations.
Fig. 9 shows simulated outlet temperatures for the different

scenarios. The outlet temperature for the Triple-U and Helicoidal
configurations is lower than in the U-shaped configurations due to
the longer pipes and, consequently, there is longer residence time
of the fluid in the systems, which result in greater heat dissipation.
On the other hand, there are also differences in the outlet tem-
peratures of the Triple-U and Helicoidal systems caused by the
different geometrical configuration but they are much smaller.

The interpretation of the outlet temperatures shown in Fig. 9 to
estimate ls, produces a relatively large early error in the Triple-U
and Helicoidal configurations as shown in Fig. 10. However, in all
the situations analyzed, values of lLS converge relatively fast, and
for times such as Fo > 0.5 the three curves are almost identical. This
can be explained by considering that the thermal dissipation rates
are equal after an initial period when the heat distribution inside
the pile is not uniform. However, after the heat distribution inside
the pile becomes homogeneous, the heat transfer rate to the sur-
rounding ground only depends upon the thermal properties of the
materials in the system. This analysis demonstrates that differences
due to the geometrical configuration of the system are relatively
small in comparison to the ones due to other parameters, for
example pipe length.

5. Conclusions

We used detailed numerical simulations to reproduce synthetic
thermal response tests in energy piles under different ideal con-
ditions. The main conclusion of this analysis is that the results of
TRTs in an energy pile are very complex, and t depend upon the
ratio between the ground and concrete thermal conductivities, the
rate of volumetric heat capacity between the soil and concrete, pile
diameter, and shank spacing among others. The common criterion
for the use of the LHS interpretation model, which requires tests
runs of Fo > 5, can be too restrictive for practical applications. For
example, for the set of parameters we used in our simulations, such
criterion is equivalent to running the test for 218 he1345 h,
depending on the filling material properties on a 1 m diameter pile.



Fig. 8. U (left), Triple U (center) and Helicoidal (right) pipe geometries.

Table 2
Soil and concrete properties for cases a and b shown in Figs. 9 and 10.

Properties Case a Case b

ls[W/mK] 1.5 3
lc[W/mK] 1.5 1.6
rCs[MJ/m3kg] 2 2.5
rCc[MJ/m3kg] 2 2
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Triple-U (blue) and U (green) pipe configuration, for a) and b) cases defined in Table 2.
All cases consider D ¼ 1 m and S ¼ 0.5 m between opposite pipes (For interpretation of
the references to colour in this figure legend, the reader is referred to the web version
of this article.).
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Fig. 10. Calculated dimensionless thermal conductivities based on the line-source
model, lLS/ls, in a Helicoidal (red), Triple U (blue) and U (green) tube configuration,
for a) and b) cases defined in Table 2. All cases consider D ¼ 1 m and S ¼ 0.5 m between
opposite pipes (For interpretation of the references to colour in this figure legend, the
reader is referred to the web version of this article.).
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Hence, in practical applications shorter tests are needed which
accept that the common procedure to interpret the results using an
LHS model can introduce large errors. For example, we demon-
strated that there can be significant errors in the estimations of the
thermal conductivity value for some combinations of material
properties and pile dimensions. According to the analysis presented
above, the factors that most influence the validity of the LHS model
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to interpret results of TRT are the ratio between thermal conduc-
tivities of the filling material and the ground and shank spacing
and/or pile diameter. Errors associated with any of those parame-
ters can be up to 50%. According to the situations analyzed, other
factors such as uncertainty in values of the volumetric heat capacity
for the filling material and the different geometry of the pipes
produce smaller errors of the order of 20% or less for the simulated
scenarios.

Finally, we would like to mention that the set of results gener-
ated in this study, summarized in different figures, can be used to
estimate correction factors that should be used when interpreting
results of TRT applied to energy piles. Without applying such
correction factors one can introduce significant errors for tests that
run for less than 160 h in a 1 m diameter pile, which corresponds to
approximately Fo ¼ 1.5. Hence, it is our hope that the results pre-
sented in this study will permit users to run shorter tests, while
allowing for correct interpretation of the results to obtain optimal
designs and correct cost estimations for new geothermal systems.

Acknowledgments

This work was funded by the Fondap Project 15090013 granted
by the Chilean National Council for Science and Technology (Fon-
dap Project #15090013) (CONICYT).

References

[2] D. Bozis, K. Papakostas, N. Kyriakis, On the evaluation of design parameters
effects on the heat transfer efficiency of energy piles, Energy Build. 43 (4)
(2011) 1020e1029.

[3] F. Bozzoli, G. Pagliarini, S. Rainieri, L. Schiavi, Short-time thermal response test
based on a 3-D numerical model, J. Phys. Conf. Ser. 395 (1) (November 26,
2012), 012156e012156.

[4] H. Brandl, Energy foundations and other thermo-active ground structures,
G�eotechnique 56 (2) (2006) 81e122.

[5] J. Busby, M. Lewis, H. Reeves, R. Lawley, Initial geological conditions before
installing ground source heat pump systems, Q. J. Eng. Geol. Hydrogeol. 42
(2009) 295e306.

[6] COMSOL, COMSOL Multiphysics User's Guide. Version 4.3a, 2012.
[7] COMSOL, Heat Transfer Module User's Guide. Version 4.3a, 2012.
[8] M. de Moel, P.M. Bach, A. Bouazza, R.M. Singh, J.O. Sun, Technological ad-

vances and applications of geothermal energy pile foundations and their
feasibility in Australia, Renew. Sustain. Energy Rev. 14 (2010) 2683e2696.

[9] C. Ekl€of, S. Gehlin, Ted-a Mobile Equipment for Thermal Response Test:
Testing and Evaluation, Luleå University of Technology, 1996. M.Sc. Thesis.

[10] G. Florides, S. Kalogirou, Ground heat exchangersda review of systems,
models and applications, Renew. Energy 32 (15) (2007) 2461e2478.

[11] J. Gao, X. Zhang, J. Liu, K. Li, J. Yang, Numerical and experimental assessment of
thermal performance of vertical energy piles: an application, Appl. Energy 85
(19) (2008) 901e910.

[12] S. Gehlin, Thermal Response TestdMethod Development and Evaluation,
Lulea University of Technology, Sweden, 2002, p. 191. Doctoral Thesis 2002:
39.

[13] GSHPA, Thermal Pile Design, Installation and Materials Standards, Ground
Source Heat Pump Association, 2012. http://www.gshp.org.uk/GSHPA_
Thermal_Pile_Standard.html.

[14] C. Guney, Energy piles: background and geotechnical engineering concepts,
in: 16th Annual George F. Sowers Symposium, Atlanta, GA. May 7, 2013.

[15] A.M. Gustafsson, Thermal Response Test, Numerical Simulations and Analyses,
Luleå University of Technology, Sweden, 2006, p. 141. Licentiate Thesis.
[16] Y. Hamada, H. Saitoh, M. Nakamura, H. Kubota, K. Ochifuji, Field performance

of an energy pile system for space heating, Energy Build. 39 (5) (2007)
517e524.

[17] L.R. Ingersoll, H.J. Plass, Theory of the ground pipe heat source for the heat
pump, Heat. Pip. Air Cond. (1948) 119e122.

[18] L. Lamarche, S. Kajl, B. Beaichamp, A review of methods to evaluate borehole
thermal resistances in geothermal heat-pumps systems, Geothermics 39
(2010) 187e200.

[19] C.K. Lee, H.N. Lam, Computer simulation of borehole ground heat exchangers
for geothermal heat pump systems, Renew. Energy 33 (6) (2008) 1286e1296.

[20] C.K. Lee, H.N. Lam, A simplified model of energy pile for ground-source heat
pump systems, Energy 55 (2013) 838e845.

[21] J. Luo, J. Rohn, M. Bayer, A. Priess, Thermal efficiency comparison of borehole
heat exchangers with different drillhole diameters, Energies 6 (2013)
4187e4206.

[22] D. Marcotte, P. Pasquier, On the estimation of thermal resistance in borehole
thermal conductivity test, Renew. Energy 33 (11) (2008) 2407e2415.

[23] P. Morgensen, Fluid to duct wall heat transfer in duct system heat storage, in:
Proceedings of the International Conference on Surface Heat Storage in The-
ory and Practice, Stockholm, Sweden, 1983, pp. 652e657.

[24] T. Ozudogru, T. Brettmann, C. Guney, J. Martin, A. Senol, Thermal conductivity
testing of energy piles: field testing and numerical modeling, GeoCongress
(2012) 4436e4445.

[25] D. Pahud, B. Matthey, Comparison of the thermal performance of double U-
pipe borehole heat exchangers measured in situ, Energy Build. 33 (5) (2001)
503e507.

[26] L. P�erez-Lombard, J. Ortiz, C. Pout, A review on buildings energy consumption
information, Energy Build. 40 (3) (2008) 394e398.

[27] L. Pu, D. Qi, K. Li, H. Tan, Y. Li, Simulation study on the thermal performance of
vertical U-tube heat exchangers for ground source heat pump system, Appl.
Therm. Eng. 79 (2015) 202e213.

[29] J. Raymond, R. Therrien, L. Gosselin, R. Lefebvre, Numerical analysis of thermal
response tests with a groundwater flow and heat transfer model, Renew.
Energy 36 (1) (2011) 315e324.

[30] J. Raymond, R. Therrien, L. Gosselin, Borehole temperature evolution during
thermal response tests, Geothermics 40 (2011b) 69e78.

[31] J. Raymond, R. Therrien, L. Gosselin, R. Lefebvre, A review of thermal response
test analysis using pumping test concepts, Ground Water 49 (6) (2011c)
932e945.

[32] J. Raymond, L. Lamarche, Simulation of thermal response tests in a layered
subsurface, Appl. Energy 109 (2013) 293e301.

[33] P. Roth, A. Georgiev, A. Busso, E. Barraza, First in situ determination of ground
and borehole thermal properties in latin America, Renew. Energy 29 (12)
(2004) 1947e1963.

[34] B. Sanner, E. Mands, M. Sauer, E. Grundmann, Economic aspects of thermal
response test: advantages, technical improvements, commercial application,
in: Proc. EFFSTOCK 2009, Stockholm, 2009.

[35] Burkhard Sanner, G. Hellstr€om, J. Spitler, S. Gehlin, Thermal response
testecurrent status and world-wide application, in: Proceedings World
Geothermal Congress, 2005, pp. 24e29.

[36] S. Signorelli, S. Bassetti, D. Pahud, T. Kohl, Numerical evaluation of thermal
response tests, Geothermics 36 (2007) 141e166.

[37] J.D. Spitler, C. Yavuzturk, S.J. Rees, In situ measurement of ground thermal
properties, Proc. Terrastock 1 (2000) 165e170. Stuttgart.

[39] V. Wagner, P. Bayer, M. Kübert, P. Blum, Numerical sensitivity study of ther-
mal response tests, Renew. Energy 41 (2012) 245e253.

[40] V. Wagner, P. Blum, M. Kübert, P. Bayer, Analytical approach to groundwater-
influenced thermal response tests of grouted borehole heat exchangers,
Geothermics 46 (2013) 22e31.

[41] B. Wang, A. Bouazza, R.M. Singh, D. Barry-Macaulay, C. Haberfield,
G. Chapman, S. Baycan, Field investigation of a geothermal energy pile: initial
observations, in: 18th International Conference on Soil Mechanics and
Geotechnical Engineering, Paris, France, 2013, pp. 3415e3418.

[42] H. Witte, Error analysis of thermal response tests, Appl. Energy 109 (2013)
302e311.

http://refhub.elsevier.com/S0960-1481(15)30298-6/sref2
http://refhub.elsevier.com/S0960-1481(15)30298-6/sref2
http://refhub.elsevier.com/S0960-1481(15)30298-6/sref2
http://refhub.elsevier.com/S0960-1481(15)30298-6/sref2
http://refhub.elsevier.com/S0960-1481(15)30298-6/sref3
http://refhub.elsevier.com/S0960-1481(15)30298-6/sref3
http://refhub.elsevier.com/S0960-1481(15)30298-6/sref3
http://refhub.elsevier.com/S0960-1481(15)30298-6/sref3
http://refhub.elsevier.com/S0960-1481(15)30298-6/sref4
http://refhub.elsevier.com/S0960-1481(15)30298-6/sref4
http://refhub.elsevier.com/S0960-1481(15)30298-6/sref4
http://refhub.elsevier.com/S0960-1481(15)30298-6/sref4
http://refhub.elsevier.com/S0960-1481(15)30298-6/sref5
http://refhub.elsevier.com/S0960-1481(15)30298-6/sref5
http://refhub.elsevier.com/S0960-1481(15)30298-6/sref5
http://refhub.elsevier.com/S0960-1481(15)30298-6/sref5
http://refhub.elsevier.com/S0960-1481(15)30298-6/sref6
http://refhub.elsevier.com/S0960-1481(15)30298-6/sref7
http://refhub.elsevier.com/S0960-1481(15)30298-6/sref8
http://refhub.elsevier.com/S0960-1481(15)30298-6/sref8
http://refhub.elsevier.com/S0960-1481(15)30298-6/sref8
http://refhub.elsevier.com/S0960-1481(15)30298-6/sref8
http://refhub.elsevier.com/S0960-1481(15)30298-6/sref9
http://refhub.elsevier.com/S0960-1481(15)30298-6/sref9
http://refhub.elsevier.com/S0960-1481(15)30298-6/sref9
http://refhub.elsevier.com/S0960-1481(15)30298-6/sref10
http://refhub.elsevier.com/S0960-1481(15)30298-6/sref10
http://refhub.elsevier.com/S0960-1481(15)30298-6/sref10
http://refhub.elsevier.com/S0960-1481(15)30298-6/sref10
http://refhub.elsevier.com/S0960-1481(15)30298-6/sref11
http://refhub.elsevier.com/S0960-1481(15)30298-6/sref11
http://refhub.elsevier.com/S0960-1481(15)30298-6/sref11
http://refhub.elsevier.com/S0960-1481(15)30298-6/sref11
http://refhub.elsevier.com/S0960-1481(15)30298-6/sref12
http://refhub.elsevier.com/S0960-1481(15)30298-6/sref12
http://refhub.elsevier.com/S0960-1481(15)30298-6/sref12
http://refhub.elsevier.com/S0960-1481(15)30298-6/sref12
http://www.gshp.org.uk/GSHPA_Thermal_Pile_Standard.html
http://www.gshp.org.uk/GSHPA_Thermal_Pile_Standard.html
http://refhub.elsevier.com/S0960-1481(15)30298-6/sref14
http://refhub.elsevier.com/S0960-1481(15)30298-6/sref14
http://refhub.elsevier.com/S0960-1481(15)30298-6/sref15
http://refhub.elsevier.com/S0960-1481(15)30298-6/sref15
http://refhub.elsevier.com/S0960-1481(15)30298-6/sref16
http://refhub.elsevier.com/S0960-1481(15)30298-6/sref16
http://refhub.elsevier.com/S0960-1481(15)30298-6/sref16
http://refhub.elsevier.com/S0960-1481(15)30298-6/sref16
http://refhub.elsevier.com/S0960-1481(15)30298-6/sref17
http://refhub.elsevier.com/S0960-1481(15)30298-6/sref17
http://refhub.elsevier.com/S0960-1481(15)30298-6/sref17
http://refhub.elsevier.com/S0960-1481(15)30298-6/sref18
http://refhub.elsevier.com/S0960-1481(15)30298-6/sref18
http://refhub.elsevier.com/S0960-1481(15)30298-6/sref18
http://refhub.elsevier.com/S0960-1481(15)30298-6/sref18
http://refhub.elsevier.com/S0960-1481(15)30298-6/sref19
http://refhub.elsevier.com/S0960-1481(15)30298-6/sref19
http://refhub.elsevier.com/S0960-1481(15)30298-6/sref19
http://refhub.elsevier.com/S0960-1481(15)30298-6/sref20
http://refhub.elsevier.com/S0960-1481(15)30298-6/sref20
http://refhub.elsevier.com/S0960-1481(15)30298-6/sref20
http://refhub.elsevier.com/S0960-1481(15)30298-6/sref21
http://refhub.elsevier.com/S0960-1481(15)30298-6/sref21
http://refhub.elsevier.com/S0960-1481(15)30298-6/sref21
http://refhub.elsevier.com/S0960-1481(15)30298-6/sref21
http://refhub.elsevier.com/S0960-1481(15)30298-6/sref22
http://refhub.elsevier.com/S0960-1481(15)30298-6/sref22
http://refhub.elsevier.com/S0960-1481(15)30298-6/sref22
http://refhub.elsevier.com/S0960-1481(15)30298-6/sref23
http://refhub.elsevier.com/S0960-1481(15)30298-6/sref23
http://refhub.elsevier.com/S0960-1481(15)30298-6/sref23
http://refhub.elsevier.com/S0960-1481(15)30298-6/sref23
http://refhub.elsevier.com/S0960-1481(15)30298-6/sref24
http://refhub.elsevier.com/S0960-1481(15)30298-6/sref24
http://refhub.elsevier.com/S0960-1481(15)30298-6/sref24
http://refhub.elsevier.com/S0960-1481(15)30298-6/sref24
http://refhub.elsevier.com/S0960-1481(15)30298-6/sref25
http://refhub.elsevier.com/S0960-1481(15)30298-6/sref25
http://refhub.elsevier.com/S0960-1481(15)30298-6/sref25
http://refhub.elsevier.com/S0960-1481(15)30298-6/sref25
http://refhub.elsevier.com/S0960-1481(15)30298-6/sref26
http://refhub.elsevier.com/S0960-1481(15)30298-6/sref26
http://refhub.elsevier.com/S0960-1481(15)30298-6/sref26
http://refhub.elsevier.com/S0960-1481(15)30298-6/sref26
http://refhub.elsevier.com/S0960-1481(15)30298-6/sref27
http://refhub.elsevier.com/S0960-1481(15)30298-6/sref27
http://refhub.elsevier.com/S0960-1481(15)30298-6/sref27
http://refhub.elsevier.com/S0960-1481(15)30298-6/sref27
http://refhub.elsevier.com/S0960-1481(15)30298-6/sref29
http://refhub.elsevier.com/S0960-1481(15)30298-6/sref29
http://refhub.elsevier.com/S0960-1481(15)30298-6/sref29
http://refhub.elsevier.com/S0960-1481(15)30298-6/sref29
http://refhub.elsevier.com/S0960-1481(15)30298-6/sref30
http://refhub.elsevier.com/S0960-1481(15)30298-6/sref30
http://refhub.elsevier.com/S0960-1481(15)30298-6/sref30
http://refhub.elsevier.com/S0960-1481(15)30298-6/sref31
http://refhub.elsevier.com/S0960-1481(15)30298-6/sref31
http://refhub.elsevier.com/S0960-1481(15)30298-6/sref31
http://refhub.elsevier.com/S0960-1481(15)30298-6/sref31
http://refhub.elsevier.com/S0960-1481(15)30298-6/sref32
http://refhub.elsevier.com/S0960-1481(15)30298-6/sref32
http://refhub.elsevier.com/S0960-1481(15)30298-6/sref32
http://refhub.elsevier.com/S0960-1481(15)30298-6/sref33
http://refhub.elsevier.com/S0960-1481(15)30298-6/sref33
http://refhub.elsevier.com/S0960-1481(15)30298-6/sref33
http://refhub.elsevier.com/S0960-1481(15)30298-6/sref33
http://refhub.elsevier.com/S0960-1481(15)30298-6/sref34
http://refhub.elsevier.com/S0960-1481(15)30298-6/sref34
http://refhub.elsevier.com/S0960-1481(15)30298-6/sref34
http://refhub.elsevier.com/S0960-1481(15)30298-6/sref35
http://refhub.elsevier.com/S0960-1481(15)30298-6/sref35
http://refhub.elsevier.com/S0960-1481(15)30298-6/sref35
http://refhub.elsevier.com/S0960-1481(15)30298-6/sref35
http://refhub.elsevier.com/S0960-1481(15)30298-6/sref35
http://refhub.elsevier.com/S0960-1481(15)30298-6/sref35
http://refhub.elsevier.com/S0960-1481(15)30298-6/sref36
http://refhub.elsevier.com/S0960-1481(15)30298-6/sref36
http://refhub.elsevier.com/S0960-1481(15)30298-6/sref36
http://refhub.elsevier.com/S0960-1481(15)30298-6/sref37
http://refhub.elsevier.com/S0960-1481(15)30298-6/sref37
http://refhub.elsevier.com/S0960-1481(15)30298-6/sref37
http://refhub.elsevier.com/S0960-1481(15)30298-6/sref39
http://refhub.elsevier.com/S0960-1481(15)30298-6/sref39
http://refhub.elsevier.com/S0960-1481(15)30298-6/sref39
http://refhub.elsevier.com/S0960-1481(15)30298-6/sref40
http://refhub.elsevier.com/S0960-1481(15)30298-6/sref40
http://refhub.elsevier.com/S0960-1481(15)30298-6/sref40
http://refhub.elsevier.com/S0960-1481(15)30298-6/sref40
http://refhub.elsevier.com/S0960-1481(15)30298-6/sref41
http://refhub.elsevier.com/S0960-1481(15)30298-6/sref41
http://refhub.elsevier.com/S0960-1481(15)30298-6/sref41
http://refhub.elsevier.com/S0960-1481(15)30298-6/sref41
http://refhub.elsevier.com/S0960-1481(15)30298-6/sref41
http://refhub.elsevier.com/S0960-1481(15)30298-6/sref42
http://refhub.elsevier.com/S0960-1481(15)30298-6/sref42
http://refhub.elsevier.com/S0960-1481(15)30298-6/sref42

	Numerical sensitivity analysis of thermal response tests (TRT) in energy piles
	1. Introduction
	2. Analytical interpretation based on the line heat source model
	3. Numerical modeling approach
	3.1. Conceptual model
	3.2. Dimensionless parameters used in data analysis

	4. Results and discussion
	4.1. Differences between natural soil and filling material properties
	4.2. Volumetric heat capacity
	4.3. Shank spacing
	4.4. Pile diameter
	4.5. Comparison between different pipe geometries: Helicoidal, Triple-U and U

	5. Conclusions
	Acknowledgments
	References


