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ABSTRACT: Phase Change Material (PCM) is an effective thermal energy storage material with the activation
of latent heat capacity even though its low thermal conductivity creates the thermal conduction resistance
during charging and discharging. Many types of research had been conducted to increase pure PCM thermal
conductivity (KpPCM) by adding thermal additives. The main objective of this research is to find a suitable
technique to increase the KpPCM for PV module temperature (Tpy) reduction. Paraffin wax is widely
performed with metal and non-metal thermal additives because of its attractive thermophysical property.
Metal-based composite PCM increased the KpPCM effectively but the total weight of the system increased
due to the highest mass fraction of the metal additives because an increase in the total weight of the system
could lead to damage to the PV module. Considering this weight effect, expandable graphite (EG) is selected
as a non-metal additive that is suitable for Try reduction in terms of an effective thermal additive enhancer
with less mass fraction. In this experiment, compressed EG is impregnated with liquid PCM, after
impregnation again it is compressed into three different densities to find the relationship of the thermal
conductivity enhancement. Composite PCM (cPCM) has undergone thermal conductivity measurement using
hot-wire technology and resulting show that an mcrease in density of cPCM leads to enhance thermal
conductivity maximum of 5.68 W/m.K for 0.79 g/cm®.

Keywords: Thermal additives, metal foam, porous graphite foam, PCM impregnation, composite PCM, thermal
conductivity enhancement.

I. INTRODUCTION

Solar energy is a well-known profitable renewable

is less, PCM turns to be liquid in short period and it lost
its latent heat capacity. On the other hand, an increase
in PCM thickness leads to an increase in the total

energy source among others in terms of techno-
economic aspects and maintenance costs [1, 2]. PCM’s
are widely used for low and medium temperature
applications, especially for solar thermal applications to
store the thermal energy for off-sunshine hours [3].
Substantially, PCM stores thermal energy in the form of
latent heat by changing its phase, without raising its own
temperature than sensible heat storage materials [4].
Generally, for Tpy reduction it is necessary to select the
appropriate PCM and thermal absorbing material unless
reduction may achieve poorly [5]. However, PCM is a
low thermal conducting material, eventually increasing
PCM thickness leads to creating the thermal conduction
resistance. Specifically, for Tpy reduction it is necessary
to keep in mind that PCM should store the thermal
energy effectively without any thermal barrier.

Many types of research had been performed to reduce
the PV module temperature using pure PCM,
Mahamudul et al,, [6, 7] poured liquid PCM on the back
surface of the PV module and it leads to regulate the
Tev maximum of four hours when the thickness of PCM

thermal absorbing capability [8]. But this increase in
thickness leads to create the thermal conduction
resistance within the PCM and it causes nonlinear Tpy
reduction than lower thicknesses [9]. To overcome this
conduction resistance, many types of research had
been performed with thermal distribution heatsink. PV
module back surface temperature is transferred to the
PCM container with the help of thermal distribution fin
which is placed on the top surface of the PCM
container.

Biwole et al, [10] performed CFD simulation for the
system parameters of Huang et al, [11] using thermal
distribution fin, resulting in Tpy maintained less than
50°C for 89 min and using Navier stroke equation 2D
finite element model solved [12]. Some other
researches are performed with different specifications of
thermal distribution fin to analyze the thermal behavior
such as different length [13], thickness [14] and spacing
between each fin [15, 16]. Comparatively, this technique
reduces the Tpy better than pPCM.
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And later different inclination using thermal distribution
fin is performed from 0° to 90° inclination [17] it was
observed that 100™ minute the clear variation of thermal
distribution in PCM container. However thermal energy
distribution occurs only around the fins and reportedly
total weight of the system is high and also difficult in
construction. Further considering these difficulties,
available Kypcm enhancing techniques are categorized in
the following section to find the appropriate method.

Il. METAL-BASED COMPOSITE PCM

Metal foams are often called open-cell foams which are
widely used for thermal conductivity enhancement.
Generally, open-cell foams are made up of high thermal
conducting metal such as copper, aluminum, nickel, iron
and stainless steel which are readily available in the
commercial market. Metal foams are widely categorized
with their physical structure such as cell type, shape,
porosity, pore density or Pore Per Inch (PPI).

A. Metal foam impregnation process

The metal foam is impregnated into liquid PCM using a
vacuum pump to fill the liquid PCM into the pores of
metal foam as shown in Fig. 1. Poor impregnation
causes empty or not fully filled pores in the foam which
leads to reduce thermal conductivity because the
impregnation ratio is directly proportional to the thermal
conductivity enhancement. The impregnation ratio is
defined by the ratio of actual mass and ideal mass
which has been calculated using dimensionless Eqgn. (1)
[18].
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Fig. 1. Metal foam impregnation process [18].

Simulation performed to analyze thermal conductivity
enhancement profile for five different metal foam (Al
Cu, Ni, SS, and polyurethane) along with three different
porosity ranges (0.874, 0.942, 0.891) as shown in Fig.
2. Metal foam with 0.874 porosity enhanced maximum
of 11.56 +1.82 W/m.K for aluminum foam, 19.32+3.08
W/m.K for copper foam, 0.97£0.11 W/m.K for stainless
steel foam and 4.60 +0.69 W/m.K for nickel foam.
Comparatively higher porosity leads to impregnate
higher mass ratio because of its pore size and it causes
to lower thermal conductivity. And 0.891 porosity foam
enhanced 3.46+0.97 W/m.K for aluminum foam,
5.64+1.64 W/m.K for copper foam because a solid
fraction of this porosity is lower than 0.874 porosity.
Reportedly polyurethane foam thermal conductivity
enhancement is not effective as compared to other
metal foam due to its low thermal conductivity [19].

Fig. 2. Metal foam (a) Porosity=0.874, Solid fraction=
12.6%, (b) Porosity=0.942, Solid fraction= 5.8%, (c)
Porosity=0.891, Solid fraction= 10.9% [19].

Xiao et al, (2014) [20] investigated different pore per
inch (PPI) of copper and nickel foam using paraffin wax
as shown in Fig. 3. In this study, a maximum of 95%
PCM impregnation is achieved using a vacuum pump
and non-vacuum achieved 90 % because some pores
are closed during the impregnation process [18]. Copper
foam-based PCM enhanced a maximum of 16.01
W/m.K from 0.354 W/m.K and this foam increased the
melting temperature of the PCM by 0.4°C than pure
PCM. And nickel foam-based PCM enhanced a
maximum of 2.33 W/m.K with a 0.55°C melting
temperature increment.

fic g4

(b-111)

Fig. 3. (a) Nickel foam, (b) Nickel foam impregnated
with PCM, (c) Copper foam, (d) Copper foam
impregnated with PCM; I= 5 PPI, II= 10 PPI, lll= 25 PPI
[20].
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Wang et al., [21] conducted research on aluminum foam
by impregnating them with air, water, and paraffin wax.
Earlier it was stated that higher porosity cause to lower
the thermal conductivity. In this research different
porosity ranges are performed to optimize the
appropriate range from 0.812 to 0.975. Air impregnated
aluminum foam enhanced thermal conductivity from
19.56 to 1.902 W/m.K corresponding to the porosity
range, water impregnated aluminum foam enhanced
from 20.21 to 2.50 W/m.K to the corresponding porosity.
Comparatively, water impregnated aluminum foam
enhanced higher than air because water density is
higher than air as well as water thermal conductivity is
high. PCM impregnated aluminum foam enhanced
~12.5 to ~2.5 W/m.K to the corresponding porosity.
However, this thermal conductivity enhancement is
lower than water and air because of its phase-change
property and lower specific heat capacity leads to
restricting the thermal energy transfer into the PCM
during solid-state.

In most cases, Al and Cu foam are widely investigated
with PCM because of its attractive thermal conductivity
with a maximum of 24.56 W/m.K. Nickel foam also
examined but resulting lesser enhancement than Al and
Cu foam. Further metal foam based composite PCM’s
are listed in Table 1 with their physical structure and
corresponding to their porosity and mass fraction.

Theoretical calculation of thermal conductivity
enhancement had been calculated for various porosity
levels for ERG materials and aerospace [22] method as
expressed in Egn. (2).

Kfoam (2)

K. Boomsma method to calculate the PCM thermal
conductivity using metal foamis expressed in Eqn. (3)
[23].
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Table 1: List of cPCM prepared using metal additives.

PCM type Kppem Additive Additive detail Kepem (W/m.K) Reference
Foam SS, Ni £=0.874, f=12.6 Wi% 0.97, 4.60, 11.56, 19.32
Paraffin wax 0.2 Al Cu — [19]
’ Foam Al, Cu, €=0.942, f=5.8 wt% 3.46, 5.64, SS and Ni is less than
SS, Ni Al and Cu
Foam Cu £=0.9754,25 PPI 5.04,1.24
Paraffin wax 0.354 and Ni £=0.9424, 25 PPI 11.33,1.70 [20]
€=0.9061, 25 PPI 16.01, 2.33
Paraffin wax - Foam Al €=0.94, 10 PPI 3.67 [24]
Air Foam Al £=0.812 10 0.975 19.56 to 1.902 [21]
Water 0.8 Foam Al €=0.812100.975 20.21 t0 2.50 [21]
Paraffin wax Foam Al €=0.812100.975 ~12.5t0~2.5
(10, 20, 30, 40 Foam Ni £ =0.812100.975 ~5.5t0 ~1.5
PPI gives [21]
nearly same Foam Cu €=0.812100.975 ~245t0~3.5
Keﬂ)
Paraffin wax 0.55 Foam Al € =0.8, 20 PPI 12.6 [25]
NaCO; 0.83 Foam Al £ =0.8, 20 PPI 13.1 [25]
Foam Cu f=38.5 10 46.6 wt%, PP1=40, 0.47 at 40 PPI
PCM 70, 90 [26]
) f=18.5 10 22.4 wt%, PP1=40, 1.452 at 40 PPI
Foam Ni 70, 90 )
Graphite 3
Proam=210kg/m
RT 42 Fr)'r?;(t)rLijf pcrow=789Kg/ m? 16.6 [27]
Porous Diameter=1-3mm,
Paraffin wax graphite Proam=0.25 g/cm® 4.98 (28]
foam Pcpem=0.95 g/em’,
) Pore size= 2-3 mm
Paraffin wax 0.042 Foam Cu ¢ =0.973, 8-12 PP 3.112 [29]
SAT+ CMC 0.5
wt% +DHPD 2
wt% (CMC and € =0.924 t0 0.973, PPI=5-
DHPD is used Foam Cu 25, (foam dimension 6.81t03.3 [30]
to control the 4mm*40mm*10mm)
super cooling
effect of SAT
Paraffin wax 0.2 Foam Al Pcpom=950.98 kg/m® 2.257 [31]
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lll. NON-METAL BASED COMPOSITE PCM

Other than metal additives, there are many methods to
increase the Kypecm but this method needs special
preparation for each and every non-metal additive.
Comparatively, this method is more feasible in terms of
easy installation with the existing system. Because
metal additives are not easy to get the expected
dimensions especially when the storage system or tank
comes in cylindrical shape it is complicated. When it
comes to non-metal additives, it can be easily
composite with PCM and it can be kept in any desired
dimension.

A. Graphene-based composite PCM

Nitrogen-doped graphene (NDG): Palmitic acid (PA)
composited with NDG with the preparation of 1-5 wt %
(Fig. 4) at 130°C to evaporate the C;Hs and then
prepared composite PCM is examined for 1000 thermal
cycle to find thermal degradation range. Resulting
shows that NDG composited PCM thermal property
degradation is negligible after 1000 cycles with
satisfying 4.3 J/g latent heat of fusion loss was noticed
and there was no phase segregation and single-phase
transition curve achieved. Thermal conductivity
enhancement is not effective like metal foam but it
enhanced to a maximum of 1.73 W/m.K for 5 wt %, and
leakage is prevented for 3-5 wt % composition [32].

1%

Fig. 4. Different composition rate of NDG with PA [32].

Few layer graphene (FLG): Goli et al, [33], FLG
composited with paraffin wax (0.25 W/m.K) at three
different types of loading. Type A, FLG was loaded in
the fraction of 0.5 wt % and 1 wt % with the average
thickness of 0.35 nm, lateral size is between 150 and
3000 nm, and average size is 550 nm. in type B, loading
factor was 20 wt % with the thickness of ~1 nm and
average lateral diameter ~ 10um, and finally type C,
loading factor was 20 wt % with the average thickness
of 8 nm, lateral size between 150 and 3000 nm, and
average size was ~550 nm. To find the appropriate
composite PCM, FLG was prepared at different
dimensions and resulting shows that thermal
conductivity of Type A (0.5 wt %) enhanced maximum of
~10 W/m.K, and for 1 wt % enhanced ~15 W/m.K. Type
B and C enhanced maximum of ~45 W/m.K because
higher mass fraction of FLG increases thermal
conductivity and noticeably it is higher enhancement
than metal-based composite PCM. Comparatively,
multilayer graphene nanocomposite enhanced a
maximum of 14 W/m.K for 2 % of volume [34].

B. Nano-PCM

Graphene nano PCM (GNP) composited with beeswax
with the different mass fraction of 0.05 wt %, 0.1 wt %,
0.15 wt %, 0.2 wt %, 0.25 wt % and 0.3 wt %. Generally
doping other materials with PCM leads to reduce latent
heat of fusion but graphene doping was actually
increased from 141.49 J/g to 186.74 J/g corresponding
to the prepared mass fraction. This composition leads to

an increase in thermal conductivity from 1.1 W/m.K to
2.89 W/m.K respectively [35].

Inorganic eutectic ternary carbonate salt was prepared
with the combination of 33.2 wt % Li2COs, 33.3 wt %
Na>CO3 and 34.5 wt % K>COs. Prepared pure ternary
carbonate salt thermal conductivity was 1.32 W/m.K
further to increase this eutectic thermal conductivity,
Magnesium (Mg) is mixed as nanoparticle with the
eutectic mixture in the form of 0.2 wt %, 0.5 wt %, 1 wt
% and 2 wt% as shown in Fig. 5. Reportedly, there is a
minor melting temperature variation with 2 wt % of Mg
and thermal conductivity enhanced from 1.59 W/m.K to
1.93 W/m.K [36]. Noticeably Mg thermal conductivity is
not high like graphene.

Fig. 5. Inorganic eutectic ternary carbonate salt with
different composition of Mg [36].

C. Ultrathin-Graphite Foam (UGF)

Ji et al, [37] studied the combination of UGF with
paraffin wax using a hydrophobic method. Examined
UGF pore diameter is 500 um which is immersed with
paraffin and consequently, 30 thermal heating and
cooling cycle was conducted to measure the PCM
degradation property and reportedly less than 2 % of
latent heat of fusion lost after 30" thermal cycling. This
degradation is negotiable in terms of enhanced thermal
conductivity with the loading factor of UGF 1.23 vol. %
tends to enhance the thermal conductivity by18 times
(~3.5 W/m.K) and noticeably UGF pore size is less
which leads to enhance better thermal conductivity.
Another research, used 7 wt % xGnP which enhanced
the thermal conductivity maximum of 0.8 W/m.K [38].
Short multi-walled Carbon Nano Tube enhanced
maximum of 0.324 W/m.K from 0.263 W/m.K with the
loading factor of 5 wt % and also reportedly high thermal
conductivity enhancement achieved with graphene nano
pellets was 0.7 W/m.K with 5 wt % [39].

D. Multi-layer graphite nano pellets

Adipic acid (AA) and sebacic acid (SA) eutectic mixture
were prepared in the combination of 48 wt % and 52 wt
%. Prepared eutectic was composited with Multi-layer
graphite nanoplates (GNP) with a thickness of 5-8 nm,
the surface area is 120-150 m%g and particle size is 5
pm. GNP composited in the range of 0.1 wt %, 0.3 wt %
and 0.5 wt %.
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It was known that eutectic mixtures are always good
thermal energy storage materials in terms of no super
cooling effect, a single transition curve with a sharp
melting range. so further thermal conductivity
enhancement was measured and resulting shows that
less variation in enhancement due to its multi-layer such
as 0.117 W/m.K, 0.122 W/m.K, and 0.131 W/m.K,
respectively [46].

E. EG based composite PCM

EG is flake graphite which expands the volume of about
200-300 times at 300 — 1100 °C depending upon the
material grades. During volume expansion, expandable
graphite is becoming highly porous material. Sari and

Karaipekli [41] EG composited with paraffin wax in the
form of 2, 4, 7 and 10 wt %. In this study, EG was
impregnated with the liquid paraffin wax for absorption
and it dried naturally. Resulting shows that the
maximum of 0.4 w/m.K to 0.82 W/m.K was enhanced
corresponding to their composition. And palmitic acid
(PA) composited with EG using a vacuum impregnation
method for proper impregnation. In this study also
enhancement is not high because EG is directly
impregnated with PCM which leads to absorb high PCM
in it due to its high pores. In addition, cPCM was
undergone for 3000 thermal cyclings, reportedly there is
no material degradation was noticed [42].

Table 2: List of cPCM prepared using non-metal additives.

PCM type Kppem(W/m.K) Additive Additive detail Kepem (W/m.K) Reference
Paraffin wax 0.263 UGF Pore d'ame\}glr;‘:'ooum f=2 ~35 [37]
} HP (12, 16.2 and 20.4 vol%) ~28
Erythritol 073 CF MD (0.59 to 0.71 packing factor) ~4 [40]
Paraffin wax 0.22 EG f=2,4,7,10 wt% 0.4,0.52, 0.68, 0.82 [41]
Palmitic acid 0.17 EG =5, 10, 15, 20 wt% 0.2,0.3,0.38,0.60 [42]
. . EG f=2,4,7,10 wt% 0.38,0.47,0.84, 1.14
Stearic acid 03 CF =2, 4,7, 10 Wi% 0.37,0.62, 0.79, 0.95 [43]
Eutectic ternary Mg nano . o
carbonate salt 1.32 particle f=0.2, 0.5, 1, 2 wt% 1.5910 1.93 [36]
Expanded f=0.3, 0.5, 1 wt%, diameter=6-9
perlite /paraffin 0.05/0.22 CNT nm. length=5 ym 0.19, 0.24, 0.32 [44]
Paraffin wax 0.1264 NG =1, 4,7, 10 wi% 0:3650, 04971, 0-5985. [45]
Adipic acid (48 f=0.1, 0.3, 0.5 wt%, thickness of
wit%) /Sebaci GNP 5-8 nm, surface area is 120-150 0.117,0.122,0.131 [46]
acid(52 wt% ) m2/g and particle size is 5 pm.
paraffin/ CNT f=0.26 wt%, diameter is 10-20 With CNT=1.75, without [47]
diatomite / CNT nm and length is 5-15 ym CNT=1.2
Palmitic acid 0.28 NDG f=1,2, 3, 4,5 Wt%, 034, 0'4?’70398’ 1.54, (32]
<2 um, density is 2.2 glem’,
Beeswax 0.25 GNP f=0.05, 0.1, 0.15, 0.2, 0.25, 0.3 1.1t02.89 [35]
wi%,
. C25 SCF f=10 wt%, diameter=9 um 3.91
Erythritol 077 C5 SCF 1210 wi%. diameter=9 pm 2.46 [48]
. SG f=17 vol% 2.89
Erythritol 0.733 EG f=15vol % 5.46 [49]
Type A: f=0.5, 1 wt% ~10, ~15
Paraffin wax 0.25 FLG Type B:f=20 wt% ~45 [33]
Type C:f=20 wt% ~45
PEG/BN o With GO=3
(BN=30 wt%) GO 4 wi%e Without GO=2.77 [50]
f= 25 and 35 wt%, -4 6
Pcpom=300kg/m® ’
f= 25 and 35 wt%,
PCM . oopon=500kg/m’ ~6.5,~8.5 1]
f= 25 and 35 wt%, ~9. ~12
pcpom=700kg/m® ’
f=25 and 35 wit%, ~11. ~15
Pcpom=900kg/m® ’
Paraffin wax EG-50 Size=282 pm 2.10 [52]
2.047, 3.88, 5.529,
RT42 0.369 EG =5, 10, 20, 24, 30 wt% 7.464.8.855 [53]
Paraffin wax 0.268 EG f=20 wt%, size = 150 pm 7.65 [54]
D-Mannito f=15 wt%, size = 500 pm,
PCM EG pere=1.80 glem® 7.32 [55]
Multi-layer
graphene _
PCM nanocomp f=2 vol% 5.8t0 14 W/m.K [34]
osite
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To overcome this higher absorption Mills et al, [27]
compressed the EG into the density of 210 kg/m® and
impregnated into the liquid RT 42 PCM. Because when
the EG is compressed, it will become small in size and
most of the pores will be sealed, actually, pores are
good for thermal conductivity enhancement but higher
pores are not good. In this study EG was compacted by
applying a direct pressing method, EG doesn’t need any
binding materials because the direct pressing method
interlocks the EG to get stick with each other. After
compaction, EG absorbs less PCM compared to non-
compaction but it absorbs the PCM uniformly. After
absorption, there will be a noticeable volume expansion
in EG. Further, EG impregnated PCM was dried
naturally and it is compressed to the 789 kg/m® because
density is directly proportional to thermal conductivity
and it enhanced 16.6 W/m.K. This method controls the
PCM leakage, compacted EG acts as a protection layer.
To control 100 % leakage Tao et al., [28] used porous
graphite foam with the diameter of a 1-3 mm sphere ball
by compressing at 1 Mpa for 6 hours. After that graphite
foam was impregnated with liquid paraffin wax under 10
KPa for 4 hours to attain a high impregnation range,
further adhesives materials were applied on the surface
of graphite foam to avoid the leakages. This method
blocks the leakages permanently but it restricts the
thermal conduction because adhesive thermal
conductivity is low however this technique enhanced a
maximum of 4.98 W/m.K for 0.95 g/cm® and some other
techniques of non-metal based composites are listed in
Table 2.

IV. cPCM BASED Trv REDUCTION

Maiti et al., [56] performed V-through concentrated PV
indoor and outdoor experiment using paraffin wax
embedded with metal scrap to enhance the thermal
conductivity of the PCM andthe experimental setup is
shown in Fig. 6. Using metal scrap Tpy is regulated for a
maximum of 4 hours beyond that Tpy started to increase
but still it under control than PV without PCM. Thermal
distribution occurs better than thermal distribution fin but
it minimizes the total storage capacity of the PCM due to
the higher volume occupancy of the metal scrap.
Reportedly V-through concentrates the solar irradiance
which leads to an increase in the Tpy abruptly compared
non-concentrated PV module.

Reflector on the west side
of V-trou gh
Reflector on the east side
of ¥-trough

» Teywithout
PCM to

datalogger

Tpywith
PCM to data

logger

M
Pe !/ Manual tracker
layer )/'

PV -PCM S

system

Fig. 6. V-through concentrated PV with metal scrap
embedded PCM and PV without PCM [56].

Other than metal scrap, copper and graphite mixed
PCM enable high thermal distribution inside the PCM
and the experimental setup is shown in Fig. 7.
Reportedly Tpy without PCM reached an average of
59°C, Tpv with pure PCM enables 3°C reduction
because thermal conduction resistance blocks to reduce
the higher Tpy. The same with copper and graphite-
based PCM enables 6°C reduction as compared to PV
without PCM. Copper powder enhances the thermal
distribution with the help of its high thermal conductivity,
the only drawback in this system is copper powder can
be settled on the bottom of the PCM container will settle
down.

However still this copper and graphite combination is
better solution than thermal distribution fin and metal
scrap because when liquid PCM starts to circulate,
settled copper powder can be mixed with PCM easily
but it can occur during summer or when the PCM attains
high temperature [57].

= Yotage ;,/cWem

PV panel

Stand

Prototype 1
s{‘“ge :/Currenl \&98 :/CWE"‘
PV panel \

PV panel Container

Prototvpe 2 Prototype 3

Fig. 7. Schematic diagram of PV without PCM, PV with
pPCM and PV with copper and graphite combined PCM
[57].

A. Selection of thermal conductivity enhancement
technique

It was observed from the existing literature; metal foam
is the best in terms of thermal conductivity enhancement
but practical it is quite complicated to implement with the
PV module. Because it will increase the total weight of
the system and it is difficult in manufacturing as well.
On the other hand, non-metal based additives gained
high attention especially graphene-based composite
PCM, but economically it is not viable for Tpy reduction,
system cost may go higher than the Tpy loss. Nano
PCM and other methods were enhanced less thermal
conductivity than EG. So in this work, EG is selected as
a thermal additive to enhance the PCM thermal
conductivity.

V. PREPARATION OF EG BASED COMPOSITE PCM

A. Furnace treatment

Expandable Graphite is purchased from Metachem
Manufacturing Company Pvt. Ltd, India and without
further processing material placed in a furnace for
volume expansion as shown in Fig. 8. This EG actual
density is 0.65 g/cm® before volume expansion.

To expand the volume, the furnace is maintained at
500°C for 90 seconds which leads to expanding the
volume of about 300 times. After expanding, graphite
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flakes will look like a worm and it is easy to spread
uniformly over the entire volume of the PCM due to its
higher volume with less weight. In many cases, mixing
EG into PCM directly without any further compaction of
EG also leads to an increasein thermal conductivity but
not higher than compressed EG porous foam. Once
theexpandable graphite is treated at 500°C, it expands
the volume abruptly by creating high porosity. The main
parameters considered in enhancing the thermal
conductivity of PCM by using EG, it is necessary to
compact the EG to get the desired porosity range for the
required amount ofPCM impregnation unless it absorbs
more PCM due to its high porosity.

Pure EG

EG before expansion EG after expansion

Fig. 8. Furnace treatment for EG expansion.

B. EG porous foam

Expanded graphite is compacted into 0.29 g/cm® without
using an adhesive material and considering the 80 wt %
of PCM which helps to increase the thermal conductivity
of cPCM as well as without losing much thermal
property of PCM as shown in Fig. 9. Compacted
graphite porous foam is pressed to seal the unwanted
pores to control the high PCM impregnation. In general,
impregnating high PCM will lead to maintaining high
energy capacity. But inthissituation, EG is considered as
thermal additivesso it is necessary to use the optimal
level of 20 wt %.

Fig. 9. Compacted EG porous foam.

C. PCM impregnation

Compacted EG porous foam is impregnated into the
liguid PCM to absorb the PCM. The density of EG
porous foam is nearly 3 times lower than the pPCM

which leads to floating the EG porous foam during
impregnation as shown in Fig. 10.

T T~

Fig. 10. EG impregnation with liquid PCM at 70°C.

Considering this floating, EG is maintained in liquid
PCM for 5 hours to absorb the PCM effectively. Every
ten minutes, EG porous foam is weighed until it reaches
the 80 wt % PCM impregnation. However, the
impregnation factor cannot reach 100 %. During
compaction of EG porous foam, there will be some
pores closed.

D. Thermal conductivity measurement

Composite PCM is undergone for transient plane source
technique (TPS) to measure the thermal conductivityas
shown in Fig. 11. Without any compaction, PCM
impregnated EG porous foam bulk density reached
0.5884 g/cm® which is lower than pPCM density. In such
cases, it is necessary to compact the cPCM.
Further,cPCMis compacted intothree different densities
as listed in Table 3. Increase in bulk density, Kepem
increased linearly. But increasing beyond the pPCM
density will lead to an increase in the thermal
conductivity [51] but practically it is not suitable in the
real-time experiment because leakage may occur during
phase change.

Fig. 11. Transient plane source technology (DZDR-S).
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Table 3: Different bulk density of cPCM with its
corresponding thermal conductivity.

Bulk density cPCM thermal
(g/cm®) conductivity (W/m.K)
0.5884 3.9718
0.6289 4.7028
0.7928 5.6890

VI. CONCLUSION

Many existing methods show that enhancing the thermal
conductivity of PCM is highly possible. Especially,
graphene leads to increase higher thermal conductivity
than other materials, but economically graphene
composition is not viable for Tpy reduction, because in
this case reducing Tey is only to increase the
performance of PV module which is suffering from the
temperature loss, so economic viability is mandatory to
notice. Secondly, Al and Cu metal foam enhanced high
thermal conductivity, the only action to take care of in
this technique is the total weight of the system because
in many cases reducing Tpy will be an external system
to reduce the Tpy of an already existing PV system. But
where there is no restriction in the weight of the external
system, their metal foam will play a major role in Tpy
reduction, especially in small scale systems. Other than
graphene and metal foam, EG gains more attention on
thermal conductivity enhancement, cost and weight wise
EG is favorable to install with the PV module. In this
experiment, EG is considered as a thermal additive, and
it is prepared into three different densities of EG
impregnated PCM (cPCM) to find the thermal
conductivity relationship to their corresponding density.
Resulting shows that 0.7928 g/cm® enhanced a
maximum of 5.6890 W/m.K.

VIl. FUTURE SCOPE

Enhancing PCM thermal conductivity leads to
minimizing the cost and total quantity of PCM in the
existing thermal energy storage system as well as it
increases the fast charging and discharging.
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NOMENCLATURE

mactual actual mass, kg

mideal ideal mass, kg

K foam foam thermal conductivity, W/m.K
Kf fluid thermal conductivity, W/m.K
Vit total volume, m*

a impregnation ratio, %

pPCM  PCM density, kg/m®

Ami absolute error of PCM impregnation, %
d ligament radius

e nodel length

eb bulk porosity

RA, RB, RC, RD unit cell
quantity, mK/W
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