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a b s t r a c t

In this study, a laboratory-scale prototype of a borehole field has been designed and built to assess
various innovative grouting products in a fully controlled environment. Three novel grout formulations
are developed and evaluated: enhanced grout, a mixture of enhanced grout and microencapsulated
phase change material, and a mixture of enhanced grout and shape stabilized phase change material. The
objective is to evaluate the enhancement in their thermal properties (i.e., thermal conductivity and
thermal energy storage capacity) compared to those using a commercial reference grout. Besides, three-
dimensional numerical modeling is performed to provide a better understanding of the heat transfer and
phase transition inside and outside the grout columns and to study the capability of the developed grouts
to be used in a borehole heat exchanger or as borehole thermal energy storage system. To the best of the
authors' knowledge, there have been just a few numerical studies on using phase change materials inside
borehole heat exchangers to assess thermal energy storage applications. The experimental and numerical
results showed much higher efficiency of the grout developed with a high thermal conductivity than the
reference grout in terms of heat transfer in both the grout column and the surrounding sand. Further-
more, the results indicated the noticeable influence of the microencapsulated phase change material's
presence in the grout formulation in terms of heat absorption/storage during the phase transition (from
solid to liquid). However, it is concluded that reengineering shape stabilized phase change material
should be conducted to make it more appropriate for thermal energy storage applications.
© 2022 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND

license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Shallow geothermal energy (SGE) is becoming a key driver in
the energy transition to a future without fossil fuels and promoting
renewable energies. SGE can play a vital role in the reduction of CO2
emissions from the building air-conditioning sector. The ground
source heat pump (GSHP) falls into the SGE division, in which a
borehole heat exchanger (BHE) is considered one of the main
components [1e5]. The most widely developed underground
thermal energy storage (UTES) systems are based on boreholes
Ltd. This is an open access article u
(borehole thermal energy storage (BTES)) or aquifers (aquifer
thermal energy storage (ATES)) and are mainly applied for seasonal
energy storage. Energy storage by ATES systems requires a suitable
aquifer, where at least two thermal wells are installed. ATES sys-
tems extract groundwater from a well, exploit it energetically, and
then re-inject it into the aquifer through another well. Further-
more, thermal energy can be stored underground employing BTES
systems. BTES systems use the underground for storing thermal
energy and are adaptable to almost any ground conditions. These
systems consist of one or several boreholes to store energy un-
derground for later use, in general seasonally, with several typol-
ogies, from single buildings to large-scale commercial buildings or
district heating network systems coupled to a GSHP. BTES allows
heat to be injected into the ground during the summer and
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Nomenclature

Cmush Mushy zone constant
Cp Specific heat capacity (J$kg�1 K�1)
gi Gravitational acceleration (m$s�2)
ht Total enthalpy (J$kg�1)
hsens Sensible heat enthalpy (J$kg�1)
hlat Latent heat enthalpy (J$kg�1)
href Reference enthalpy (J$kg�1)
Lf Latent heat of phase change material (J$kg�1)
Se Source term of energy equation
Si Source term of momentum equation
t Time (s)
T Temperature (K)
vi velocity component of the i direction (m$s�1)
v Circulation fluid velocity (m$s�1)
V
!

Velocity vector (m$s�1)

vp Velocity of solidifiedmaterial moving throughout the
computational cells (m$s�1)

Greek Symbols
b Liquid fraction of phase change material
m Dynamic viscosity (Pa$s)
r Density (kg$m�3)
l Thermal conductivity (W$m�1 K�1)

Abbreviation
BHE Borehole heat exchanger
BTES Borehole thermal energy storage
GHE Ground heat exchanger
GSHP Ground source heat pump
MPCM Microencapsulated phase change material
SSPCM Shape stabilized phase change material
SGE Shallow geothermal energy
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extracted to satisfy the heating needs in the winter or vice versa
[6,7].

To improve such systems andmake themmore cost-competitive
for consumers, materials that enhance thermal storage in BHEs are
currently being studied. Numerical analyses have been conducted
to verify the impact of the use of phase change materials (PCMs) in
geothermal borehole grouting, e. g. using a mixture of n-decanoic
acid and lauric acid (DLC) [8], and found that the use of PCM has
certain advantages over the use of standard grouting [9,10]. Ther-
mal energy partial storage and release from changes in the PCM
structure reduce the sensible heat exchange in the soil [11]. The use
of microencapsulated PCM (MPCM) could decrease the required
BHE length (about 7%) when the thermal conductivities of the PCM
and grout are close to each other for a given PCMmelt temperature
[12]. The use of PCM grouts with a thermal conductivity compa-
rable to an ordinary grout has been observed to improve the effi-
ciency and operational stability of a GSHP system [13,14], validated
by experimental results [15]. Enhanced thermal performance is
observed with the addition of PCM to the grout in different bore-
hole configurations: coaxial ground heat exchangers (GHEs) [16],
U-tube GHEs [17e19], horizontal GHEs [20e22], experimental
GHEs [23e25], novel vertical air-soil heat exchangers (VASHEs) [26]
or earth-to-air heat exchangers (EAHEs) ventilation systems [27].
The performance analysis of cascade PCM heat exchangers in
geothermal district heating systems has also been carried out [28].

The use of thermal storage enhancers in BTES has also been
generally analyzed, noting that the performance of the energy
storage system can be significantly improved by incorporating PCM
storage units [29] and its effect on the electric load shifting in
building demand-side management [30]. The effect of the energy
capacity of PCM during the chargeedischarge phases with latent
heat storage has also been analyzed [31,32], but the high-frequency
intermittent mode might not be suitable for BHE with PCM back-
filling [33]. Some examples of numerical modeling and energy
simulations of GHEs are BHEs integrated with hydrated sodium
sulfate as thermal energy storage (TES) [34], PCM-Sand mixture
ring around the borehole wall of a BHE [35], PCM containers
implemented in building foundation piles as a BHE [36,37]. Addi-
tionally, family residences using a GSHP system integrated with a
PCM storage tank [38], MPCM slurry as the working fluid in a tree-
shaped BHE [39], and partially charging and discharging a PCM TES
tank in a commercial building [40]. Also, two examples of PCM
usage in the horizontal GHE include horizontal GHE integratedwith
the panel form of PCM as TES [41] and horizontal GHE integrated
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with microencapsulated paraffin and soil as TES [42]. Also, two
kinds of PCMs have been evaluated for latent heat thermal energy
storage (LHTES) applications [43].

Nevertheless, considering the past articles being studied, there
have been only a few numerical studies on implementing PCM in
the BHEs, and the TES application of BHEs has not yet been
explicitly examined. Therefore, in this research, two laboratory
tests, including single-column and four-column tests, have been
conducted to evaluate various grouting materials that can be used
in the BHE or BTES systems. In the first test, a single grout column
containing a reference grout (commercial grout) is examined to
learn more about the system's behavior, the potential defects, so-
lutions, and verification of the numerical modeling. In the second
test, four grout columns backfilled with different materials such as
reference grout, enhanced grout, enhanced grout with MPCM, and
enhanced grout with shape stabilized PCM (SSPCM) were simul-
taneously tested to provide the same conditions for all grout col-
umns. Moreover, 3D numerical simulation of the two laboratory
tests is conducted to understand better the heat transfer and phase
transition occurrence inside the sandbox.

2. Laboratory test

The laboratory test was principally based on the circulation of a
heat carrier fluid with the constant temperature inside a pipe
centrally located in a sandbox's grout column. The grout thermal
conductivity variation used in the grout column are reflected in
different temperature field changes inside and outside the column,
which were measured using different sets of thermocouples. Each
grout column was placed in the sand which was compacted using
water and then completely drained out to simulate soil conditions
like a BHE/BTES system. The sand was chosen due to simplicity in
handling (the box was filled and unloaded using shovels) and
economic reasons [44,45]. Also, the compaction with water pro-
cedure assumingly created the same soil density, water saturation,
and thermal properties around columns. Thermo-physical proper-
ties were measured once based on the same assumption. The grout
columns used in the experiments are 190 mm in diameter and
1000 mm in height. A single Polyethylene (PE) pipe with 20 mm in
diameter was located in the center of each column for heat injec-
tion through water circulation. Although the test setup is larger
than bench laboratory tests, the grout columns' heights are still
small compared to the real borehole. This test did not reflect reality
fully; instead, it created controlled conditions focused on grout
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thermal performance and temperature distribution around the
heat source (pipe). The single pipe was chosen for the sake of
simplicity as a heat injector. The circulation fluid temperature was
varied between 20 �C and 50 �C to trigger the temperature field
change. The temperature range was chosen on the basis of the
PCMs' melting and crystallization temperatures (sufficiently high
and low than the phase transition temperatures), which was
planned to be used in the laboratory test.

2.1. Description of the laboratory test

In this study, the sandbox was used in the test rig was built on
two wooden pallets to provide a flat and firm basis for safe trans-
portation (Fig. 1 (a)). The sandbox walls were made of 12 mm
laminated water-resistant plywood sheets, which are widely used
to prepare concrete molds in the building industry. The supporting
frames were made of 100 &times; 50 mm wood boards to prevent
any potential deflection in the walls. The sandbox was then
completely insulated (from all sides) with 100 mm styrofoam
thermal panels (see Fig. 1 (a)). A circulation pump was used to
circulate the heat carrier fluid (i.e., water) within the system. An
open surface water tank (60-L plastic container) with a heater was
employed in the test setup to provide the designated constant
temperature in circulating water along with the experiments. The
temperature of water in the heating phase (heat from 20 �C to 50 �C
and maintain a constant level) was controlled by a digital ther-
mostat and a 2 kW heater. To provide the possibility of heating and
cooling for the circulating water (without changing the test setup),
the water tank, with the installed heating system, was placed in a
cooling chamber. To allow cool-down in the cooling phase, as
shown in Fig. 1 (b), (reduce the water temperature from 50 �C to
20 �C and maintain in constant level), the water tank was placed in
a cooling chamber with a temperature set to 0 �C (work in
continuous mode). The water tank's heating system (including a
heater, a digital thermostat, and a temperature sensor) was kept
operational during the cooling phase to prevent water from over-
cooling. Moreover, the molds used for casting the grout columns
are cardboard molds, which could be used for casting concrete
foundations. The cardboard molds' inner walls were covered with
Fig. 1. The single-column test rig: (a) The sandbox, cooling chamber, and data acquisition sy
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plastic tape to preventmoisture loss from the fresh groutmix (Fig. 2
(a)). The PE pipe was placed in the mold's center and secured with
twometal lids (Fig. 2 (b)). Besides, a metal bar was placed inside the
pipe during the setting time to support the PE pipe and keep it
straight while the grout was still in fluid form.
2.2. Mixing, casting, and curing of the developed grouting materials

A twin shaft handheld mixer was used in this study to obtain a
proper dispersion of the solid particles in the grout suspension
during themixing process. Amixerwith amaximum rotation speed
of 950 rpmwas applied in all mixing processes. The dual propellers
rotating in opposite directions apply sufficient shear to provide the
required dispersion. The mixing procedure was kept the same for
all five grout columns (single- and four-column tests) as follows:

- The dry component was poured in a plastic container and pre-
mixed in dry conditions with the same mixer (with low speed).

- The required water (the amount of water needed for one gout
column) was poured into another plastic container.

- The dry mixed components were slowly added to the water
while mixing at a low speed for about 2 min.

- The primary mixing was then continued for about four more
minutes, resulting in 6 min of the mixing process in total.

The casting process of each grout column was performed
manually by filling the mold (Fig. 3 (a)) through a funnel with an
attached hose. The end of the hose reached the bottom of the mold
to provide the possibility of bottom-up filling. After demolding, the
grout columns were wrapped in plastics and filled with water for
curing for up to 28 days (Fig. 3 (b)). Two grout formulations were
used to prepare the grout columns in this research, with and
without PCM. All the quality control tests were performed on fresh
grout, e.g., wet density test, marsh cone test, the flow table test, and
bleeding test. Furthermore, quality control tests were also con-
ducted for the hardened grout, including a compressive strength
test, thermal conductivity test, and latent heat test (only on the
grout with PCM).
stem, and (b) Water tank with a mounted heating system inside the cooling chamber.



Fig. 2. Grout column used in the tests: (a) Cardboard mold fixed on a wooden pallet and the inner mold surface covered by plastic tape, and (b) Metal lid used to center the PE pipe.

Fig. 3. Casting and curing of the grout columns: (a) Filling the grout through the funnel, and (b) Curing the grout columns.
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2.3. Single-column test

2D schematics, the geometrical parameters, and a picture of the
sandbox in the single-column test are shown in Fig. 4. The sandbox
was a thermally insulated cubic box with a 1000 mm edge length,
comprising one column with 190 mm in diameter placed in the
center of the box. The column consisted of circulation fluid, single
pipe, reference grout, and silica sand, which was previously fully
saturated with water to provide sufficient compaction and then
791
drained out. The circulation fluid entered at the top of the PE pipe
with 1000 mm length and exited from the bottom. In this test, a
flow rate of 1800 L/h was considered for the circulating fluid to
assure turbulent flow conditions. Thermo-physical properties of
the sandbox and geometry details, simulation conditions, and
thermocouple positions for the first test are presented in Tables 1
and 2, respectively.

In the test setup, the temperature field in the sandbox (inside
and around the grout column) was measured using several



Fig. 4. 2D schematics, the geometrical parameters, and the picture of the sandbox in
the single-column test: (a) Top view, (b) Front view, and (c) The grout column installed
in the box filled with silica sand.
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thermocouples located at various distances from the center of the
grout column (Fig. 4 (a), and (b)). As illustrated in the figures, in the
single-column test, eight temperature sensors (G1, G2, G3, G4, S1, S2,
S3, and S4) were installed inside the sandbox to measure the
792
temperature at various distances at a depth of 500 mm. The first
thermocouple was attached to the surface of the centrally located
pipe. The thermocouples in each grout column were secured in
position along with a wooden stick using cable ties so that the heat
transfer in the grout column was not significantly affected (Fig. 5).

2.4. Four-column test

In the four-column test, the test setup is slightly modified to
perform the test with the four grout columns simultaneously as
described below:

1. Grout column 1 made of a commercially available grout as a
reference

2. Grout column 2 made of grout with high thermal conductivity
3. Grout column 3 made of grout with high thermal conductivity

and high thermal storage capacity by incorporation of MPCM
4. Grout column 4 made of grout with high thermal conductivity

and high thermal storage capacity by incorporation of SSPCM

Fig. 6 depicts 2D schematics and the geometrical parameters of
the sandbox in the four-column test. The sandbox was divided into
four sections using 40 mm extruded polystyrene insulation plates
to accommodate all four grout columns in the set. Accordingly, two
of the four thermocouples installed in the sand around the grout
column in the single-column test must be discarded, applying two
thermocouples with smaller distances. Therefore, as shown in Fig. 6
(a) and (b), six temperature sensors of G1, G2, G3, G4, S1, and S2 were
installed inside each section of the sandbox to obtain the temper-
ature data at various distances at a fixed depth of 500mm. Thermo-
physical properties of the sandbox and geometry details, simula-
tion conditions, and thermocouple positions for the second test are
given in Tables 1 and 2, respectively. Note that there was a relative
error of up to 10% in the thermo-physical properties of the devel-
oped grouting materials measured in the laboratory. In this setup,
similar PE pipes (with the same diameter) were applied in four
grout columns as used in the previous test. The flow rate of 1800 L/h
is calculated based on circulation pump technical data and divided
between four pipes/columns; nevertheless, the fluid flow regime is
still turbulent in all four columns. To reduce the possibility of
moisture loss in the sand (and consequently the possibility of
change in the sand thermal conductivity in time during the test),
the inner walls of the test box were covered with plastic. As in the
previous test, the box was filled with silica sand after installing the
grout columns. Afterward, the sand was compacted using water
and then completely drained out (Fig. 7 (a)). The centrally located
PE pipes in the grout columns were symmetrically connected with
the brass fittings to connect the grout columns to the circulation
pump, ensuring similar flow rates in all four grout columns (Fig. 7
(b)). Also, all pipes and hoses were thermally insulated.

3. Numerical simulation

In the numerical approach, a 3D unsteady numerical model of
the sandbox is simulated by using Ansys Fluent 18 software. The
most common commercially available CFD programs technique is
the finite volume method (FVM) applied in this numerical
modeling. FVM is efficient in conserving the continuity, mo-
mentum, and energy equations, even in coarse grids. Besides, FVM
benefits memory usage and speed in turbulent flow computation,
higher speed flows, vast geometries, etc. Since the sandbox was
thermally insulated in both tests, including the single-column and
four-column tests, the insulation walls (outer walls) were consid-
ered adiabatic in the numerical simulation. Additionally, in the
four-column test, where the sandbox was divided into four sections



Table 1
Thermo-physical properties of the sandbox.

Material Thermal conductivity (W/m.K) Density (kg/m3) Specific heat capacity (J/kg.K) Latent heat (kJ/kg) Phase transition temperature (�C)

Circulation fluid (Pure water) 0.6 998 4260 e e

Pipe (Standard PE 100) 0.421 960 2600 e e

Grout Reference grout 2 1520 750 e e

Enhanced grout 2.7 2000 800 e e

Enhanced grout þ MPCM 1.025 1510.00 1593.15 24.36 23.5e28.8
Enhanced grout þ SSPCM 2.17 1760.00 1959.12 25.00 20e30

Silica sand 2.65 2647 830 e e

Table 2
Geometry details, simulation conditions, and thermocouple positions.

Parameters Value Unit

Sandbox, W £ Y £ Z 1000 � 1000 � 1000 mm3

Pipe length, L 1000 mm
Pipe inner diameter, D1 16 mm
Pipe outer diameter, D2 20 mm
Grout column diameter, D3 190 mm
Grout column depth, H 1000 mm
Insulation wall thickness, I1 40 mm
The initial temperature of the circulation fluid 20 �C
Flow rate 1800 liter/h
Thermocouples distance from the surface of the pipe (G1 at the surface) X1 28 X8 28 mm

X2 56 X9 56 mm
X3 86 X10 84 mm
X4 185 X11 159 mm
X5 285 X12 234 mm
X6 385 mm
X7 485 mm

Thermocouples distance from the bottom of the sandbox, I2 500 mm

Fig. 5. Thermocouples with waterproof covers and a wiring system were fixed in
position along with a wooden stick.
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by the insulation plates, these walls were also selected as adiabatic
walls. Moreover, the contact thermal resistance of different in-
terfaces is insignificant, and all joints of the components were
considered temperature-coupled walls when modeling the tests
numerically. A velocity-inlet condition with a constant velocity and
variable temperature is set for the inlet boundary, and a pressure-
outlet condition is chosen for the outlet boundary. The circulation
fluid flow inside the pipe is incompressible and forced. The circu-
lation fluid and sand are assumed to be temperature independent,
isotropic, and homogeneous. Given that the Reynolds number of
the fluid circulating inside the pipe for both tests is in the turbulent
regime range, a standard k-epsilon turbulence model is selected.
Moreover, the velocity-pressure condition is fulfilled using the
SIMPLE scheme. Worth mentioning that the numerical outcomes
have been achieved using a desktop computer equipped with a
3.20 GHz seven-core processor (Intel® Core™ i7-8700 CPU) and
793
16.0 GB RAM with a time step of 30 s. The residuals for the energy,
continuity, momentum, epsilon, and k equations are less than 10�6

when the convergence occurred.

3.1. Governing equations

In this numerical simulation, the enthalpy-porosity method [19]
is applied to simulate and solve the heat transfer process of col-
umns backfilled with PCM. The conservation equations are pre-
sented below:

Continuity equation:

V ,
�
rCF v

!�þ vrCF
vt

¼0 (1)

Momentum equation:

V ,
�
rPCMvi v

!�þ v
�
rPCM v!�
vt

¼ rPCMgi �
vrPCM
vxi

þV , ðmPCMVviÞ þ Si

(2)

Si ¼Cmush
�
v� vp

� ð1� bÞ2�
b3 þ ε

� (3)

where v! is the velocity vector, vi is the velocity component in the i
direction, v is the circulation fluid velocity, and vp is the velocity of
the solidified material moving throughout the computational cells
during the phase transition. rCF and rPCM show the densities of
circulation fluid and PCM, respectively. Si is the source term, which
shows the relevance of the momentum and porosity in the mushy
zone and considers the pressure drop created from the existence of
solid material. Cmush and ε are known as the constants of mushy
zone and computation, respectively [19].



Fig. 6. 2D schematics and the geometrical parameters of the sandbox in the four-column test: (a) Top view, and (b) Front view.
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Fig. 7. The four-column test setup: (a) Four separated columns filled with sand and saturated with water, and (b) Connection of the grout columns to the circulation pump.

H. Javadi, J.F. Urchueguía, B. Badenes et al. Renewable Energy 194 (2022) 788e804
Energy equation:

V , ðrPCMhtvÞ þ vðrPCMhtÞ
vt

¼ V,ðlPCMVTÞ þ Se (4)

where lPCM is the thermal conductivity of PCM, Se is the source
term, and ht is the total enthalpy of PCM calculated by summating
latent heat enthalpy (hlat) and sensible heat enthalpy (hsens), as
given below:

ht ¼hlat þ hsens (5)

hlat ¼
Xn
i¼1

biLf (6)

hsens ¼ href þ
ðT

Tref

CpdT (7)

where Lf is the latent heat of PCM and b is the liquid fraction that
presents the liquefaction level of PCM, which can be expressed as

b¼

8>>>><
>>>>:

0 T � Tsolidus
T � Tsolidus

Tliquidus � Tsolidus
Tsolidus < T < Tliquidus

1 T � Tliquidus

9>>>>=
>>>>;

(8)

3.2. Grid independence test

In the numerical approach, two types of grids have been applied
to perform the numerical model's meshing, including hexagonal
structured and tetrahedral unstructured grids. In the structured
meshing, the points of an elemental cell are marked by triple
indices (i, j, k) in a 3D simulation, where the central cell is joined by
six adjacent cells. Hence, the connectivity is straightforward when
using a structured method, leading to easy data management and
programming, high-quality solutions, and better convergence with
fewer elements than unstructured meshing. Alternatively, in the
unstructured meshing, the cells are placed freely inside the
computational domain. Consequently, unstructured meshes are
efficient for modeling more complex geometries. To evaluate these
795
alternatives, both methods have been used to generate the most
suitable grids of the model. The schematic of the meshed model is
illustrated in Fig. 8. As can be seen, the volumes near the grout
column center have been meshed with finer elements compared to
the other volumes, as they are of high importance in the heat
transfer process. Moreover, the interfaces between each circulation
fluid and pipe, pipe and grout, and grout and sand, were meshed
with a four-layer boundary mesh with a transition ratio of 0.15 (see
Fig. 8 (a)). The maximum skewness and minimum orthogonal
quality values achieved were 0.39 and 0.8, respectively. Table 3
shows the grid independence test conducted for the column con-
taining the reference grout by generating four cases ranging from a
coarse mesh to a fine mesh. The created models have been
compared in terms of heat exchange rate permeter of grout column
depth at the pipe radius after 96 h of operation. By considering the
computational speed and accuracy, the third mesh (case 3) is
selected for further numerical investigations.
4. Results and discussion

4.1. Single-column test (verification)

The variation of the temperature versus time for the measure-
ment points in the single-column test using experimental and
numerical approaches is presented in Fig. 9. The figure shows the
temperature response of the grout column and the surrounding
sand to the heating of circulating fluid from 20 �C to 40 �C and 50 �C
and then cooling down to 20 �C. It can be seen that there is an
appropriate agreement between the measured and simulated re-
sults, which shows the accuracy and reliability of numerical
modeling. As illustrated in Fig. 9, in the temperature variation of G1
to G4 during the first 5 h, the temperature difference between G1
and inlet temperature (approximately 4 �C) can be related to the
low heat transfer efficiency between the circulation fluid and the
outer surface of the pipe, where the first temperature sensor (G1) is
located. Considering that this temperature loss is not as high as
other temperature losses in the figure (in the same period), one can
infer to what extent a pipe with higher thermal conductivity can
improve the system's thermal behavior. Alternatively, the high-
temperature difference between G1 and G2 in the first 5 h
(approximately 8 �C) and in only 28 mm distance in the grout,
compared to the lower differences between G2-G3 and G3-G4
(approximately 2.5 �C) can be related to the significant influence of
the grout-pipe interface. Similar behavior (but with lower



Fig. 8. The meshing of the model: (a) Top view, (b) Front view, and (c) 3D view.

Table 3
Grid independence test.

Case 1 Case 2 Case 3 Case 4

Elements' total number 428,437 795,169 1,129,328 1,564,718
Heat exchange rate per meter of grout column depth at the pipe radius after 96 h of operating [W/m] 212.72 213.39 213.84 213.81
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Fig. 9. Variation of the temperature versus time for the measurement points in the single-column test using experimental and numerical approaches.
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intensity) can be seen at the grout-sand interface, highlighting the
importance of interfaces, especially the grout-pipe interface, on the
system's overall thermal behavior.
4.2. Four-column test (comparison)

One complete cycle of heating and cooling with temperature
variations from 20 �C to 50 �C and then back to 20 �C have been
applied to the circulating fluid during the test. The four grout col-
umns used in the setup include a reference grout (commercial
grout) and three newly enhanced grouts with high thermal con-
ductivity (using graphite-based materials) and high TES capacity
(using MPCM and SSPCM). The idea is to ensure as similar test
conditions as possible for the four grout columns to allow a proper
Fig. 10. Temperature field distribution in the four-column tes
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comparison between their thermal behavior to show the newly
developed grouts' efficiency.

Fig. 10 illustrates the time - dependent temperature field dis-
tribution in the four-column test during one complete cycle. The
column containing enhanced grout reaches the temperature levels
faster than the other grout columns in the heating operation,
thanks to its high thermal conductivity. This time difference be-
tween the enhanced grout and the others is quite significant at the
temperature level of 45 �C almost after 60 h of heat injection.
Similarly, in the cooling operation, when decreasing the circulation
fluid temperature from 50 �C to 20 �C, thermally enhanced grout
cooled down earlier than the other grouting materials. In contrast,
the mixture of enhanced grout andMPCM reached the temperature
levels later than the others, specifically at the temperature level of
t at different operation hours during one complete cycle.
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around 30 �C, near the range of phase transition temperature of
MPCM. This effect can be explained by the presence of MPCM in the
enhanced grout mixture and the corresponding increase in its heat
capacity. However, after the complete melting of the MPCM parti-
cles, which occurs around 20 h after the start of heat injection, the
mixture cannot store more thermal energy, and accordingly, it
dissipates the heat to the surroundings. In cooling operation, like in
heating mode, it takes longer for the mixture of MPCM and
enhanced grout to reach lower temperature levels compared to the
rest of grout materials, especially at the temperature level of 23 �C.
The reason that no such behavior is observed in the grout column
with SSPCM can be related to the broader range of phase transition
temperatures of the SSPCM compared to the MPCM.

Fig. 11 shows the comparison of the thermocouples' thermal
responses during the full duration of heat injection between the
different grout columns. Each plot corresponds to a given sensor
location. In the first measurement point (G1), which is located on
the PE pipe's surface, no significant difference is observed between
the temperatures registered during the 30 h in the four grout col-
umns. However, sensor located farther away (i.e., at G2, G3, and G4),
show increasingly larger temperature differences. At the same
Fig. 11. Comparison of the thermocouples' thermal responses during the 30 h of the heat in
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measurement points (G2, G3, and G4), the highest temperature
registered is usually in the grout column with high thermal con-
ductivity (enhanced grout), whereas the lowest temperature is in
the one with MPCM. This issue is once again related to the heat
absorption of the PCM particles during the phase change (solid to
liquid) that hindered the temperature increase. However, after
approximately 17 h, when the temperature at G4 increased to
28.8 �C (the peak transition temperature of MPCM), all the MPCM
particles incorporated in the grout column are already subjected to
phase transition. Accordingly, there is no further hindrance against
the increase in temperature, and thus the temperature gradient
registered at G4 increases afterward. Similar behavior is observed in
the grout column with SSPCM after approximately 6 h when the
temperature at G4 reached 24 �C (to the peak transition tempera-
ture of SSPCM). This matter suggests that most of the SSPCM
incorporated in the grout column are subjected to the phase change
(solid to liquid) at nearly 24 �C. Following that, the temperature
gradient registered at G4 is considerably increased. The intersection
points of the horizontal line (chosen as 24 �C and 28.8 �C, i.e., the
melting points of SSPCM and MPCM, respectively) and the graphs
of the temperature variation registered at each measurement point
jection from 20 �C to 50 �C to different grout columns: (a) G1, (b) G2, (c) G3, and (d) G4.



Fig. 13. Heat flux per unit of surface area at the borehole radius for different grout
columns during the 30 h of the heating operation from 20 �C to 50 �C.
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in different grout columns indicate the time difference needed to
reach the same temperature at a certain distance from the circu-
lating pipe when various grouting materials are applied. As shown
in the same figure, the longer the distance from the pipe in the
grout column, the longer the time needed to reach the same tem-
perature in different grout columns. At G4, the time difference to
reach 28.8 �C between the grout column with enhanced grout and
the grout with MPCM is more than 10 h. This issue can be related to
the faster heat transfer in the grout column with enhanced grout
compared to the combined delays caused by the phase change and
the lower thermal conductivity of theMPCM. Fig.12 shows the time
needed for various thermocouples in different grout columns to
reach the same temperatures of 21 �C, 28.3 �C, 35 �C, and 40 �C
during the heating process. In all cases, the shortest time for
reaching the desired temperature was seen in the column with
enhanced grout and the longest time in the grout column con-
taining MPCM with enhanced grout. This issue supports the ob-
servations previously presented in Fig. 11.

Worth mentioning that these time differences created in four
grout columns can bring advantages or disadvantages to the GSHP
system, depending on the system's goal. Thermally enhanced grout
in a BHE will benefit the GSHP performance aimed at conventional
heating and cooling by increasing the heat transfer at the shortest
time to or from the surrounding ground during heat dissipation or
Fig. 12. Time needed for various thermocouples in different grout columns to reach the same temperatures during the heat injection: (a) 21 �C, (b) 28.3 �C, (c) 35 �C, and (d) 40 �C.
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Fig. 14. 2D contours of the temperature distribution of the sandbox in the four-column test during the heating operation at different operation hours (Top view at Z ¼ 0).
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extraction, respectively. However, the use of enhanced grout will
not be a good idea when the system is targeted at storing energy.
Here is when the MPCM grout can play a vital role in the BTES
system because of its higher heat capacity and lower thermal
conductivity than reference and thermally enhanced grouts.
Therefore, the MPCM particles will not be suitable for typical
heating and cooling operation, as they are practical for storing the
thermal energy and reusing it daily or seasonally, not thermal
exchanging with the surroundings.

Fig. 13 illustrates the total surface heat flux at the borehole
radius (here the lateral surface of the grout column) for different
grout columns during the 30 h of the heat injection from 20 �C to
50 �C. At the beginning of the heat exchange process, the
800
temperature difference between the system and the circulation
fluid is at its maximum level, which resulted in achieving the
highest values of heat flux for each grout column. Subsequently, the
thermal energy transfer from the circulation fluid to the grout and
sand decreases because of the reduced temperature differences
between the grout and the heat carrier fluid. The presence ofMPCM
particles inside the enhanced grout decreases the diagram slope
notably, keeping the value of heat flux per unit of grout column
surface transferred to the sand more constant. On the contrary, the
thermally enhanced grout significantly improves the heat dissipa-
tion rate from the working fluid to the sand. As can be seen from
Fig. 13, the maximum andminimum heat fluxes are achieved by the
grout column containing enhanced grout and the grout column



Fig. 15. 2D contours of the liquid fraction of the grout columns containing MPCM and SSPCM in the four-column test during the heating operation at different operation hours (Top
view at Z ¼ 0).
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backfilled with the mixture of enhanced grout and MPCM,
respectively. 2D contours of the temperature distribution of the
sandbox in the four-column test during the heating process at
different operating hours are presented in Fig. 14 (see also Fig. A1
(Appendix)). The thermal radius around the pipe increases over
time in all grout columns. Heat transfer has occurred mainly in the
column containing enhanced grout, which shows its significant
capability of heat dissipation to be used as a backfill/grout material
in a BHE. In contrast, the minimum heat exchange between each
working fluid and the surroundings corresponds to the column
filled with amixture of enhanced grout andMPCM (see also Fig.11),
related to the gradual melting of the MPCM. Hence, heat storage
capacity of MPCM enables it to absorb the heat from heat carrier
fluid circulating inside the pipe, illustrating the notable capability
of the mixture of MPCM and enhanced grout to be applied in a BTES
system. Similarly, in the other column filled with a mixture of
enhanced grout and SSPCM, the same trend can be observed, but
with a higher rate of heat transfer from the grout column to the
sand. This difference in the heat transfer can be related to the
higher thermal conductivity and lower peak melting temperature
of this mixture compared with the MPCM mixture (see Table 1).
Hence, the grout column containing the enhanced grout and SSPCM
is subjected to a higher rate of heat transfer, which has caused
SSPCM to be melted entirely about 6 h from the start of heat in-
jection (see Figs. 11 and 15). Once the SSPCM reaches its maximum
TES capacity, continuing heat injection to the grout column in-
creases the sand temperature clearly above the level that is reached
in the grout column filled with MPCM. 3D contours of the tem-
perature distribution of the sandbox in the four-column test can be
found in Fig. A2 (Appendix). 2D contours of the liquid fraction of the
grout columns containing MPCM and SSPCM in the four-column
test during the heating operation at different operation hours are
801
illustrated in Fig. 15. According to this figure and Fig. 11, it can be
concluded that MPCM is melted completely around 17 h after the
start of the heat injection. This issue can be justified by MPCM's
higher peak melting temperature than SSPCM's, which resulted in
increasing the time needed for MPCM to use its maximum capacity
in storing thermal energy. Thus, the time difference of a complete
melting of the MPCM and SSPCM is approximately 11 h.

5. Conclusions

In this study, different advanced grouting materials, such as
enhanced grout, a mixture of enhanced grout and micro-
encapsulated phase change material (MPCM), and a mixture of
enhanced grout and shape stabilized phase change material
(SSPCM), have been experimentally evaluated using a laboratory-
scale prototype in combination with 3D numerical simulation.
Based on the literature reviewed, there have been just a few nu-
merical studies on implementing phase change materials in the
borehole heat exchangers, and the thermal energy storage appli-
cation of the borehole heat exchangers has not yet been evaluated
in detail. The objective is to study the improvement in the thermal
conductivity and thermal energy storage capacity of the three novel
grouting formulations compared to a reference grout and investi-
gate the potential of the developed grouts to be applied in a
borehole heat exchanger and borehole thermal energy storage
systems.

Verifying the numerical results with the experimental data
showed good agreement indicating the reliability of the numerical
simulations. The experimental and numerical outcomes showed
that the grout column with enhanced grout reached the highest
total surface heat flux at the borehole radius. In contrast, the grout
column backfilled with the mixture of enhanced grout and
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microencapsulated phase changematerial achieved the lowest heat
flux (almost 37% lower than enhanced grout), thanks to the incor-
poration of microencapsulated phase change material into the
mixture. Despite the faster melting process of SSPCM during the
beginning hours of heat injection compared to MPCM, the mushy
zone thickness created in the SSPCM mixture (mutual existence of
solid and liquid phases) is relatively smaller than that in the MPCM
mixture, which may be related to the lower thermal conductivity,
specific heat capacity and latent heat of MPCM.

In other words, the grout column with the increased thermal
conductivity revealed its heat transfer effectiveness by the quickest
reaction toward temperature differences compared with the other
three grout columns with reference and phase change materials.
Accordingly, when a GSHP system is equipped with a borehole heat
exchanger backfilled with the thermally enhanced grout, the heat
injection to and extraction from the ground during summer and
winter will improve enormously, strengthening the whole system's
performance. Moreover, when the borehole heat exchanger con-
tains phase change materials, specifically MPCM, the objective of
the GSHP system will be different from a typical shallow
geothermal system. Based on the high thermal energy storage ca-
pacity of the MPCM, the system performance can be boosted daily
or seasonally. In the daily mode, the MPCM stores the thermal
energy during the day to minimize the peak load and then reuses
the energy during the night. In seasonal operation, the heat is
absorbed in the MPCM during summer, and then it can be recov-
ered by the MPCM solidification process for winter. In both oper-
ation modes, the GSHP system performance will be improved
owing to the enriched capability of MPCM in energy storage.

In conclusion, thermally enhanced grout indicated a significant
increase in thermal conductivity compared with that in the refer-
ence grout column, demonstrating its ability to provide higher rates
of heat transfer, which are beneficial for borehole heat exchangers.
Moreover, it is concluded that adding a microencapsulated phase
changematerial to the thermally enhanced grout improves the heat
storage capacity remarkably, providing high potential for storing
thermal energy for the final mixture. The mixture of enhanced
grout and shape stabilized phase change material is found to be
inferior to the microencapsulated phase change material solution
due to the lower melting temperature and increased thermal
conductivity of the mixture.

This research opens further investigation opportunities to
optimize the mixture properties for a given application or scenario.
Besides, the developed materials evaluated in the present paper
will be applied in a real borehole thermal energy storage system to
study their capability in storing heat. In future experiments, the
integration of more sensitization elements will also be taken into
account.
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Appendix

Fig. A1. 2D contours of the temperature distribution of the sandbox in the four-column
test during the heating operation at different operation hours (Front view, middle plane).



Fig. A2. 3D contours of the temperature distribution of the sandbox in the four-column test during the heat injection at different operation hours.
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