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Abstract

Space heating and cooling represents 63% of total building energy demand. In the present study, the concept
of concrete foundation piles was used as an underground storage medium. This system requires no
additional drilling costs or space, unlike conventional boreholes. A lab-scaled experiment facility was
designed to experimentally investigate the thermal response of a concrete pile during the charging and
discharging processes. The amount of energy stored and released during each process was evaluated. A
flow rate parametric study was also conducted to explore the effect of the laminar and turbulent flow
behaviour. In order to complement the experimental study, an extensive CFD model was developed and
compared with the experimental data. There was good agreement between the numerical and experimental
results for each process at different flow rates. The results revealed that increasing the flow rate increases
not only the heat rejection and extraction but also the storage efficiency.
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1. Introduction

Nowadays, rapid increases in energy demand and greenhouse gas emission rates represent a big challenge.
Most energy production is still dependent on conventional fuel as an energy source. Not only are these
sources not renewable, they also increase greenhouse gas emission rates. According to the 2015 Paris
climate meeting, 130 countries have agreed that the current level of carbon dioxide is catastrophic and must
be decreased[1]. Canada’s nationally determined Contribution to the Paris Agreement on climate change is
to reduce annual emissions to 30 percent below 2005 levels by the year 2030, Canada has reported in
December 2019 that with additional measures scenario, emissions are projected to be only 19% below 2005
levels [2].

Energy costs have increased rapidly in the past few years, calling attention to energy consumption and
energy-efficient systems. One of the highest energy consumers is the residential building sector, which
represents 30% of the total energy consumption around the world. In countries such as the United States
and the United Kingdom, the numbers are closer to 40% [3]. Residential energy consumption is also the
source of over 30% of total greenhouse gas emissions to the atmosphere[3].

1.1 Energy piles and boreholes

Today, many research studies are focused on using building piles to develop ground source heat pumps [4].
Austria was the first country to use the ground source heat pump [4]. By 2017, there were approximately
100,000 units installed around the country, and today, 78 countries around the world are using ground
source heat pumps[5]. The number of ground source heat pumps has increased by 215% between 2005 and
2010 [6].

The ground source heat pump gained this popularity due to its high coefficient of performance and low
running cost. One conventional GSHP type is the borehole system, which consists of two primary sections:
the conventional heat pump and the ground heat exchanger. The vertical type of heat exchangers is the most
common type, due to its high-performance level [6-7]. Normally, the heat exchanger is inserted into a
hollow concrete cylinder, and the rest of the hole is backfilled with grout, which usually consists of either
bentonite or quartz with sand, or a water mixture. Each backfilling material has its own merits. Quartz offers
high thermal conductivity, while bentonite offers high sealing features [8-9]. High-Density Polyethylene
(HDPE) is the most common material for the heat exchanger tubes, with a single or double u-tube
configuration [11].

The working fluid that transfers the energy from/to the heat pump to/from the ground heat exchanger is
usually water. In cold areas, an antifreeze mixture is used to prevent the freezing of water inside the heat
exchanger tube. While borehole systems have proven their ability to boost the performance of conventional
heat pumps, they are not without limitations. These include the lack of drilling space in residential areas,
the unbalanced heating and cooling load throughout the year according to the dominant load, and the high
initial cost of drilling.

The concept of energy piles is based on the use of underground soil as a thermal storage unit. This is
achieved by implementing a Heat Exchanger (HEX) inside the pile’s concrete shell. The HEX is coupled
with a conventional ground heat pump using a circulating fluid. The working fluid transfers the heat
between the condenser of the heat pump and the underground HEX. The heat is then transferred to the
concrete shell, which passes it to the nearby underground soil. Therefore, during the summer season, the
conventional heat pump transfers the heat from the lower temperature side (evaporator), to the higher
temperature side (condenser). Then, the working fluid carries the rejected heat at the condenser to the
ground HEX and finally to the soil. The dissipated energy from the concrete shell to the underground soil



throughout the season increases the average temperature of the underground soil. This cycle can then be
inverted during the winter season. In addition, energy piles can be coupled with a solar collector to store
solar energy during the summer season or during the daytime during the winter season.

One of the terminal gates of the Zurich airport, built in 2003, has 306 concrete piles in its foundation design.
Those foundation piles were used as energy piles, to supply the terminal gate with cooling and heating
loads, and the energy piles provide 85% of the total heating load[12]. The remainder of the heating is
provided by heaters at the peak load. If, for any reason, the energy piles were unable to meet the cooling
load, the heat pump would be reversed to supply the additional cooling load [12].Hokkaido, Japan, also
houses a two-story building that makes use of 26 energy piles at a depth of 9 m for heating, and the
measurements taken during the 1999-2000 winter season revealed 18.3 MWh of heat and a coefficient of
performance of 3.9 [13].

Although energy piles and boreholes serve the same function, energy piles are superior. This is because
boreholes require an empty space for drilling and installation of the borehole system while the building
foundation piles are used in energy pile systems, removing the need for empty space and the cost of the
drilling itself. Lastly, in borehole systems, the borehole must be backfilled with grout. In energy pile
systems, the heat exchanger is completely covered with concrete paste, which enhances the heat transfer
rate and reduces the total cost. Although there will be variability in the temperature of the foundation piles,
which could cause expansion or contraction in the pile dimensions, the ratio of expansion or contraction
will not affect the building structure [14].

1.2 Energy pile design

The design of the energy pile field is restricted by the structural design of the building, as the location,
diameter, and depth of each energy pile are mainly designed for load bearing. Therefore, thermal
interference is expected to occur between the closely located piles[4],[15]. The following table summarizes
the different designs of HEX tubes found on literature studies for boreholes and energy piles, which will
guide to present the HEX design on the current study.

Table 1: heat exchanger configuration and tube materials
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In the previous studies spiral tube HEX was found to have a higher heat transfer rate than double U-tube
HEX [14] and W-tube HEX[18]. While triple U-tube HEX was found to have a higher heat transfer rate
than double U-tube and single U-tube [20]-17], and higher than that of W-tube HEX [20]-
17],[23].Jalaluddin et al. [19] found that increasing the flow rate of the working fluid from 2 I/min to 4
I/min led to an increase in the amount of heat transferred. They only found a slight increase in the amount
of heat transferred after increasing the flow rate from 4 I/min to 8 I/min. Cecinato et al. [25]also concluded
that increasing the flow rate of the working fluid does not significantly impact the performance of the piles.
They concluded that it is adequate to have a turbulent flow inside the heat exchanger tubes. Gao et al. [17]
found that increasing the flow rate of a W-shaped heat exchanger from 0.171 m%h to 0.342 m*h increased
the average heat rejection rate by 49%, while increasing the flow rate from 0.342 m%h to 0.684 m%/h only
increased the average heat rejection rate by 11%. The study concluded that a higher flow rate is not efficient
due to the pressure drop and pumping costs.

None of the previously mentioned studies used a 4 U-loop HEX. So, in the present study a 4 U-loop copper
heat exchanger was inserted inside a lab-scaled concrete foundation pile to investigate its ability to work as
a ground source heat pump system, known as ‘energy piles’. A 4-U tube HEX is easy to manufacture and
install within the presented sample dimension (30 cm x 10cm) than that of spiral HEX. Also, in the present
study, the underground soil was replaced with 3 layers of insulation to study the effect on the concrete pile.
The second paragraph in section 2.1 showed a comparison between the different types of HEX
configuration. The study was conducted experimentally and numerically, and it includes an investigation
of the thermal response of the pile during charging and discharging, the amount of energy stored and
released during each process and the effect of flow behaviour (laminar or turbulent) on the storage
efficiency of the pile, The work aim to present the effect of the flow rate on the thermal behavior,
the storage capacity, and the storage efficiency of the concrete pile itself. In this paper, section 2
presents the experimental setup followed by the uncertainty analysis in section 3. Section 4 focuses on the
numerical model description. Finally, the results and discussions are in section 5.

2. Experimental setup

2.1 Experimental description

An experimental setup was designed to mimic a scaled building foundation pile. The experimental setup
dimensions were 30 cm depth and a 10 cm diameter, with 16 steel bars. Steel bars of 3.6 mm in diameter
were used. Figure 1 shows the main components of the experiment as follow: Data Acquisition (DAQ), 4
U-shaped HEX inserted inside the concrete cylinder, a water bath, a turbine flowmeter, a control valve,
connecting tubes, data processing software and 10 thermocouples (inlet, outlet, surface, ambient and 6
locations inside the concrete).
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Figure 1:Experiment flow diagram

The first step was to bond the steel cage inside the mold base. The original steel bars were 1.5 meters in
length and each bar was divided into five 30 cm portions. One of the ends of each portion was then heated
to penetrate the plastic cup of the mold. After fixing all of the steel bars into the mold base, the steel bars
were connected to a circular copper ring to maintain the circular shape of the steel bar distribution, as shown
in Figure 2 (a). The next step was to insert the four U-loop tubes into the circular steel cage which was then
fastened into the cage. To avoid any significant thermal short circuits due to contact between tubes with
different temperature, the inlet of each U-loop was designed to be attached to the inlet of the next U-loop.
The same is true for the exit of each U-loop, and a small distance left between HEX legs to allow space for
tubes and clamps as shown in Figure 2 (b).



() Re-bare cage (b) Re-bare cage with u-loops
Figure 2: Experimental rebar cage

The thermocouples were then plugged into the sample. The expectation was that the sample would be
symmetric along the yellow and red lines, as shown in Figure 3. In order to measure the temperature
distribution across these lines, three thermocouples were used in each line, the location of each
thermocouple is shown in the figure. All of the thermocouples were at a depth of 15 cm from the top of the
concrete sample (so as to be in the middle of the concrete sample). Thermocouples 1, 2, and 3 were at radii
of 0 mm, 14 mm, and 28 mm, respectively. The use of a fourth thermocouple at a radius of 42 mm was
planned, but the re-bar cage and the heat exchanger prevented the fastening of that thermocouple without
making contact with the heat exchanger tubes.

Figure 3: Symmetry lines and thermocouples locations

A concrete paste with a water-weight-per-cement-weight ratio(w/c) of 0.5 was then poured into the sample,
as shown Figure 4(a), and left for 7 days to completely solidify. After the solidification process, the sample
was ready to be connected with the water tubes, inlet and exit thermocouples, and the flow meter. The inlet
tube was divided into two branches and each branch was divided into two 6.35 mm tubes to supply the inlet
flow rate of water. The same was done for the exit tubes. The inlet and outlet thermocouples were located
20 cm away from the tube’s inlet and outlet, respectively.



The last step was the insulation process. A 20 cm heavy-duty cardboard with a height of 40 cm was used
to contain the entire sample (30 cm) with 5 cm extra on the top and bottom. The insulation used was spray
foam insulation suitable for gaps of 7.5 cm or less. After 3 days, the sample was ready for testing, as shown
in Figure 4(b).

@) Concre'paste pouring () Sample with insulation
Figure 4: Concrete pouring and insulating processes

2.2 Experimental procedure

The primary objective of the present study was to determine the thermal behaviour of a real energy pile
storage system. It is important to note that the average initial temperature of all the 6 thermocouples inside
the concrete was around 8.7°C corresponding to the ground temperature range of soil in Ontario, Canada,
which is between 8 and 10°C [26]. The concrete pile was cooled down from the ambient temperature (20°C
+ 2°C) to the required initial temperature by passing water through the heat exchanger from a water-bath,
at which the water initial temperature was (18°C £ 2°C) , and it decreased gradually to reach 8.7°C.the
water-bath was connected to the sample with clear polyvinyl chloride (PVC) tubes with 9.5 mm diameter.

After the precooling process, the heating process was initiated. The desired maximum heating temperature
was 35°C. This temperature was used to investigate the ability of the energy pile to be coupled not only
with the cooling/heating system, but also with a solar energy system. The water-bath provides a more
realistic simulation of the actual process of the energy pile storage system, as the coupled heat pump outlet
water temperature increases gradually at the beginning of the summer season. In addition, if the system was
coupled with a solar collector system, the solar collector output water temperature would gradually increase
during the day time to reach the peak value, then decrease again during night time.

The charging process time period was 1.5 hours and the cooling process started immediately by changing
the set-point temperature from 35°C to 6°C. Although the response of the water-bath to heating was faster
than its response for cooling, the discharging process also lasted for 1.5 hours.

In a real borehole design, the flow rate in the underground HEX for 1 ton of refrigeration is 3 gallons per
minute [27]. The calculations were based on the same Reynolds number inside a real tube with a diameter
of 3.4 cm and an experimental tube with a diameter of 0.425 cm. The experimental flow rate was calculated
to be 1471 ml/min (0.3822 gallons per minute).



3. Uncertainty analysis

The experimental procedure was conducted 3 times for a flow rate of 1471 ml/min in order to analyse the
random error associated with all 10 thermocouples used to measure the temperature at 10 different
locations. All of the thermocouples used were of type k, with an error of 0.75%, which was considered a
systematic error at all of the thermocouples. The random error calculations were obtained by using the
Taylor method [28] as follows:

If X1, Xo, cvonee , Xndenote N separate measurements of one quantity x, then we define
1 N
X = NZ X 1)
i=1
N
1 o 2
ox = —N_lzl(xi—x) @
=

And the random error will equal to gy, while the combined error will equal to the sum of systematic error
and the random error.

The max uncertainty for each thermocouple was as the following:

Table 2: Maximum uncertainty values at each location

Thermocouple number Radius(mm) / Max Percentage of
Function uncertainty(°C) reading
Th1(Thermocouple#l) 0 0.364075 1%
Th2(Thermocouple#2) 14 0.394986 1.1%
Th3(Thermocouple#3) 28 0.424844 1.2%
Th4(Thermocouple#4) 0 0.355115 1%
Th5(Thermocouple#5) 14 0.370302 1%
Th6(Thermocouple#6) 28 0.417976 1.2%
Th7(Thermocouple#7) Inlet 0.464656 1.3%
Th8(Thermocouple#8) Outlet 0.43654 1.2%
Th9(Thermocouple#9) Surface 0.436444 3%
Th10(Thermocouple#10) Ambient 0.811249 3.3%

For the propagation of uncertainty to the value of heat transfer rate, the following Taylor method
[28] has been used:

50 = (2L sur) +(2s0) ®
4 9AT 20
Where 3q is the uncertainty in heat transfer rate, AT is the temperature difference between inlet

and outlet and Q is the volumetric flow rate of the flow meter. The accuracy of the turbine flow
meter was + 6% and the total uncertainty was calculated to be 11%



4. Numerical Model Description

The numerical results were obtained using the finite element technique [29]in order to allow for a
comparison with the experimental results.

4.1 Governing Equations

In this study, the three-dimensional numerical model was created by using the finite elements techniques
(COMSOL Multiphysics) for the experimental setup. Four U-loop heat exchangers were placed into
concrete, wherein this 4 U-loop was characterized with outer and inner diameters given to be 6.35 mm and
4.35 mm, respectively. Figure 5 (a) shows the four main layers which have been used to simulate material
surrounding the U-loops. The layers consist of a concrete material layer, PVC layer, insulation material
layer, and heavy-duty cardboard material layer. Table 3 gives a summary of the thermal properties of
each of the layers. It should be noted as well that a tetrahedral element was utilized in describing the
numerical domain as shown in Figure 5(b), and an analysis of grid independence was conducted.

10 o

Heavy-duty cardboard

Cement

10

Foam insulation
(a) (b)
Figure 5:Model geometry and meshing

Table 3:Layer properties [29][30][31][32]

Thermal Conductivity

Material Density (kg/m®) (W/m.K) Specific heat (kJ/kg.K)
Foam insulation 35 0.024 1.45
Cement paste 1500 0.7 0.7
PVC 1380 0.19 1
heavy-duty cardboard 900 0.21 1.88
Re-bar steel 7850 44.5 457
Copper 8960 401 385

Using these assumptions, a system of governing equations was obtained to describe the heat transfer and
fluid flow through the U-loop HEX. The current problem involves the interaction between the fluid flow of
the heat transfer fluid (e.g. water) and the thermal energy transfer and storage through the concrete. The
equations are as follows:

Energy conservation equations inside solid domains (e.g. concrete):

10
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Nusselt number inside the U loop HEX is obtained as follow [33]:

Nup = 0.023 Re‘}/5 Pr® (Turbulent Flow) (5)
Nup = 3.66 (Laminar Flow) (6)

In the above equations ps is density of solid layers (e.g. concrete), cpsis specific heat of solid, U (u, v, w)is

the velocity field vector, T is the temperature, k is thermal conductivity of solid, Nup is Nusselt number,
Rep is Reynolds number, Pr is Prandtl Number, and n is a constant given to be 0.4 for cooling and 0.3 for
heating.

Fluid Flow Model:

(1 A cpl) + (p.A.Cp) UVT = V.(A. k). VT) + = f —|U| U? )

Where p; is liquid’s density, cplis liquid’s specific heat, k; is liquid’s thermal conductivity, f is the friction
factor of the U-loop HEX tube and A is the cross-section area of the U-loop HEX tube. The convergence

criterion at each iteration is set as follows: at every iteration, the average relative error of U and T are
computed. These are obtained via the following relation:

i=mJj=
S+1 S
FU

FS+1

(8)

i=1 j=
where F represents one of the unknowns, viz., u, v, w or T and s is the iteration number and (i, j) represents

the co-ordinates on the grid. Convergence is reached if R for all the unknowns is below 1 x 107% in two
successive iterations.

4.2 Boundary and initial conditions

At the beginning of each experiment, for any flow rate, the average initial temperature at any point inside
the concrete portion was approximately 8.7°C. The inlet water temperature profile was nearly the same as
shown in Figure 6 (a). The ambient temperature profile for all of the experiments was as shown in Figure
6 (b), with an average temperature of approximately 22+ 0.5°C. All the previous conditions were used as
input data for the numerical model.

11
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Figure 6: Inlet and ambient temperature during each flow rate

4.3 Mesh Independence Analysis

In the present finite element study, a tetrahedral element was used to describe the numerical domain. In
order to examine the grid sensitivity, the maximum outlet water temperature was predicted over the outlet
surface of the HEX leg for different numbers of domain elements, as shown in Figure 7. The number of
elements used was 1,500,916 and the relative error variation was less than 0.015.
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Figure 7: Mesh independence analysis

5. Results and Discussion

5.1. Outlet water temperature

Figure 8 (a) shows the experimental inlet and outlet water temperatures versus time. As the figure shows,
at the beginning of the charging process, there is almost no difference between the inlet and outlet
temperatures. As previously mentioned, the temperature of the inlet water increased gradually from 8.7°C
to 35°C. Then, as the inlet water temperature increased, the difference between the inlet water and outlet
water temperature could be clearly seen.

After around 1/2 hr. of charging, the inlet temperature became nearly stable and the difference between the
inlet and outlet temperatures reached its maximum value. At this point the temperature of the concrete

12



sample was increasing and the heat transfer rate between the water and the concrete sample began to
decrease. This could be seen during the period from 1/2 hr. to 2 hr. The charging process was terminated
after 1 % hr. and the discharging process was started. However, the temperature difference inverted after
around 2 hr. due to the response of the water-bath.

At the beginning of the discharging process, the temperature difference was almost zero and the water-bath
started to cool down the inlet water temperature using fans only. The refrigeration system was then turned
on and the inlet water temperature began to decrease rapidly until the end of the discharging process at 3
hr.

Figure 8 (b) illustrates the experimental and numerical outlet water temperatures versus time during the
charging and discharging processes. The figure shows that the numerical predictions are in line with the
experimental data. However; there was a variation in temperature difference between the inlet and outlet
temperature experimentally and numerically. The cause of this variation could be referred to two reasons
(i) the distance between the inlet thermocouple and the sample (ii) the branching of the inlet tube to four
different tubes and the same at the outlet tubes
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(a) Experimental inlet and outlet temperature profile (b) Experimental and numerical outlet temperature
profile

Figure 8:Inlet and outlet water temperature for Q=1471 ml/min

5.2. Temperature distribution along the radius of the sample

Figure 9 shows an isometric view of the experimental temperature distribution along the radius of the
concrete sample at any time during the charging and discharging processes. The three vertical lines
represent the temperature variation at each thermocouple with time, while the horizontal lines represent the
temperature slope at each time step. As the figure shows, at the beginning of the charging process, the
temperature slope was negligible, as the working fluid and the concrete were initially at the same
temperature. After the charging process was underway, the temperature slope changed to allow the heat
transfer from the heat exchanger to the centre of the sample. At the end of the charging process, the
temperature slope became negligible again, as the temperature at all the points reached its maximum and
the heat transfer between the heat exchanger tubes and the concrete was discontinued. The discharging
process was then initiated. As the figure shows, the temperature slope was gradually inverted to allow the
heat extraction during the discharge process.

The figure also shows that the final temperature distribution of the sample, at the end of the discharging
process, wasn’t the same as the temperature distribution at the beginning of the charging process. This

13



indicates that the amount of heat input during the charging process wasn’t the same as the amount of heat

extracted during the discharging process. These amounts are discussed briefly in the storage efficiency
section.
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Figure 9: Temperature slope along the radius with time Q=1471 ml/min
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Figure 10:Experimental and numerical temperature variation with time Q=1471 ml/min

Figure 10 reveals the temperature profile at each of the six thermocouples numerically and experimentally.
As shown, the numerical predictions of concrete’s thermal response were in line with the experimental
results. Although, the numerical predictions showed that the sample is ¥4 symmetrical, there were a small
variations experimentally between the thermocouples located at the same radius i.e. (thermocouple 3 and
thermocouple 6).This may occurred due to the deviation of the thermocouple’s location during the
experimental setup and/or the movement of their tips during the concrete pouring.

Although the charging process was terminated after 1% hr , Figure 10 revealed that the temperature of
thermocouples 1 and 4 continued to increase until around 2 hr. This trend is caused by the transitional heat
transfer inside the sample. When the discharging process was initiated, the concrete volume between the
heat exchanger tubes and the centre of the sample started to dissipate its energy towards the tubes and the
sample’s core. The sample’s core temperature was then increased.
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Figure 11 shows the numerical thermal map for specific vertical and horizontal sections at the beginning
and end of each process. The vertical section was at a radius of 0 mm, while the horizontal section was at
a depth of 15 cm. Figure 11 (a) and 11 (d) show the thermal map of the vertical and horizontal sections of
the sample at the beginning of the charging process (t=0 hr.). Both figures show that the initial temperature
distribution inside the concrete sample was homogenous and around 8.7°C. The figures also show that the
temperature of the heat exchanger tubes was slightly lower than the temperature of the concrete sample, to
allow heat transfer from the sample to the HEX.

After 1% hr., the charging process was terminated and the discharging process was initiated. Figure 11(b)
and 11(e) show the thermal map of the aforementioned sections during this period. The figures represent
the temperature variation inside the concrete sample, where the heat exchanger tubes were working as a
heating element and the concrete sample was working as an energy storage medium up to this point. After
this point, the situation was inverted and the heat exchanger tubes began extracting the energy stored in the
sample. Figure 11 (c) and Figure 11 (f) show the same two sections at the end of the discharging process
at which the temperature inside the concrete sample was around 13-15 °C . The difference between the
temperature distribution at the beginning of the charging and the end of the discharging indicates that the
amount of heat extracted was less than the amount of heat injected to the concrete, which leads to a decrease
in storage efficiency, as shown in the storage efficiency calculation.
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Figure 11: Thermal map for vertical and horizontal sections at the beginning and end of each process Q=1471 ml/min

5.3. Ambient and surface temperature

Figure 12 shows the variation of the surface and ambient temperatures during the charging and discharging
processes. At the beginning of the charging process, the surface temperature was at its minimum value of
20.2 °C, which was lower than the ambient temperature. This difference was caused by the pre-cooling
process. After the charging process moved forward, the surface temperature began to increase to reach its
maximum value of 23.6 °C, while the ambient temperature stayed nearly steady at 22.5°C. After the cooling

process was initiated, the surface temperature began to slowly decrease. This figure proved that the
insulation used for the concrete sample was efficient.
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Figure 12: Insulation outer surface temperature with ambient temperature at Q=1471 ml/min

5.4. Effect of different flow rates

To study the effect of different flow rates on the performance of the energy piles, turbulent and laminar
flow rates were examined. As previously mentioned, the real flow rate of the working fluid inside the energy
pile heat exchanger tubes is 3 gallons per minute for each 1 ton of refrigeration (according to heat pump
manufacturer). For the same Reynolds number inside the sample, the calculated flow rate was 1471 ml/min.
The aim was to investigate half and double of this value (735 ml/min and 2940 ml/min, respectively). The

maximum flow rate the water-bath could supply without using an external pump was 2100 ml/min. This
value was therefore used instead of 2940 ml/min.
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Figure 13 shows the effect of different flow rates on the outlet temperature profile and the temperature
difference between the inlet and outlet flow of each flow rate during the charging and discharging processes.
Figure 13 (b) revealed that increasing the flow rate decreased the absolute temperature difference between
the inlet and outlet. The figure also shows that increasing the flow rate from 735 ml/min to 1471 ml/min
decreased the average temperature difference during charging and discharging by 51% and 63%,
respectively. While increasing the flow rate from 735 ml/min to 2100 ml/min decreased the average
temperature difference during charging and discharging by 60% and 65%, respectively. The figure also
shows that at the beginning of the charging process the difference began to increase gradually, until the
inlet water temperature reached its maximum value after around % hr., and then it started to decreases again
till the end of the process.
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Figure 13: Effect of different flow rates on the outlet temperature profile

5.5. Energy storage and storage efficiency

In order to investigate the ability of the concrete piles to store and release energy, the amount of energy
stored and extracted within the concrete sample boundaries was calculated during the charging and
discharging processes. Figure 14 (a) showed the heat transfer rate from the wall of the HEX tubes
throughout the experiment. For the flow rate of 735, 1471 and 2100 ml/min, the total amount of heat rejected
was 16.56, 16.86 and 17.16 kJ/kg, respectively. While the amount of heat extracted was 12.5, 12.9 and 14.2
kJ/kg, respectively. Increasing the flow rate increased not only the amount of the heat rejected and extracted
from the concrete but also the concrete storage efficiency, as increasing the flow rate inside the HEX tubes
increased the heat transfer coefficient inside the tubes which increased the total amount of energy rejected
during the same period of the charging process, the same trend occurred during the discharging process.
The ratio between the heat add and extracted during the charging and discharging, respectively. The results
also revealed that for the same charging and discharging time period, none of the flow rates could extract
all of the heat stored in the sample. Not only does this affect the storage efficiency of the sample, it also
increases the average underground temperature with each cycle since the energy that is removed will
dissipate into the soil underground on the real case energy piles. The following table summarize the total
internal energy at the beginning and end of each process, the total heat rejected and extracted and the storage
efficiency with the different flow rates.
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Table 4: effect of flow rate on storage efficiency
Flow rate (ml/min) 735 1471 2100
Average initial temperature (°C) 8.69 8.68 8.66
Percentage increase in mass flow rate - 100 185.7
Total internal energy of concrete at the beginning of charging (J/kg) -7857.3 -7857.3 -7857.3
Total internal energy of concrete at the beginning of discharging (J/kg) 8702 9002.5 9298.8
Total internal energy of concrete at the end of discharging (J/kg) -3832.3 -3922.7 -4868.6
Total heat input during charging (J/kg) 16559.3 16859.8 17156.1
Total heat extracted during discharging (J/kg) 12534.3 12925.2 14167.4
Storage efficiency 0.756 0.766 0.82

6. Conclusion

A lab-scaled energy pile (10 cm in diameter, 30 cm in length with a 4-U-loop heat exchanger) was created
to experimentally and numerically investigate the thermal response of a concrete foundation pile to charging
and discharging. The study also looked at the effect of different flow rates (735, 1471 and 2100 ml/min) on
the performance of the energy pile. The following points summarize the results of the study:

e The Numerical predictions are inline with the experimental results on terms of the thermal response of
the concrete, and the outlet water temperature profile during the charging and discharging processes for

different flow rates.

e The numerical model could be used to predict the effect of different operating conditions (charging
period, discharging period, maximum inlet water temperature, length of the energy pile, location of the
heat exchanger, or the diameter of the heat exchanger tubes) to optimize the operating conditions of

that energy pile sample without any experimental cost.
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o The numerical and experimental results showed the ability of the energy pile to store and release energy,
which could be a solution for high energy consumption rates in the residential building sector. This
could also be a suitable thermal storage medium for intermittent solar energy radiation.

e The investigation of different flow rates revealed that increasing the flow rate increases not only the
amount of energy stored and released by the energy pile but also the storage efficiency of the system.
For the flow rate of 735 ml/min, 1471 ml/min, and 2100 ml/min the storage efficiency was found to be
75%, 76% and 82%, respectively.

e The ratio of the heat extracted to the heat stored was less than unity at each flow rate, hence, the
remaining part of this energy will dissipate into the nearby underground soil in the real case scenario,
which will increase the average temperature of the underground soil.
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