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Abstract

In this research work, novel hybrid graphene-silver (Gr-Ag) nanomaterial has been used for first time with paraffin wax as
a phase change material (PCM) to improve its thermo-physical properties. Thermal and electrical energy efficiencies of the
novel synthesized nanocomposite (PCM/graphene-silver) has been investigated in solar thermal collector systems (CPV/T).
This paper focuses on preparation, characterization, thermo-physical properties and energy efficiency in concentrated pho-
tovoltaic/thermal (CPV/T) system of new class of nanocomposites induced with hybrid Gr-Ag nanomaterial in three differ-
ent concentrations. The specific heat capacity (c,) of hybrid PCM/graphene-silver nanocomposite increased by introducing
hybrid Gr-Ag nanomaterial. Electrical and thermal energy performance of the hybrid PCM/graphene-silver is investigated in a
CPV/T system using MATLAB 2017b program. The improvement of ¢, is found to be ~40% with 0.3 mass% of hybrid Gr-Ag
nanomaterial loaded in PCM. The highest thermal conductivity increment is found to be ~ 11% at 0.3 mass% concentration
of hybrid Gr-Ag nanomaterial in PCM. The endothermic enthalpy value of the hybrid PCM/graphene-silver nanocomposite
is found to be ~75.6 J g~! at 0.1 mass% loading concentration of hybrid Gr-Ag nanomaterial. Melting point of hybrid PCM/
graphene-silver nanocomposite with loading concentration of 0.3 mass% is measured to be 73.2 °C. The highest thermal
efficiency using the hybrid graphene-silver nanoparticles reached the value of 39.62% which represents 4.16% increment in
comparison with the pure PCM. The equivalent electrical efficiency is improved by 2.8% at the loading concentration of 0.3
mass% of the hybrid Gr-Ag nanomaterial. These new class of nanocomposites represented the capability of enhancement
in the performance of the CPV/T system consisting of lower PV temperatures, higher temperature gains across the cooling
fluid and higher electrical and thermal efficiencies.
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List of symbols

Symbols

T Temperature, °C

L Length of PV/T system, m

w Width of PV/T system, m

t Height, mm

m Mass, kg

m. Mass flow rate, kg s7!

¢, Specific heat, J g7! K™!

E Energy, J

G Solar radiation, W m 2

h Heat transfer coefficient, W m™2
K-!

k Thermal conductivity, W m~! K~!

Ax Spatial step, m

At Time step, sec

% Velocity, m s7!

C Solar concentration

Greek symbols

a Absorptance
s Temperature coefficient, K™!
€ Emissivity

n Efficiency

b Mass fraction
Subscripts

amb Ambient
npcm NanoPCM

bs Backsheet

pv PV module
ins Insulation
elec Electrical

th Thermal

bc Back cover
bp Back plate
sky Sky

Abbreviations
PW70
PV

PCM/graphene-silver

Phase change material
Photovoltaics
Paraffin wax/graphene-silver

NanoPCM Nano-enhanced PCM
PW70 Paraffin wax
Introduction

Recently, phase change materials (PCMs) received a lot
of attention for thermal storage applications due to the
PCMs capability for energy storage. Thermal energy can be
stored using latent heat, sensible heat and chemical energy
approaches. Latent heat thermal energy storage has advan-
tages of high energy density with small storage volume and
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allows for energy storage at a nearly constant (phase change)
temperature during melting and solidification [1]. PCMs as
latent heat storage mediums are widely used in solar energy
applications [2], waste heat recovering in industries [3]
and cooling of electronic devices [4]. Paraffin wax is the
most common PCM that is used in many thermal storage
applications due to the high latent heat storage, no phase
segregation, chemically inert and availability at low cost
[5]. Although paraffin wax has high latent heat storage, it
exhibits low thermal conductivity [6, 7]. Many efforts have
been made to enhance the paraffin wax’s thermal conduc-
tivity [8, 9]. Carbon-based materials present high thermal
conductivity and chemical inertness which attract the atten-
tion of researchers to improve the thermal conductivity of
paraffin wax. The carbon-based materials carry the heat
throughout the PCMs due to the open-cell structure which
connected with high thermal conductivity of graphitic liga-
ments [10—-12]. Zhao et al. [13] investigated thermo-physi-
cal properties of a developed composite PCM composed of
polyethylene glycol and biological porous carbon. Authors
proved the highest thermal conductivity of 4.5 W m~' K™,
which is about 10 times higher than the pristine PCM. In
another research work, a novel carbonized wood/polyeth-
ylene glycol composite PCM was developed via a car-
bonization and vacuum impregnation process [14]. The
authors achieved a prominent thermal conductivity value
of 0.51 W m~! K~!, which was approximately three times
higher than the pristine PCM. Previous researches reported
that the thermal performance of the PCM increased when
nanoparticles infused with PCM [15-18]. The influence of
nanomaterials in terms of phase-change characteristic, ther-
mal conductivity and latent heat fusion of PCM have been
investigated and experimentally validated by many research-
ers [19-21]. In a nutshell, based on the previous research
work, 55-60% of the thermal conductivity of organic PCMs
improved with the addition of nanomaterials compared to
their original form [22]. Min et al. [23] developed a novel
shape-stabilized composite PCM composed of polyethylene
glycol and radial mesoporous silica with efficient thermo-
physical properties which makes this novel composite PCM
as a promising candidate for building thermal energy storage
applications. Previous researches also stated that when the
proportions of nanoparticles increase, the solidification and
melting rates of PCMs are influenced due to the presence of
nanoparticles [24].

When comparing the thermal conductivity of nano-
particles, graphene particles have better thermal conduc-
tivity and also better other thermal properties [25]. Bet-
ter thermo-physical properties of graphene made it as a
favorable candidate used as infusion and enhancement
nanomaterial. Graphene is a two-dimensional sheet of
sp*-hybridized carbon which is relatively easy to synthe-
size and cost effective [26]. Due to the different synthesis
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methods, there are variation of properties of graphene that
have been reported [25]. For example, multi-layer gra-
phene synthesized by exfoliation of graphene oxide layer,
chemical vapor deposition (CVD) and micro-mechanical
cleavage has different thermo-physical properties [27-29].

Other than graphene, silver (Ag) is also used as an infu-
sion material because of good conductivity and chemi-
cal stability [12, 30, 31]. Silver nanoparticles have been
synthesized by gamma ray radiation, micro-emulsion,
photochemical reduction and electro-chemical methods
[32]. The exceptional characteristics of silver nanoparti-
cles have made them applicable in various fields such as
biomedical, drug delivery, water treatment and agricul-
tural industry [33, 34]. From the previous studies, PCM
composites infused with single nanoparticles were widely
studied and it is understood that the single nanoparticles
enhanced the thermal properties of the PCMs. On the other
hand, studies on hybrid nanoparticles or more than single
nanoparticles infused with PCMs are very less and limited
[35, 36]. Thus, this has been an inspiration to research-
ers for developing the novel composite PCMs contain-
ing hybrid nanoparticles. Tafrishi et al. [37] conducted a
molecular dynamic study to investigate the effect of adding
hybrid nanoparticles including graphene and boron nitride
nanosheets on the thermal properties of a developed PCM
composite. The authors concluded that the developed PCM
composite had more heat capacity, more thermal conduc-
tivity and a lower diffusion coefficient in comparison with
pure PCM. In another research work, the effect of hybrid
nanoparticles on the melting process of PCMs has been
analyzed numerically [38]. The authors highlighted that
the hybrid nanoparticles composed of Ag-MgO demon-
strate slight enhancements in the acceleration of the melt-
ing process.

In this research work, the paraffin-based hybrid nano-
material (Graphene-Silver) has been studied to verify the
thermo-physical properties enhancement of hybrid nano-
material on paraffin wax (PCM). Thermo-physical proper-
ties and application in CPV/T systems of the hybrid PCM/
graphene-silver nanocomposite is the first study to the best
of authors’ knowledge. Fourier transform infrared (FTIR)
test is conducted to study the chemical compatibility of
hybrid PCM/graphene-silver nanocomposite. Differential
scanning calorimetry (DSC) analyses are studied to ana-
lyze the melting point, enthalpy and specific heat capacity
(cp) of hybrid PCM/graphene-silver nanocomposite. Ther-
mal gravimetric analysis (TGA) and thermal conductivity
tests are conducted to determine the thermal properties
of hybrid PCM/graphene-silver nanocomposite. Electri-
cal and thermal energy efficiencies of the hybrid PCM/
graphene-silver nanocomposite in the solar thermal col-
lector systems as coolant is investigated as well.

Materials and methods
Materials

Organic phase change material (PLUSICE A70) with
melting point of 70 °C, density of 890 kg m~>, volumetric
heat capacity of 154 MJ m™> and specific heat capacity of
2.2 kJ kg7! K™! is procured from Phase Change Materials
Products Ltd Company [39]. PLUSICE A70 is also known as
Paraffin Wax, PW70. Hybrid graphene-silver nanomaterial
with particle size of 100 nm and ratio of 5:5 was purchased
from US research nanomaterials, Inc. This nanocomposite
(graphene-silver) is synthesized by sonochemical green
synthesis method with the presence of oxygen functional
groups. In the hybrid graphene-silver, graphene and silver
have purity of 99 and 99.99%, respectively [40]. Table 1
represents the properties of the hybrid nanocomposite
(graphene-silver).

Preparation of hybrid PCM/graphene-silver as a new
class of nanocomposites

Three different concentrations of hybrid graphene-silver
(0.1, 0.2 and 0.3 mass%) were loaded into the PCM (PW70).
Mass values of PW70 with 59.940 g and hybrid graphene-
silver powder with 0.06 g are measured separately using
a microbalance (Explorer series, Ohaus) with measuring
uncertainty of +0.0001. These amounts are used to pre-
pare the hybrid PCM/graphene-silver nanocomposite with
a 0.1 mass% of graphene-silver nanomaterial. The proposed
amount of paraffin wax (59.940 g) is heated in a beaker
(150 mL volume) using a hot plate (RCT BASIC, IKA). The
temperature of hot plate is adjusted to 100 °C. PW70 is left
for 15 min on the hot plate for melting and homogenization
purpose. Afterwards, 0.06 g of hybrid graphene-silver pow-
der is added to the beaker and stirred by a magnetic stirrer at
500 rpm. During the mixing process, the beaker is covered
with an aluminum foil to prevent the formation of air bub-
bles during magnetic stirring process. Stirring process is
conducted for 2 h continuously. The resultant hybrid PCM/

Table 1 Properties of the hybrid nanocomposite (graphene-silver)

Parameter Graphene Silver

Purity 99% 99.99%
Thickness <5 nm -

Diameter 1-12 pm -

Specific surface area 500-1200 m? g~ ~18-22m? g7!
Density - 10.5gcm™
Average particle size - 20 nm
Nanoparticle morphology 2D Spherical
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graphene-silver nanocomposite is poured into a vial (14 mL
NEST) to mold at room temperature. Same protocols are
repeated to prepare nanocomposites with concentrations of
0.2 and 0.3 mass% hybrid graphene-silver powder by adding
0.12 and 0.18 g of hybrid graphene-silver powder as filler
to the melted PW70 of 59.880 g and 59.820 g, respectively.

Characterization of hybrid PCM/graphene-silver
nanocomposites

HRTEM and elemental analysis of hybrid graphene-silver
nanoparticles

Morphology of the hybrid graphene-silver is investigated
using HRTEM (JEOL JEM-ARM 200F) imaging at an
accelerating voltage of 200 kV. About 1 mg of hybrid gra-
phene-silver is added onto the carbon-coated cupper grid.
Energy-dispersive X-ray spectroscopy (EDX, OXFORD
INSTRUMENT) is used to confirm the elemental map
imaging and observation of spatial distribution of all ele-
ments. The spot analysis is carried out to detect the quantita-
tive distribution of elements in different portions of hybrid
graphene-silver.

Fourier transform infrared spectrum (FT-IR)

The Fourier transform infrared spectrum (FTIR) of the
hybrid PCM/graphene-silver nanocomposites is deter-
mined using a PerkinElmer Spectrum Two-UATR. Spec-
tra is detected using the integrated detector of MIR TGS
(15,000-370 cm™"). Scanning speed was 0.2 cm s~! within
the optimum scan range of 7800—450 cm™".

Thermal properties measurement
Thermal conductivity measurement

Thermal conductivity of the pure PW70 and hybrid PCM/
graphene-silver nanocomposite samples are measured
using a KD2 Pro thermal properties analyzer (Decagon,
USA, version 5). This probe works with the principle of
a transient hot wire technique. The TR-1 sensor (100 mm
length, 2.4 mm diameter) is used for the thermal conductiv-
ity measurement. A programmable digital water bath (Wisd,
11Lit, WB-11) with temperature accuracy of +0.1 °C and
heating power of 1 kW is used for controlling the tempera-
ture within + 1 °C. Thermal conductivity of the nanocom-
posites (PCM/graphene-silver) is investigated at average
temperature of ~25 °C. The 14-mL vial consisting of the
nanocomposite and sensor is placed inside a double-wall
beaker (1000 mL volume) covered with styrofoam to prevent
the exchange of heat between sample and atmosphere. Those
are wrapped using an aluminum foil to prevent the formation
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of air bubbles during the measurements. The deviation of
the measured temperature is considered around + 0.5 °C.
Each measurement is repeated three times to get the precise
results. Since the temperature uniformity is highly important
for the KD2 Pro, sample and sensor are allowed to achieve
the temperature equilibrium for 30 min before any measure-
ment. Reading time of the measurements is raised to 10 min
for each measurement to ensure the accuracy of thermal con-
ductivity results as well as reducing the error points indi-
cated by decagon instrument.

Specific heat capacity (cp), enthalpy and melting/
solidification temperature measurements

In this study, the specific heat capacity (c,), enthalpy and
melting/solidification temperature measurements of the pure
PCM and hybrid PCM/graphene-silver nanocomposite sam-
ples are performed using a differential scanning calorimetry
(DSC). DSC-1000/C (Linseis, Germany) is a high-resolution
(0.03 uW) instrument, and the measurements are conducted
using aluminum crucibles of 40 ul. The temperature range
for measurements is between 25 and 250 °C with the heat-
ing rate of 10 °C min~'. The nanocomposite samples are
tightly sealed in a regular aluminum crucible with the capac-
ity of 40 ul under a nitrogen atmosphere with a flow rate of
20 mL min~'. The temperature repeatability and calorimet-
ric precision are +0.1 °C and + 1%, respectively. Tempera-
ture and enthalpy calibrations for this DSC are carried out
employing four standard reference samples (Indium, Tin,
Lead and Zinc) provided by the supplier. The experimen-
tally achieved data for specific heat capacity, enthalpy and
melting/solidification temperature values of the pure paraf-
fin wax are in agreement with the values provided by sup-
plier [39]. One uniform protocol for ¢, enthalpy and melt-
ing/solidification temperature measurements of the hybrid
PCM/graphene-silver nanocomposites are adjusted in order
to ensure the accuracy of results. All DSC measurements
are performed using the heating rate of 10 °C min™' under
nitrogen atmosphere.

Thermal stability test

Thermal gravimetric analysis (TGA) of the hybrid PCM/
graphene-silver nanocomposites is conducted using Perki-
nElmer TGA 4000. A 180-ul alumina crucible (with temp.
~1750 °C) under an ultra-high pure nitrogen gas flow of
19.8 mL min~! with the gas pressure of 2.6 bar is selected
to examine the samples. The utilized heating rate is 10 °C
min~! for raising the temperature from 30 to 800 °C. About
15 mg of hybrid PCM/graphene-silver nanocomposite sam-
ple is used for the decomposition temperature measurement.
The obtained data are analyzed using Pyris Software.
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Accelerated thermal cycle test

Thermal reliability of the developed PCM/graphene-silver
nanocomposites and pure PCM was determined using a cus-
tom-designed accelerated thermal cycler as shown in Fig. 1.
The utilized thermal cycler has three chambers built to run
three samples that each chamber can be controlled individu-
ally. Each chamber is equipped with two thermocouples, a
sample holder, heater and cooler. The thermocouple can be
moved vertically up and down which is controlled through
a stepper motor. After reaching the maximum temperature,
the heating unit is switched off, while the cooling unit is
switched on. A digital controller is provided to set the max-
imum operation temperature and temperature differences.
The minimum operation temperature of the employed Peltier
cooling system is 25 °C. Computer collects the acquired
experimental data through PicoLog Hardware. The thermo-
couple output is converted to appropriate temperature values
by using PicoLog software. The developed nanocomposites
and pure PCM were placed in a cupper crucible. The DSC
data are collected at 0, 100 and 200 cycles to determine the
thermal cycling performance of the developed nanocompos-
ites and pure PCM.

Performance investigation of concentrated
photovoltaic thermal (CPV/T) collector

After evaluation of the thermal properties of the hybrid
PCM/graphene-silver nanocomposite samples, it is impor-
tant to assess their effect on the performance of a suitable
solar system. The hybrid concentrated photovoltaic/thermal

(CPV/T) solar system was selected due to its suitability to
the high melting temperature of the applied paraffin wax
(~70 °C). The assessment was applied on the nanocompos-
ite samples at different nanoparticles concentrations of 0.1,
0.2 and 0.3 mass%. The CPV/T system consists of a PV
panel with solar concentrators on both sides as shown in
Fig. 2. A cooling fluid channel exists below the PV panel
and the nanocomposite layer exists in between the panel
and the cooling channel to provide the thermal regulation
for the PV panel. The system is insulated from all the side
walls, except inlet and outlet of cooling fluid to avoid any
heat leakage. This allows the heat to be collected only by
the cooling fluid, which is considered as one of the main
targets of using hybrid PV/T and CPV/T systems. The sys-
tem is exposed, as well, to atmospheric temperature from
the upper and bottom sides. However, an insulation layer
has been added below the cooling channel to minimize the
heat losses to the atmosphere. The assessment of the perfor-
mance has covered the average PV panel temperature, the
temperature gain across the cooling fluid and the thermal
and electrical efficiencies of the system. The results are com-
pared to the same performance parameters using the pure
paraffin wax. The required governing energy equations are
developed and solved numerically using MATLAB 2017b
program. A schematic diagram for the studied hybrid system
is shown in Fig. 2.

Mathematical model

In this section, the governing energy equations of the CPV/T
system are explained. The energy equations are derived from
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Fig. 1 Schematic diagram of accelerated thermal cycle tester
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Fig.2 Schematic diagram for the studied hybrid CPV/T system with hybrid PCM/graphene-silver nanocomposite layer

an energy balance along each layer from the system and an
evaluation of the parameters that affect the rate of change of
the internal energy of each layer due to the heat exchange
with the neighboring layers. The energy equations are sum-
marized in Table 2. As simulating the heat transfer through
the nanocomposite layer is relatively complicated, it has
been divided into the sub-layer attached to the PV panel,
the sub-layer attached to the back cover and the sub-layer
in between them. The energy equations throughout these
three sub-layers are mentioned in Table 3, while the con-
stant parameters implemented in the study are presented in
Table 4.

Using the numerical results, the electrical and thermal
energy outputs of the CPV/T system were evaluated as
follows:

time of the study

Eel, out — / LWCGnref[l - ﬂpV(TpV - Tref)] (9)
0

time of the study

/ méfcpcf(ch, out ch, in) (10)
0

Ey =
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Consequently, the electrical and thermal efficiencies are
calculated using the equations described in Egs. (11) and
(12):

Eel, out
= g (11
Ep
N = E 12)
where E,, is the input energy, which is evaluated as:
time of the study
E, = / LWCG 13)

0

Input parameters

Thermo-physical parameters of the pure PCM and hybrid
PCM/graphene-silver nanocomposites are used from the
acquired experimental results. The thermal properties
including, thermal conductivity, specific heat capacity, latent
heat of fusion and melting temperature of the samples have
been obtained from the sections of “Thermal conductivity
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Table 2 Governing equations of the hybrid PV/T system with opticle filtration
Equation for Governing equations Egs.
PV panel dTpV (1)
Moy CPpy =~ = U AXWCG = AXWCGH ¢ [1 = By (T — Tret)]
+ Axu/hracl,pv (Tsky - Tpv) + Avahconv,pv (Tamb - Tpv)
AxWk Wtk
pv pvipv
+ lpv (Tnpcm,] - Tpv) Ax ( pvi+l Tpv)
Wtk
pvipv
+ Ax ( pvi-1 — TpV)
Back cover dT,.  AxWk, 2)
mbccpbcw = P : <Tnpcm,n - Tbc) + Awi’lconv,cf(ch - Tbc)
be
Wik Wik
+ T(Tbcm - Tbc) + A—Cx (Tbci—l Tbc)
COOling fluid méfcpcf<ch,out - ch,in) = AXthonv,cf<Tbc - ch) + Ava]’lconv,cf(pr - ch) (3)
Back plate dTy, 1 Wiy, ke, @
mbpcpbpd_t = A)C‘/V],lconv,cf(ch - pr) + E (Tbs - pr) + A—x (pr i+l pr)
Wiypkip
+ T( bpi-1 — pr)
Back sheet dTy, 1 ©)
My CPrg ? = R_ (pr - Tbs) + AXWhrad,bs (Tground - Tbs) + A)CVthonv,bs (Tamb - Tbs)
bs
Wtbskbs Wlbskbs
Ax (Tbsi+l - Tbs) + Ax (Tbsi—l - Tbs)
*T.,1and T,_, are the temperatures of the layer to the right and left directions on the x-axis from the calculation point
Table3 Gover nipg equations Equation for Governing equations Egs.
through the hybrid PCM/
graphene-silver nanocomposite First layer AT e 6)
layer mnpcm Cpnpcm dr
AxWk, AxWk
= —— (T = Topema) + —— (
Tov : Ay
WAy knpcm
T ( npem,li+1 — Tnpcm,l)
WAyk
npcm
+ T( npem,li-1 — Tnpcm,l)
Last layer AT pem, n )
Mypem Prpem T
Ax kac Ax Wknanopcm
= foe (Tbc - Tnpcm, n) + A—y( npecm,ben—1 Tnpcm,hcn)
WAy knpcm
T( npem,beni+1 Tnpcm,bcn)
WAyk
npcm
+ T( npem,beni—1 Tnpcm,bcn)
Layers in between AT pem; ®)
mnpcmcpnpcm dr

AxWk

npcm

A—y{(Tnpcm.j+1 - Tnpcm,j) + (Tn

WAy
% {( npem, ji+1 —

Tnpcm,j) + (
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Table 4 Constant parameters used in the study

Parameter Value Parameter Value

L 0.7m Ax 0.05 m

w 0.3 m Ay 0.002 m
Tos Toes Top AN T 3 mm ap, 0.945

fins 25 mm Epy 0.9

to 20 mm By 0.005 °C™!
Typem 10 mm Epg 0.09

T, 25°C u, Oms!

C 2 m 0.002 kg s™'
Time of the study 3h=10,800s Hret 20%

At 10s

of organic PCM dotted with hybrid graphene-silver nano-
material”, “Specific heat capacity (cp) of PCM and nano-
PCM?” and “Enthalpy and melting/solidification temperature
of the hybrid PCM/graphene-silver nanocomposites”. The
values of the thermal conductivity of the samples, in the
liquid phase, are assumed as equal to the solid-phase values.
On the other side, and due to the limitation of the data, the
density of all the samples was assumed as constant value
equals to 800 kg m~>.

Results and discussion

Morphological characterization of hybrid
graphene-silver nanomaterial

Figure 3 presents the HRTEM micrographs of hybrid gra-
phene-silver showing the morphology of graphene sheets
and silver nanoparticles. Figure 3a shows the HRTEM
image, presenting a few layers of thin and transparent gra-
phene nanosheets. It also indicates that the layers are stacked
together by overlapping each other with a folded manner
[41]. Figure 3b shows the HRTEM image of silver nano-
particle-filled graphene sheets. HRTEM analysis exposed
that graphene sheets are uniformly intercalated with the sil-
ver nanoparticles. The silver nanoparticles in the graphene

layers display a dark and uniform contrast with the surround-
ing of transparent graphene flakes. Besides, it is also under-
stood that the intercalated silver nanoparticles in graphene
flakes can orient by linking each other [42] which can help
to connect the graphene flakes and increase the conductive
path in the base materials [43, 44]. Figure 3c exhibits that
the existing orientation of vicinity silver nanoparticles in the
graphene sheets and the used graphene flakes are crystalline
[25, 41].

Chemical structure characterization (FTIR) results

Figure 4 shows the FTIR spectrum of paraffin wax and dif-
ferent concentration of hybrid graphene-silver nanomate-
rial-infused paraffin wax (PCM/Graphene-Silver) in the
frequency range of 4000-450 cm~!. The FTIR spectrum
of paraffin wax and hybrid graphene-silver-infused paraffin
wax shows almost identical peak and there is no new peak
observed. The similar peaks show that there is only physical

Graphene silver 0.3%

Graphene silver 0.29

Graphene silver 0.1%

Transmittance/%

Paraffin wax

1464
721

r T e T T T T T
4000 3500 3000 2500 2000 1500 1000 500

Wavenumber/cm™!

Fig.4 FTIR spectrum of paraffin wax and different concentration
mixture of hybrid graphene-silver nanomaterial

interaction between paraffin wax and hybrid graphene-silver
nanomaterial [45, 46]. The chemical structures of the pure

Fig.3 HRTEM micrographs of hybrid graphene-silver showing the morphology: a edges of the few layered graphene flakes, b silver nanoparti-
cles in the graphene sheets, ¢ orientation of the vicinity silver nanoparticles in the crystalline graphene sheets

@ Springer
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organic paraffin wax and the hybrid PCM/graphene-silver
nanocomposites are analyzed using FTIR spectroscopy. The
FTIR spectrum result is shown in Fig. 4. The FTIR spec-
trum for hybrid PCM/graphene-silver nanocomposites and
pure PW70 are shown separately. Shifts in the characteristic
peaks reveal the presence of C-H, and C-H; groups in the
samples. The major absorption peaks for the PW70 and dif-
ferent concentration mixture of hybrid graphene-silver nano-
material occurs at 2916 cm™!, 2848 cm™!, 1464 cm™! and
721 cm™!. The peaks at 2916 cm™' and 2848 cm™! show the
C-H, bonding of the paraffin wax [47]. The peak defines that
the stable balance of attractive and repulsive forces between
carbon and hydrogen atoms exists in paraffin wax [48]. The
presence of oxygen functionalities in the samples is detected
in peaks at 1464 cm™! and 721 cm™! due to C-Hj stretch-
ing vibrations [49]. Clearly, it is seen that the wavenumbers
(cm™!) of characteristic peaks of all composite samples with
varying hybrid graphene/silver nanomaterial loading mass
fraction is similar. The similarity in peak for different con-
centration of hybrid graphene-silver nanomaterial is due to
the dominance of paraffin wax chemical structure [50]. From
the observation of the entire peak, it can be concluded that
there are no peaks in the spectrum of nanoparticles cor-
responding to its component, paraffin wax. From the FTIR
results, it has been proven that there is no chemical interac-
tion that changes the nature of paraffin wax functional group
[51].

Fig.5 Experimental data of the
thermal conductivity measure-
ments of hybrid PCM/graphene-
silver nanocomposite as a func-
tion of hybrid graphene-silver
nanomaterial loading. Inset is
the schematic of the graphene
and silver nanoparticles percola-
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Thermal conductivity is an important parameter for a PCM
that influence the rate of thermal energy charging and/or
discharging throughout the day and night. Figure 5 illustrates
the experimentally obtained thermal conductivity data of
hybrid PCM/graphene-silver nanocomposite with varying
loadings of silver-induced graphene (Gr-Ag) flakes. Y-axis
error bars with the measured thermal conductivity are the
average error points with the consecutively repeated meas-
ured values. The average error point of the three consecu-
tively readings is found to be +0.003. This low value of error
points evidences the measurement accuracy of the thermal
conductivity of the hybrid PCM/graphene-silver nanocom-
posite samples. It is found that the experimentally acquired
thermal conductivity value of pure PCM is ~0.2 W m™!
K~! which matches with the previously reported value of
~0.21 W m~! K7 [52]. It is seen that a thermal conductiv-
ity is increased with the increase in hybrid graphene-silver
nanomaterial loading in the PCM. Thermal conductivity of
the as-prepared hybrid PCM/graphene-silver nanocompos-
ites is found as ~0.212, ~0.214 and ~0.219 W m~! K~! for
the loading of hybrid graphene-silver nanomaterial of 0.1,
0.2 and 0.3 mass %, respectively. These enhancements of
thermal conductivities are ~8, ~9 and ~ 11%, respectively,
over the matrix PCM. These results can be comparable with
the work conducted by Wang, et al. [53], where paraffin wax

---» PCM matrix

=== % Ag particles

» Graphene flakes
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(PW)-based MWCNTs nanocomposites provided the ther-
mal conductivity enhancement of ~ 11, 16 and 35% for the
mass% of 0.2, 0.5 and 2 of MWCNTS, respectively, in solid
state of about 30 °C. The enhancement of thermal conduc-
tivity in the hybrid PCM/graphene-silver nanocomposites
could be more likely because of very high thermal conduc-
tivity of graphene flakes [54] and it possesses ultra-thin
surfaces areas with negligible thickness leading to ~ zero
aspect ratio of graphene flakes [55]. Graphene flakes with
these attributes more possibly can create a percolation con-
ducting network in the PCM matrix. At this stage, tunneling
effects occur between adjacent graphene flakes, creating it
very effective conductive materials [44]. As the graphene
flakes create a complete conductive path by contacting the
flakes in the percolation, afterwards further rise of graphene
flakes rises the number of conducting networks (as shown
in the inset of Fig. 5) until the conductivity levels off [44].

Graphene has strong ability to generate continuous ther-
mally conductive chains due to their negligible aspect ratio
which results in the high improvements in thermal con-
ductivity [56]. On the other hand, spherical shape of silver
nanoparticles prevails together with the graphene flakes by
interfacing each other in PCM matrix [43] as shown in the
inset of Fig. 5. Where silver nanoparticles help the elec-
tron through hopping from one graphene flake to other in
the matrix and energy transport inside the matrix becomes
stronger [57]. In spite of that, effect of interfacial thermal
resistance among the hybrid graphene-silver nanomate-
rial and PCM matrix cannot be overrate in the solid-state
hybrid PCM/graphene-silver nanocomposites. This interfa-
cial thermal boundary resistance can be reason to hinder the
enhancement of thermal conductivity of the hybrid PCM/
graphene-silver nanocomposites as the nanoparticle dimen-
sionality escalates based on the results for two-dimensional
materials included graphene nanosheets [58].

Specific heat capacity (c,) of PCM and nano-PCM

Specific heat capacity (c,) is one of the prominent param-
eters for calculation, assessment and design of thermal sys-
tems [59]. Thermal energy storage performance of the pure
organic paraffin wax and hybrid PCM/graphene-silver nano-
composites are examined by using DSC. Table 5 presents
data for ¢, measurements of pure organic PCM and hybrid
PCM/graphene-silver nanocomposites.

Table 5 presents that ¢, values for pure organic paraf-
fin wax in the temperatures of ~25 and ~250 °C were 2.1
and 3.10 (J g~' K1), respectively. Acquired experimentally
data for ¢, value of the pure paraffin wax at 25 °C are in
agreement with the provided data by supplier [39]. As it is
clear from the achieved data, the Cp value increases for pure
PCM at elevated temperatures. The mechanism for increas-
ing specific heat capacity at elevated temperatures can be
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Table 5 Experimentally acquired data for ¢, measurements of pure
paraffin wax and hybrid PCM/graphene-silver (PCM/Gr-Ag) nano-
composites

Samples Specific heat capacity/J g=! K~
Temperature/°C
Low tempera-  High tempera-
ture (~25 °C)  ture (~250 °C)

Pure paraffin wax 2.1 3.11

Hybrid PCM/Gr-Ag (0.1 mass%) 1.9 3.44

Hybrid PCM/Gr-Ag (0.2 mass%) 2.1 3.86

Hybrid PCM/Gr-Ag (0.3 mass%) 2.4 4.34

described due to vibrational, rotational and translation of
molecules at higher temperatures. Heating up a substance
will cause to increase the average energy of molecules which
will lead to store more amount of energy [59]. Acquired
experimentally data indicate that the changes of ¢, value for
hybrid PCM/graphene-silver nanocomposite (0.1 mass%) in
low temperature (~25 °C) is negligible (c,=1.97J g ' K.
The increment of ¢, value at high temperature (~250 °C)
is ~11%. The DSC results for hybrid PCM/graphene-sil-
ver nanocomposite (0.2 mass%) indicates same result of Cp
value (¢,=2.2J g~! K™ as pure PCM in low temperature
(~25 °C). However, enhancement of ~29.5% is achieved
in high temperature (~250 °C) for the nanocomposite with
0.2 mass% loading of hybrid graphene-silver nanoparticles.
¢, values of hybrid PCM/graphene-silver nanocomposite
(0.3 mass%) reveals ~ 14% enhancement at low tempera-
ture (~25 °C) and ~40% increment at high temperature
(~250 °C). According to the literature, enhancement of 25%
in specific heat capacity of nanocomposites can be achieved
compared with the base substance due to the presence of
nanoparticles [60, 61]. A theoretical model was applied by
Wang et al. [53] to investigate the influence of particle size
on the ¢, value. They concluded that the enhancement of c,,
value can be obtained by the reduction in nanoparticle size.
Less number of bonds in the surface area of the lattice of the
nanoparticles causes the atoms to be less constrained. Lower
natural frequency and higher amplitude of the vibrations
of the atoms in the surface area can allow the bonds to act
like spring. This phenomenon can cause to creation of inter-
face interaction of atoms in surface area of two-dimensional
materials (because of high surface area) with high surface
energy atoms of the organic pure paraffin (C—H bonds). The
created interactions between atoms can be the reason of the
enhanced specific heat capacity of hybrid PCM/graphene-
silver nanocomposites. This mechanism is applicable in high
temperatures as the temperature elevates the vibration of
atoms. Enhancement of vibration will increase specific heat
capacity which is proved experimentally in this study for
new class of nanocomposites (hybrid PCM/graphene-silver)
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with different mass fraction loadings of hybrid graphene-
silver nanomaterial. Due to the C—H bond in the structure
of organic PCMs and high surface area of two-dimensional
inorganic compound (hybrid graphene-silver nanomate-
rial) it can be proposed that there is electrostatic interaction
between the induced hybrid graphene-silver in PW70. The
aforementioned interface interaction will cause to crystallize
the particles of paraffin wax on the specific surface area of
hybrid graphene-silver nanomaterial. Large specific surface
area and specific surface energy will contribute to enhance-
ment of the specific heat capacity. The promising thermo-
dynamic efficiencies at higher operating temperatures can
cause to reduce the final cost of the thermal systems which
are working in the basis of thermal storage and thermal con-
ductivity. An inexpensive method to decrease the cost of
systems is to enhance the specific heat capacities of organic/
inorganic PCMs by doping them with minute concentration
of nanoparticles. According to the comprehensive study per-
formed by Malik [62] reported that the cost of solar thermal
power systems can be reduced by 15% when specific heat
capacity is increased by 30%. The above-mentioned model
can be extended for organic PCMs as well. The required
amount of thermal energy storage media in a concentrated
solar power plant can significantly reduce with enhancement
of specific heat capacity followed by a consequent reduction
in the cost of electricity.

Enthalpy and melting/solidification temperature
of the hybrid PCM/graphene-silver nanocomposites

Enthalpy and melting/solidification temperature characteri-
zations of the hybrid PCM/graphene-silver nanocomposites
and pure PCM are performed by using DSC. Figure 6 illus-
trates the enthalpy results for pure PCM and hybrid nano-
composites with different mass fractions of hybrid graphene-
silver nanomaterial. Table 6 represents the experimentally
acquired data for enthalpy and melting/solidification temper-
ature of the developed nanocomposites. Melting and solidifi-
cation temperatures of pure PW70 are 69.8 °C and 50.4 °C,
respectively, which is in good agreement with the provided
data by supplier of the pure PCM [39]. It is observed that
with the addition of hybrid graphene-silver nanomaterial to
pure paraffin wax, the melting point was increased slightly
from 69.8 to 73.2 °C for the highest concentration (0.3
mass%) of hybrid graphene-silver nanomaterial, while the
solidification temperature is found to be 53.4 °C. The slight
increment is observed because of the interface interaction
between high surface energy atoms of pure paraffin wax
and high surface area of hybrid graphene-silver nanomate-
rial. The increment of melting point confirms the explained
mechanism of enhancement in specific heat capacity. Melt-
ing point of developed hybrid PCM/graphene-silver nano-
composite with loading concentration of 0.1 and 0.2 mass%
is found to be 72.2 and 73.1 °C, respectively. Solidification
temperature of the developed nanocomposites is found to be

Fig.6 DSC curve for enthalpy 0
and melting point of hybrid
PCM/graphene-silver (PCM/ —10
Gr-Ag) nanocomposites and [\‘/_’_/M\
pure PCM > W
= -20 S
% \\
= - 30
8 endo
I
—40
Pure PCM
-50 ——— PCM/Gr — Ag (0.1 mass%)
PCM/Gr — Ag (0.2 mass%)
—— PCM/Gr — Ag (0.3 mass%)
-60
0 50 100 150 200 250 300
Temperature/°C
Tablg 6 Experimentally Samples Melting process Solidifying process
acquired data for enthalpy
and melting/solidification Latent heat of  Melting Latent heat of Solidification
temperature characterization of melting/] g=!  temperature/°C  solidifying/J g=!  temperature/°C
pure paraffin wax and hybrid
PCM/graphene-silver (PCM/ Pure paraffin wax ~110.7 69.8 ~90.6 50.4
Gr-Ag) nanocomposites Hybrid PCM/Gr-Ag (0.1 mass%)  ~75.6 72.2 ~71.7 52.3
Hybrid PCM/Gr-Ag (0.2 mass%) ~78.2 73.1 ~74.3 53.1
Hybrid PCM/Gr-Ag (0.3 mass%) ~88.8 73.2 ~84.2 534
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52.3 and 53.1 °C for the loading concentrations of 0.1 and
0.2 mass%, respectively. It is observed from the DSC curves
that the endothermic enthalpy value decreases with hybrid
graphene-silver nanomaterial as additive. The measured
latent heat of melting and latent heat of solidification for the
pure paraffin wax are ~110.7 J g~ and ~90.6 J g1, respec-
tively. DSC measurement for the latent heat of melting of the
hybrid PCM/graphene-silver nanocomposites with the load-
ing concentrations of 0.1, 0.2 and 0.3 mass% represented
values of ~75.6, ~78.2 and ~88.8 J g7!, respectively. This
indicates the release of energy in melting and heat transfer is
enhanced in this crucial point. The experimentally acquired
data for the latent heat of solidification for the developed
hybrid PCM/graphene-silver nanocomposites represented
values of ~71.7, ~74.3 and ~84.2 ] g_1 for the loading con-
centrations of 0.1, 0.2 and 0.3 mass%, respectively.

Thermal stability of PCM and Nano-PCM

Thermal durability of the pure organic PCM (PW70) and
hybrid PCM/graphene-silver nanocomposites is investigated
through TGA analysis. Attained TGA curves of mass loss
of the pure PCM (PW70) and hybrid PCM/graphene-silver
nanocomposite samples with the temperature are illustrated
in Fig. 7.

A unique protocol with the initial mass of ~ 15 mg
and heating rate of 10 °C min~! is maintained for the
acquisition of data for all samples. It is seen that pure
PCM (PW70) shows the mass loss behavior between the
temperature 263 and 424 °C. About 70% mass of PW70

Fig.7 TG curve of pure organic 6
PCM (PW70) and hybrid PCM/

graphene-silver (PCM/Gr-Ag) — o

nanocomposites

12

10

mass/mg

is lost from 263 to 700 °C. It matches with the similar
behavior of PCM evaluated by Tang et al. [63]. Due to
the low loading of hybrid graphene-silver nanomaterial
in the PCM, nanocomposite mass loss does not influence
much and decomposition phenomenon mostly act as pure
PCM. If the loading of hybrid graphene-silver nanomate-
rial is reached higher such as minimum of 10 mg, then it
can affect the thermal stability of PCM [64]. There is no
degradation of hybrid graphene-silver nanomaterial due
to the increase in temperature within the range of 30 to
800 °C. Within this temperature range, the hybrid gra-
phene-silver nanomaterial possessed negligible mass loss
due to the rising temperature [65]. Pure PCM is stable
until its decomposition. The decomposition of PCM in this
temperature range takes place in microcapsules and com-
ponents. The microcapsules degradation occurs in a more
gradual way after the resultant components is decomposed.
Perhaps, such a gradual decomposition could become the
consequence of a more resistant shell [66]. Hence, it can
be said that hybrid PCM/graphene-silver nanocomposite
samples have the ability to possess very good thermal sta-
bility when the temperature is below 263 °C. This property
is desirable for a material to be used in thermal storage
applications [63].

Thermal reliability
The developed hybrid PCM/graphene-silver nanocomposites

should stand the long-term application test. Therefore, the
thermal reliability of the developed hybrid nanocomposites

~ 269.63°C

Pure PCM
= PCM/Gr - Ag (0.1 mass%)
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and pure PCM is determined using a custom designed accel-
erated thermal cycler. The DSC results are collected at 0,
100 and 200 cycles to determine thermal cycling perfor-
mance of the developed nanocomposites. Table 7 represents
the experimentally acquired data for latent heat and melting
temperature of pure PCM and developed nanocomposites
after 0, 100 and 200 thermal cycles. Pure paraffin wax exhib-
ited ~110.7J g7, ~109.8 J g~ and ~109.7 J g~ latent heat
storage capacity at 0, 100 and 200 thermal cycles, respec-
tively. Also, the measured melting temperature of the pure
paraffin wax is found to be 69.8 °C, 69.5 °C and 69.6 °C at
0, 100 and 200 thermal cycles, respectively. It is obvious
that there is no significant change in the latent heat storage
capacity and melting point of the pure PCM, before and
after thermal cycling test, which confirms that pure PCM
has a good thermal reliability. Similar trend is observed for
the developed hybrid PCM/graphene-silver nanocompos-
ites with loading concentration of 0.1, 0.2 and 0.3 mass%.
Hybrid PCM/graphene-silver nanocomposite with load-
ing concentration of 0.1 mass% showed ~75.6, ~75.4 and
~75.4 latent heat storage capacity at 0, 100 and 200 thermal
cycles, respectively. There was negligible difference in the
melting temperature of the hybrid nanocomposite with load-
ing concentration of 0.1 mass% after 200 thermal cycles.
The acquired results for the latent heat storage capacity
and melting temperature of the hybrid nanocomposite with
loading concentration of 0.2 mass%, before and after ther-
mal cycling test, showed very low differences of 0.51% and
0.41%, respectively. Hybrid PCM/graphene-silver nanocom-
posite with loading concentration of 0.3 mass % represented
~88.8J¢g7 !, ~88.7T g7 and ~88.4 J g~! latent heat storage
capacity at 0, 100 and 200 thermal cycles, respectively. The
melting temperature results for the developed hybrid nano-
composite with loading concentration of 0.3 mass% showed
value of 73.2 °C and 72.8 °C at 0 and 200 thermal cycles,
respectively. This long-term performance analysis for the
latent heat and melting point of the developed hybrid PCM/
graphene-silver nanocomposites proves good thermal relia-
bility in proposed applications even after 200 thermal cycles.

Application in the PV/T system

The governing energy equations and the performance equa-
tions, Egs. (1)-(13), in the methodology are solved simul-
taneously to evaluate the average PV temperature, the tem-
perature gain across the cooling fluid and the electrical and
thermal efficiencies of the CPV/T system with hybrid PCM/
graphene-silver nanocomposite layer. The performance for
the four cases of pure PCM and hybrid PCM/graphene-silver
nanocomposites (0.1, 0.2 and 0.3 mass%) is evaluated and
represented in Figs. 8 and 9. Figure 8a shows the average
temperature of the PV panel during the study time. Higher
PV temperature is achieved due to the operation of the sys-
tem under two solar concentrators. Clearly, it is observed
that using the hybrid graphene-silver nanoparticles resulted
in an increase in the cooling capability of the PCM. Increas-
ing the nanoparticles loading reduces PV panel temperature.
In comparison with the pure PCM, hybid graphene-silver
nanoparticles at loading concentration of 0.2 mass%, the
average temperature of the PV panel has decreased by 1.9%,
while it has decreased by 2.7% at nanoparticles loading con-
centration of 0.3 mass%. Figure 8b shows the enhancement
in the temperature gain across the cooling fluid using the
nanocomposite samples. The figure reports the enhancement
after 3 h of operation. Introducing the hybrid graphene-silver
nanoparticles to the PCM showed more temperature gained
by the cooling fluid, and more temperature gain is attained
at higher nanoparticles loading. It should be mentioned that
higher temperature difference is noticed between the PV
temperature and outlet cooling fluid, which can be attributed
to the operation of the system under high solar concentra-
tion and low cooling fluid and mass flow rate. In the studied
case, the temperature gain across the cooling fluid is barely
enough to provide some heat for daily water use.

Figure 9 shows the electrical and thermal efficiencies
of the CPV/T system. The highest values for the electri-
cal efficiency of the system are found at the higher loading
concentration of the hybid graphene-silver nanoparticles as
illustrated in Fig. 9a. At nanoparticles loading concentration
of 0.3 mass%, the electrical efficiency is improved by 1.33%
in comparison with the pure PCM. Figure 9b shows different
shape for the thermal performance of the CPV/T system.

Table 7 Experimentally
acquired data for latent heat
and melting temperature
characterization of pure
paraffin wax and hybrid PCM/

Samples

Thermal cycle

Latent heat/J g~ Melting temperature/°C

graphene-silver (PCM/Gr-Ag)
nanocomposites after 0, 100 and
200 thermal cycles

0 100 200 0 100 200
Pure paraffin wax ~110.7 ~109.8 ~109.7 69.8 69.5 69.6
Hybrid PCM/Gr-Ag (0.1 mass%) ~75.6 ~75.4 ~75.4 722 719 71.8
Hybrid PCM/Gr-Ag (0.2 mass%) ~78.2 ~77.6 ~71.8 73.1 721 72.8
Hybrid PCM/Gr-Ag (0.3 mass%) ~88.8 ~88.7 ~88.4 73.2 73 72.8
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Fig.8 The effect of the nanomaterial and the nanoparticles’ loading on the average temperature of the PV panel and the temperature gain across
the cooling fluid for a hybrid CPV/T system with hybrid PCM/graphene-silver nanocomposite layer
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CPV/T system with hybrid PCM/graphene-silver nanocomposite layer
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The highest thermal efficiency using the hybrid graphene-
silver nanoparticles is reported at nanoparticles loading
concentration of 0.2 mass%. In addition, it is observed that
the hybrid PCM/graphene-silver nanocomposites, at nano-
particles loading concentration of 0.1 mass% and 0.3 mass%,
show slightly lower thermal efficiency than its value at nano-
particles loading concentration of 0.2 mass%. The difference
in the thermal efficiency results is attributed to its depend-
ence on the energy passed through the pure PCM/hybrid
nano-PCM to the cooling fluid channel during the study
time, which is directly dependent on the thermal properties
of the pure PCM/hybrid nano-PCM samples. As the study
has been extended to 3 h and the average PV temperature
exceeded the melting temperature of the samples, different
thermal behaviors are expected from the system at different
pure PCM/hybrid nano-PCM samples due to the different
sensible and latent thermal properties.

Assuming that the thermal energy can be converted into
electrical energy using a thermo-electric generator (TEG)
with conversion efficiency of 40%, as for the gas and com-
bined plants [34], the equivalent electrical efficiency of the
CPV/T system using PCM and the hybrid PCM/graphene-
silver nanocomposite (0.1 mass%, 0.2 mass% and 0.3
mass%) samples was evaluated as:

rlel,eq =gt 0.4 x Min (14)

The results of the equivalent electrical efficiency are
depicted in Fig. 10.

From Fig. 10, it is revealed that the equivalent electri-
cal performance of the CPV/T system has been enhanced
with the increase in the nanoparticles loading. The rate of
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Fig. 10 The effect of the nanomaterial and the nanoparticles’ loading
on the equivalent electrical efficiency of the PV panel for a hybrid
CPV/T system with hybrid PCM/graphene-silver nanocomposite
layer

increase in the equivalent electrical efficiency is small. In
comparison with the pure PCM, the equivalent electrical
performance is improved by 2.3%, 2.6% and 2.8% at hybrid
graphene-silver nanoparticles loading concentration of 0.1,
0.2 and 0.3 mass%, respectively. To sum up, the addition
of the hybrid graphene-silver nanoparticles to the PCM
enhances the performance of the CPV/T system and lower
PV temperatures. Moreover, higher temperature gains across
the cooling fluid and higher electrical and thermal efficien-
cies are achieved. Increasing the nanoparticles loading, the
cooling of the PV panel is improved, which cause to increase
the temperature gain across the cooling fluid and the electri-
cal efficiency of the CPV/T system. The thermal efficiency is
mainly dependent on the temperature gain across the cooling
fluid, the thermal properties of the hybrid PCM/graphene-
silver nanocomposites and the study period for the system.
Better cooling for the PV panel and more temperature gain
across the cooling fluid are expected at higher nanoparti-
cles concentration. In addition, changing the thickness of
the hybrid PCM/graphene-silver nanocomposite layer and
the mass flow rate of the cooling fluid may result in lower
temperatures for the PV panel and higher values for the elec-
trical and thermal efficiencies of the CPV/T system, which
can be recommended as for future studies.

Conclusions

In this paper, a new class of nanocomposites using hybrid
graphene-silver nanoparticles as additive to a pure organic
phase change material is synthesized successfully. Chemical
structure analysis showed good formation of the synthesized
nanocomposites. Thermal energy storage capability of the
hybrid PCM/graphene-silver nanocomposites and pure par-
affin wax is measured in the temperature range of 25-250 °C
considering decomposition temperature as maximum oper-
ation temperature. It is evidenced that the hybrid PCM/
graphene-silver nanocomposites with mass fraction of 0.3
mass% shows highest improvement in specific heat capac-
ity of the hybrid PCM/graphene-silver nanocomposite by
~40%. Thermal conductivity of the hybrid PCM/graphene-
silver nanocomposite is found to have enhancement of ~ 11%
with mass fraction of 0.3 mass %. The unique two-dimen-
sional and well-formed layers of planar structure of hybrid
graphene-silver nanomaterial (represented in section “Mor-
phological characterization of hybrid graphene-silver nano-
material”) leads to obtain highly promising thermo-physical
properties. The melting point of the synthesized nanocom-
posite is shown to be slightly increased at higher loadings
of hybrid graphene-silver nanomaterial. The melting point
for pure paraffin is found to be 69.8 °C. Melting point of
hybrid PCM/graphene-silver nanocomposite with load-
ing concentration of 0.3 mass% is measured to be 73.2 °C.
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It is observed from the DSC curves that the endothermic
enthalpy value decreases with hybrid graphene-silver nano-
material as additive. The measured enthalpy value for the
pure paraffin wax is ~110.7 J g~!. Enthalpy of the hybrid
PCM/graphene-silver nanocomposites with the concentra-
tions of 0.1, 0.2 and 0.3 mass% represented values of ~75.6,
~78.2 and ~88.8 J g~!, respectively. This indicates the
release of energy in melting, and heat transfer is enhanced in
this crucial point. Thermal durability measurements revealed
that the mass loss occurs within the temperature range from
263 to 424 °C. The long-term performance analysis for the
latent heat and melting point of the developed hybrid PCM/
graphene-silver nanocomposites proved good thermal relia-
bility in proposed applications even after 200 thermal cycles.
Addition of the hybrid graphene-silver nanoparticles to the
PCM represented the capability of enhancement in the per-
formance of the CPV/T system and lower PV temperatures,
higher temperature gains across the cooling fluid and higher
electrical and thermal efficiencies. At nanoparticles load-
ing concentration of 0.3 mass%, the electrical efficiency is
improved by 1.33% compared to the pure PCM. The highest
thermal efficiency using the hybrid graphene-silver nanopar-
ticles reached the value of 39.62% which represents 4.16%
increment compared to the pure PCM. Upon realizing the
superior performance of the hybrid graphene-silver nano-
material in serving as nanofillers for preparation of PCM
nanocomposites with enhanced thermal storage and thermal
conductivity, the effects of the number of layers, thickness
and the size analysis are of great interest for future studies.
Thermal conductivity at higher temperatures also need to be
carried to investigate its variation with temperature.
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