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a b s t r a c t 

Organic phase change materials (PCMs) have been utilized as latent heat energy storage medium for 
effective thermal management. In this work, a PCM nanocomposite, consisting of a mixture of two or- 
ganic PCMs (referred to as eutectic gel PCM) and minimal amount (0.5 wt%) of nanographite (NG) as a 
supporting material, was prepared. Differential scanning calorimeter was used to determine the melting 
temperature and latent heat of pristine PCM, paraffin (61.5 °C and 161.5 J/g), eutectic gel PCM (54 °C and 
158 J/g) and eutectic gel PCM nanocomposite (53.5 °C and 155 J/g). The prepared PCM nanocomposites 
exhibited enhanced thermal conductivity and ultrafast thermal charging characteristics. The nanocom- 
posites were employed for two different applications: (i) providing hot water using an indigenously fab- 
ricated solar water heating (SWH) system and (ii) solar rechargeable glove that can be rapidly warmed 
and used. Experimental results on SWH system show that the use of PCM nanocomposites helps to in- 
crease the charging rate of PCM while reducing the discharging rate of heat by PCM to water, thus en- 
hancing the maximum utilization of solar energy and hence improving the efficiency of the SWH system. 
The experimental results on solar rechargeable glove revealed that the glove has the ability to retain the 
temperature up to 3 hours. 

© 2016 Tomsk Polytechnic University. Published by Elsevier B.V. 
This is an open access article under the CC BY-NC-ND license. 

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

1. Introduction 

Thermal energy storage (TES) using phase change materials 
(PCMs) have drawn a lot of attention in recent years due to their 
ability to store and release large amounts of heat energy in re- 
sponse to a small temperature change and high energy storage 
capacity [1–3] . PCMs have been widely used in different appli- 
cations, such as underfloor heating system [4] , refrigeration sys- 
tem [5] , electronics cooling [6] , waste heat recovery [7] , textiles 
[8] , preservation of food and milk [9] , dermal therapies [10] and 
solar water heater [11] . PCMs have been broadly classified into 
two types: organic and inorganic. Among these, organic PCMs have 
been extensively studied due to their high latent heat storage ca- 
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pacity, small volume change, little or no supercooling, high chem- 
ical and thermal stability [2] . Organic PCMs are further classified 
into two categories: paraffins and non-paraffins. Paraffins, a mix- 
ture of straight chain n-alkanes, are one of the most commonly 
used organic PCMs for TES and exhibit desirable properties like 
large latent heat, low cost, stability, non-toxicity, and chemical in- 
ertness [1] . Non-paraffin PCMs are classified into fatty acids and 
other non-paraffin organic. Fatty acids, known by the chemical for- 
mula CH 3 (CH 2 ) 2n COOH, exhibit desirable thermodynamic and ki- 
netic characteristics, such as congruent melting, large latent heat 
of transition, and reproducible melting and freezing behavior, with 
little or no supercooling [3] . 

An organic eutectic PCM is a combination of two or more or- 
ganic PCMs. It acts as a single component and freezes to an inti- 
mate mixture of crystals and melts simultaneously without sep- 
aration. A considerable number of organic eutectics may be tai- 
lored to almost any desired melting point for TES systems. For 
example, a mixture of 45% by weight of a paraffin wax (melting 
point ˜53 °C) obtained from the refining of crude petroleum and 
55% by weight of commercial grade stearic acid (melting point 
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˜53 °C) leads to a eutectic PCM having a melting point of 42 °C, 
which has been used for TES [12] . As the use of organic eutec- 
tic PCMs is very new to TES application, only limited data are 
available on their thermal properties. For instance, the latent heat 
storage characteristics of binary eutectic mixtures of lauric acid–
stearic acid, myristic acid–palmitic acid and palmitic acid–stearic 
acid were studied using DSC for several melting/freezing cycles 
and used for passive solar TES applications [13] . In another study, 
the thermal properties of a caprylic acid/1-dodecanol binary eu- 
tectic mixture were investigated and used as cold storage mate- 
rial for air conditioning [14] . However, a major drawback of us- 
ing organic eutectic PCM is its poor heat transfer performance due 
to the low thermal conductivity of organic PCMs involved. In or- 
der to enhance the heat transfer ability of organic PCM for TES 
application, various techniques have been investigated such as us- 
age of mechanically supporting and thermally conductive foams, 
preparation of phase change composites by mixing the PCMs with 
thermally conductive carbonaceous materials of various shapes 
such as graphite nanoplatelets, expanded graphite, carbon nan- 
otubes and nanofibers, and dispersion of PCMs into highly ther- 
mally conductive porous structures [15–18] . Similarly, to enhance 
the ability of organic eutectics for TES applications, the addition 
of thermally conductive carbon nanomaterials to prepare nano- 
organic eutectic PCM composites has been proposed in the liter- 
ature. For instance, shape-stabilized PCMs based on fatty acid eu- 
tectics/expanded graphite composites were prepared and used for 
TES [19] . In another study, capric–myristic–palmitic acid/exfoliated 
graphite composite PCM [20] and capric–lauric–palmitic acid eu- 
tectic mixtures/expanded graphite PCM composite [21] were pre- 
pared and their thermal properties were investigated. 

One of the potential applications of PCMs is in solar water heat- 
ing (SWH) system, since PCMs offer high energy storage density. 
A suitable PCM with its melting point in the desired temperature 
range is one of the most important parameters in the design of 
a SWH system. Few literatures are available on the use of PCM for 
SWH applications. For example, Sharma and Chen reviewed energy 
storage using PCMs for SWH systems and attempted to summa- 
rize the investigation of these systems [22] . Islam et al. presented 
an overview of various types of solar assisted water heating sys- 
tems and their market potential [23] . Otanicar and Golden made a 
comparative environmental and economic analysis of conventional 
and nanofluid solar hot water technologies for the Phoenix, Ari- 
zona region [24] . Another potential and interesting application of 
the PCMs is in clothing [25] . For example, the thermal insulation 
capabilities of cold protective clothing materials may be signifi- 
cantly improved by the incorporation of PCM microcapsules, which 
differ significantly from the insulation properties of any other ma- 
terial [26] . PCMs have been used to provide thermal comfort in a 
wide variety of garments. Extreme heat/cold related problems are 
being faced by Indian forces working in very harsh environment 
in hot deserts at western border and cold deserts at high altitudes 
like thermal discomfort and failure of mission-critical equipment. 
Use of PCMs can provide practical solutions to many of these prob- 
lems. For example, a PCM-based cool vest, having removable PCMs 
packs in multiple pockets, have been developed by Defence Labora- 
tory Jodhpur (DLJ), India, to provide comfortable microenvironment 
for soldiers on field duties (below 30 °C) for 2–3 hours [27] . PCMs 
have also been used in space suits and gloves to protect astronauts 
from extreme temperature fluctuations in space [25] . 

The present research article describes an experimental inves- 
tigation of nano-organic eutectic PCM composite consisting of 
a mixture of two organic PCMs (paraffin wax and oleic acid) 
and minimal amount (0.5 wt%) of a nanomaterial in the form of 
nanographite (NG). This novel composite is referred to as nano 
eutectic gel phase change material (NEGPCM). The novelty of the 
current research work involves the development of stable sunlight 

driven NEGPCM composites for solar thermal energy storage ap- 
plications in solar water heater and gloves. In addition an indi- 
rect passive solar water heating system is designed and fabricated 
which is capable of providing continuous hot water under direct 
solar illumination using NEGPCM composites. Simultaneously, the 
NEGPCM composite is able to retain its latent heat for prolonged 
period, which can be used for hot water generation during night- 
time or in the absence of solar radiation. In another application, 
NEGPCM composites were used for preparing a glove, which can 
be either worn or can be used as a pad for providing thermal com- 
fort in extreme cold environment. 

2. Experimental section 

2.1. Materials 

The organic PCM, paraffin wax, with melting temperature range 
of 60–62 °C was adopted as the pristine PCM, while commercially 
available nanographite (NG) powder, with an average particle size 
of 150 nm, was procured from Reinste, Germany. Oleic acid (fatty 
acid) and bulk graphite were procured from Merck, India. 

2.2. Preparation of nano eutectic gel phase change material 

(NEGPCM) composites 

The NEGPCM was prepared using the melt mixing technique 
[28] involving two organic PCMs: (a) paraffin wax (m.p. ̃60–62 °C), 
(b) oleic acid (m.p. ̃13–14 °C), and dispersed nanomaterials in the 
form of nanographite. In a typical procedure, 50 g of solid paraf- 
fin wax (PW) was melted with the help of a hot plate (IKA RCT 
basic). Using a magnetic stirrer, the molten PW was mixed thor- 
oughly with 56 mL of oleic acid (density of oleic acid = 0.89 g/mL at 
25 °C) to formulate an organic eutectic PCM. The resultant organic 
eutectic PCM was in gel form at room temperature and referred to 
as eutectic PCM gel. Nanomaterial in the form of NG (0.5 wt%) was 
then added to eutectic PCM gel and vigorously stirred for 15 min 
to form nano eutectic gel phase change material (NEGPCM) com- 
posites. Finally, the as prepared composites were ultrasonicated 
(Telesonic, Ultrasonics) for approximately 2 min to obtain a homo- 
geneous dispersion of NG in the NEGPCM composite. 

2.3. Characterization and measurements 

The morphology and microstructure of materials were deter- 
mined with the help of scanning electron microscope (SEM) on a 
Zeiss (EVO-18). The phase transition temperatures and latent heats 
of pristine PCM, eutectic gel PCM and NEGPCM composites were 
obtained using differential scanning calorimeter (DSC, TA Instru- 
ments Q100) at a heating rate of 10 °C/min. A thermal imager with 
digital camera (Testo 875-i1) with a thermal sensitivity < 50 mK 
was used to capture the PCM temperature distribution within the 
thermal energy storage tank. Thermal conductivity measurements 
were conducted with a Linseis Transient Hot Bridge-Thermal Con- 
ductivity Meter (THB6N43), an instrument based on the hot disk 
technique. Thermal conductivity of the material was measured by 
placing the temperature sensor between two samples having paral- 
lel plane surfaces to ensure a good contact between the sensor and 
the material. In order to investigate the transient heat transfer dur- 
ing melting and solidification of NEGPCM composites, a conven- 
tional heating experimental setup featuring a heated-from-below 

configuration was designed. The set-up consisted of a hot plate 
having a set temperature range of 30–400 °C and an attached tem- 
perature sensor. The details of the setup can be referred from our 
previous publication [29] . 
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Fig. 1. Schematic diagram of the solar illumination experimental setup showing the 
ultrafast thermal charging of nano eutectic gel PCM (NEGPCM) upon illumination 
with solar radiation focused by a 30 cm ×30 cm Fresnel lens. 

2.4. Solar illumination experimental setup 

The photon-to-thermal energy conversion of pristine PCM, eu- 
tectic gel PCM and NEGPCM composites was investigated under 
the solar radiation (average intensity of 750 W/m 2 ) using the ex- 
perimental setup shown in Fig. 1 . The intensity of solar radiation 
was measured using a pyranometer (Hukseflux USA, model SR11 
first class pyranometer). The solar illumination experiments were 
carried out by focusing sunlight (using a fresnel lens with area of 
30 cm ×30 cm) into a 20 mL beaker containing NEGPCM compos- 
ites and the temperature of composites was monitored using a k- 
type thermocouple (TC). In the present work, the NEGPCM com- 
posite has been used for two important applications: (i) solar wa- 
ter heating system and (ii) solar rechargeable glove with ultrafast 
thermal charging characteristic. In the following section, the two 
applications are discussed in detail. 

2.5. Solar water heating system 

One of the potential applications of solar thermal energy stor- 
age is in solar water heating (SWH). In the present work, a 
NEGPCM-based solar water heating system has been designed and 
fabricated. Fig. 2 presents the proposed solar water heating sys- 
tem. It is an indirect passive SWH system, which consists of three 
major components: (i) a solar collector unit (a 60 cm ×45 cm area 
Fresnel lens), (ii) a thermal energy storage (TES) unit filled with 
NEGPCM and (iii) a well-insulated water storage tank. The inside of 
the TES unit consists of copper tank surrounded by densely packed 
14 turns of copper coils having an inner and outer diameter of 3 
and 6 mm, respectively. A multiple thermal insulation is provided 
to the unit consisting of glass fiber, glass wool (50 mm) and poly- 
mer material, which prevent leakage of thermal energy to exter- 
nal surroundings. Similar thermal insulation has been provided for 
the lid of the TES unit. A cross-sectional view of the TES tank, 
revealing all the details, is shown in Fig. 3 . During the charging 
process, the copper tank containing 450 mL of NEGPCM is illumi- 
nated with solar radiation focused by a 60 cm ×45 cm area Fresnel 
lens. Simultaneously, cold water is circulated through the TES tank 
continuously. The initial temperature of water was 30 ±0.5 °C. As 
the NEGPCM composite was illuminated, the cold water flows from 

the inlet to the copper tank, absorbing the heat from the melted 

NEGPCM in the process. The hot water, thus generated, is then 
stored in a separate thermally insulated storage tank. As shown 
in Fig. 2 , five thermocouples (TCs) have been used in SWH heat- 
ing system, which is used to record the temperature of NEGPCM 

and water at different locations. Three thermocouples (TC1, TC2 
and TC3) were placed at different heights inside the TES unit to 
monitor the temperature of the NEGPCM composites. The remain- 
ing two thermocouples, TC5 and TC4, were placed near the cold- 
water inlet and hot water outlet, respectively, to monitor the tem- 
perature of water. We also studied the discharging characteristics 
by monitoring the temperature of water at different intervals of 
time, upon closing the lid of TES tank and insulating it from the 
surroundings. 

2.6. Nano eutectic gel phase change material (NEGPCM)-based solar 

rechargeable glove 

In another application, NEGPCM composites were used to de- 
velop a hand glove ( Fig. 4 ), having ultrafast charging characteris- 
tics under solar illumination. The NEGPCM-based hand glove com- 
prises an outer protective layer, a middle NEGPCM envelope, and 
an inner conformable layer, preferably made of flexible material, 
which can sustain the required temperature. Fig. 5 shows the 
NEGPCM composite based glove being illuminated with solar ra- 
diation and focused by a 30 cm ×30 cm Fresnel lens on a small 
glass window provided at the center of the glove. The small glass 
window prevents the overheating of the hand glove. Upon solar 
illumination, the NEGPCM inside the glove absorbs the solar radi- 
ation and rapidly converts it into thermal energy due to the pres- 
ence of highly thermal conductive nanofiller (nanographite). Thus, 
NEGPCM composite based glove demonstrated an ultrafast ther- 
mal charging which resulted in shortening of the melting time of 
NEGPCM composites to 3 minutes. As the glove is provided with a 
suitable thermal insulation in the form of cotton wool, there is no 
leakage of thermal energy to the surroundings and the glove was 
able to store and maintain thermal energy for a longer duration. 
Our experimental observations showed the heat retention in gloves 
occurred up to ˜3 hours. The NEGPCM based solar rechargeable 
hand glove is an easy to use glove that can be worn over a per- 
son’s hand and/or wrist, or can be given the shape of a heating pad 
to be placed on any part of the human body for hot fomentation. 
The effect of PCMs on hand skin temperature within gloves of soc- 
cer goalkeepers has been studied by Purvis and Cable [30] . Their 
results suggested that the particular specification of PCM used by 
them promoted heat gain rather than heat loss and are therefore 
inappropriate to enhance thermal comfort in their setting. We be- 
lieve that our prepared novel sunlight-driven NEGPCM composites 
could have important potential application in renewable and clean 
energy sources and further research is being carried out to diver- 
sify applications of PCMs to address problems of extreme climates 
being faced by Armed Forces like hot jackets for high altitude areas 
and high capacity heat sinks for critical instruments. 

3. Results and discussion 

3.1. Morphological characterization of NEGPCM composites 

SEM images were taken to observe the dispersion of NG in 
eutectic gel composite and morphology of the prepared NEGPCM 

composites. The SEM image of the pristine NG is shown in Fig. 6a , 
which reveals a size distribution of 10 0–20 0 nm. The SEM images 
of pristine paraffin wax and NEGPCM composites are shown in 
Fig. 6b and c , respectively, which clearly indicates that NGs are 
well dispersed in the eutectic gel PCM composite. The uniform dis- 
persion of NG throughout the matrix of eutectic gel occurs because 
of the compatible interface between the NGs and eutectic gel PCM, 
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Fig. 2. Schematic diagram of solar water heating system showing a water storage tank, thermal energy storage tank containing nano eutectic gel phase change material 
composite (NEGPCM), five thermocouples (numbered from 1 to 5) for sensing the temperature of NEGPCM composite and the hot water, and an insulated hot water storage 
tank. The copper tank containing NEGPCM composite was irradiated by a 60 cm ×45 cm Fresnel lens. 

Fig. 3. Cross-sectional view of thermal energy storage (TES) tank of solar water 
heating system. 

enabling a three-dimensional network of superfast heat conduc- 
tion. It is to be noted that there is no chemical reactivity between 
the nanoparticles and the PCM, they are merely physically mixed 
to form a nano-PCM composite. 

3.2. Thermal properties of NEGPCM composites 

Thermal energy storage properties of pristine paraffin, eutec- 
tic gel PCM and NEGPCM composites were examined with DSC. 
Fig. 7 shows the heating curves obtained with DSC measure- 
ments of pure paraffin, eutectic gel PCM and NEGPCM. The DSC 
curve of pure paraffin ( Fig. 7a ) revealed a sharp peak represent- 
ing a single melting temperature (T m ) of the paraffin, which occurs 
at 61.5 °C. The latent heat of pure paraffin wax was calculated by 

Fig. 4. Photograph of nano eutectic gel phase change material (NEGPCM) compos- 
ite based hand glove, with ultrafast charging characteristics, developed for use in 
higher altitudes where less sunshine occurs/where is no external power available. 

measuring the area under the peak and found to be 161.5 J/g. The 
latent heat of oleic acid, which is a colorless liquid at ambient tem- 
perature, is 140 J/g, according to NIST Standard reference database. 
Fig. 7b presents the DSC plot of the paraffin/oleic acid (eutectic gel 
PCM). The melting temperature of eutectic gel PCM was found to 
be 54 °C and the latent heat of eutectic gel PCM was found to be 
158 J/g. It is to be noted that the measured latent heat of eutec- 
tic gel PCM is found to be in close agreement with the value it 
should have (151 J/g) according to the proportion of the pure com- 
ponents added (˜1:1 ratio) to make eutectic gel PCM. In addition, 
the DSC analysis of NEGPCM composites ( Fig. 7c ) was also carried 
out to investigate the effect of NG on the phase change behavior of 
PCM in the composites. The melting temperature and latent heat 
of NEGPCM composites were measured to be 53.5 °C and 155 J/g, 
respectively. It is clear that the latent heat of fusion of NEGPCM 
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Fig. 5. Photograph of nano eutectic gel phase change material (NEGPCM) composite 
based glove illuminated with solar radiation. 

Table 1 

Thermal conductivity values of pristine paraffin, bulk graphite–paraffin composite 
at 0.5 wt% of bulk graphite and nanographite (NG)–paraffin composite at 0.5 wt% 
of NG. 

PCM Thermal conductivity 
coefficient (W/(m K)) 

Pristine paraffin 0.182 
Bulk graphite–paraffin 

composite (at 0.5 wt% of bulk 
graphite) 

0.286 

NG–Paraffin composite (at 
0.5 wt% of NG) 

0.662 

composites decreased in the presence of NG. However, the slight 
decrease of the latent heat of the NEPGM composites cannot be 
attributed to the lower fraction of PCMs alone. Another factor lead- 
ing to the loss of the latent heat is due to the introduction of NG 

layers into paraffin, which affected the phase change process [31] . 
The observed decrease in the latent heat of the NEGPCM compos- 
ites in the present study is in agreement with the results obtained 
in the literature [32] . 

It is well known that PCMs store and release thermal energy 
while melting and solidifying. The rate of storing and releasing 
thermal energy is highly related to PCM thermal conductivities. 
It is important to mention here that on account of difficulty in 
measuring the thermal conductivities of the prepared eutectic gel 
PCM composite and NEGPCM composite, the thermal conductivi- 
ties of paraffin and NG–paraffin composite were measured in order 
to assess the effect of NG in enhancing the thermal conductivity 
of paraffin. The results are summarized in Table 1 . The measured 
thermal conductivity for the pristine paraffin, k = 0.182 W/(m K), 
at room temperature is in agreement with the value reported in 
the literature [31] . On addition of 0.5 wt% of NG to paraffin, the 
thermal conductivity of the NG–paraffin composite increased to 
0.662 W/(m K). In addition, bulk graphite–paraffin composite was 
also measured to benchmark the improvement of the thermal 
properties of the NG–paraffin composites. The thermal conduc- 
tivity of the bulk graphite–paraffin composite (at 0.5 wt% of bulk 
graphite) was measured and found to be 0.286 W/(m K). This rep- 
resents an over 264% thermal conductivity enhancement of NG–
paraffin composite as compared to the pristine paraffin and 131% 
enhancement as compared to bulk graphite–paraffin composite. 
The above studies clearly indicate that the thermal conductivity of 

Fig. 6. SEM images showing morphology of (a) nanographite (NG), (b) pristine 
paraffin and (c) nano eutectic gel phase change material (NEGPCM) composite at 
a nanographite loading of 0.5 wt%. 

paraffin is considerably enhanced by the presence of NG. This en- 
hancement can be attributed to the thermal conductive network 
of NG fillers providing a pathway of lower resistance for phonon 
transport [33] . 

3.3. Solar illumination 

The solar illumination experiments were conducted to com- 
pare the rate of charging (melting) of pristine paraffin, eutectic 
gel and NEGPCM composites upon solar illumination. The exper- 
imental setup for the solar illumination experiment is shown in 
Fig. 1 and the results are summarized in Table 2 . The experimen- 
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Fig. 7. Differential scanning calorimetry (DSC) plots of (a) pristine paraffin, (b) Eu- 
tectic gel PCM and (c) nano eutectic gel phase change material (NEGPCM) compos- 
ite. 

tal observations clearly indicate drastic reduction in the melting 
time of NEGPCM composites as compared to pristine paraffin and 
eutectic gel PCM. It was observed that the time taken to com- 
pletely melt pristine paraffin and eutectic gel was 1 hour 30 min- 
utes and 45 minutes, respectively ( Table 2 ). On the other hand, the 
melting time of NEGPCM composites (at 0.5 wt% of NG) was drasti- 
cally reduced to 3 minutes. This represents an overall enhancement 

Table 2 

Melting time of different PCMs upon illumination with solar radiation focused by a 
30 cm ×30 cm Fresnel lens. 

PCM Melting time of the 
PCM 

Paraffin wax (PW) 1 hour 30 minutes 
Eutectic gel (PW + oleic acid) 45 minutes 
Eutectic gel + 0.5 wt% bulk graphite 20 minutes 
Eutectic gel + 0.5 wt% nanographite 

(NEGPCM composite) 
3 minutes 

Fig. 8. IR image of NEGPCM composite inside the TES tank under solar illumination. 

of 93% in the melting rate of the NEGPCM composite compared 
to that of eutectic gel PCM. Therefore, compared with eutectic gel, 
NEGPCM composites have a high thermal conductivity, which im- 
proves the energy utilization efficiency during heat charging pro- 
cess. To confirm the efficacy of NG in enhancing the thermal con- 
ductivity of eutectic gel PCM, another experiment was performed 
in which NG was replaced with bulk graphite and the melting time 
of resulting bulk graphite-eutectic gel PCM composite was mon- 
itored. The melting time of such a composite system was found 
to be 20 minutes. This represents an overall enhancement of 55% 
in the melting rate of the bulk graphite-eutectic gel PCM compos- 
ite compared to that of eutectic gel PCM. The comparison of the 
melting rates of the NEGPCM composite (enhancement of 93%) and 
the bulk graphite-eutectic gel PCM (enhancement of 55%) compos- 
ite clearly indicates that nanographite in NEGPCM acts an effective 
photon captor and molecular heater by converting light into heat 
energy. 

The temperature distribution of the NEGPCM composite was 
recorded by the thermal imaging IR camera as shown in Fig. 8 . 
Under solar illumination, within ˜1 min, the NEGPCM composites 
reached 100 °C at the cross area of the sample (where the light was 
focused to a spot by the Fresnel lens). This is clear from the color- 
coding of the IR image ( Fig. 8 ), which reveals white-yellowish color 
at the focused spot indicating a high temperature as compared to 
its surroundings with blue color indicating a lower surrounding 
temperature. Our experimental observations of drastic reduction of 
melting time (rapid thermal charging) of NEGPCM composites un- 
der solar illumination could be attributed to the combined effect 
of plasmonic heating of uniformly dispersed carbon nanomaterials 
and the conventional thermal diffusion based approach. 

It is important to mention that melting and solidification exper- 
iments were conducted on pristine paraffin and NG–paraffin com- 
posites at 0.5 wt% concentrations of NG, using the conventional 
heating experimental setup to investigate the heat transfer rate 
of paraffin and NG–paraffin composites. The melting experiments 
revealed that the time taken for complete melting of pristine 
paraffin and NG–paraffin composites at 0.5 wt% NG were 21 min 
and 15 min, respectively. This represents an overall enhancement 
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Fig. 9. Temperature distribution of water during charging process (flow rate of wa- 
ter is 0.33 L/min). 

of 29% in the melting rate of the NG–paraffin composite com- 
pared to that of pristine paraffin under conventional heating ap- 
proach. This can be attributed to the presence of highly conductive 
nanographite in the composite. Drawing an analogy from the above 
results, it is expected that the melting rate of NEGPCM composites 
would be considerably higher (enhancement ˜ 29%) than eutectic 
gel PCM (EGPCM) under conventional heating setup. 

Therefore, on comparing the solar illumination experimental re- 
sults with conventional heating based results on NEGPCM compos- 
ites, we conclude that upon solar illumination, the NEGPCM com- 
posites demonstrated a drastic enhancement in the melting rate 
(˜3 minutes) than the conventional heating based approach. The 
ultrafast and uniform heating of NEGPCM composites upon solar il- 
lumination has been attributed to instant optical charging via plas- 
monic heating of carbon nanomaterials (NG) in addition to conven- 
tional thermal diffusion, which relies on the slow thermal heating 
from the hot zone to the rest part of thermal storage media (NEG- 
PCM). 

3.4. Solar water heating 

One of the potential applications of solar thermal energy is so- 
lar water heater (SWH). In the present experimental study, NEG- 
PCM composite was used in a solar water heating system to an- 
alyze its performance for solar water heating application. As de- 
scribed in the experimental section, SWH heating experiments 
were carried out using experimental setup shown in Fig. 2 . 

3.4.1. Results on SWH system 

Upon solar illumination, the NEGPCM composite absorbs so- 
lar energy and rapidly converts the solar energy into thermal en- 
ergy due to the plasmonic heating effect of carbon nanoparticles 
[29,34] . As the charging proceeds, the NEGPCM composite stores 
energy in the form of latent heat as the composite melts at a con- 
stant temperature (53 ±0.5 °C). During the charging period, as the 
cold water is circulated through the TES unit, it absorbs the ther- 
mal energy from copper pipes via NGEPCM and hot water is gener- 
ated. A typical water flow rate of 0.33 L/min has been maintained 
in our experiment. The experimental results during the charging of 
PCM in SWH system are presented as a graphical representation in 
Fig. 9 , which represents the temperature variation of water inside 
the storage tank for a mass flow rate of 0.33 L/min. It is observed 
from Fig. 9 that the temperature of water increases gradually until 
it reaches the temperature of 55 °C and it takes about 20 minutes 

Fig. 10. Temperature distribution of water during discharging process (flow rate of 
water is 0.33 L/min). 

to reach this temperature. It is important to note that our designed 
hot water system is different from the hot water system devel- 
oped by other researchers. For example, Rabin et al. [35] developed 
an integrated PCM solar collector for a low-temperature solar do- 
mestic hot water system using salt hydrate eutectic mixture (48% 
CaCl 2 , 4.5% KCl, 0.4% NaCl and 47.1% H 2 O) where the PCM is held 
inside the collector and thermally discharged to cold water flow- 
ing through a heat exchanger. During the discharging process, the 
lid of the TES unit is closed to prevent the phase change energy 
of NEGPCM from leaking out and the temperature of water flow- 
ing out is monitored. The experimental result during the discharg- 
ing of heat by PCM system is presented and its graphical repre- 
sentation is shown in Fig. 10 . During discharging process, the ini- 
tial temperature of hot water is 55 °C which reaches 42 °C after 30 
minutes. This clearly shows that the rate of discharging of heat by 
NEGPCM composites is slower as compared to the charging rate of 
NEGPCM composites. In other words, the use of NEGPCM compos- 
ites in SWH system helps to increase the charging time whereas 
it helps to reduce the discharging time. This is advantageous since 
it leads to the maximum utilization of solar energy and hence a 
great improvement in the efficiency of SWH system. 

4. Conclusions 

A novel eutectic phase change material (PCM) nanocomposite 
has been prepared through a simple melt mixing process. The 
prepared NEGPCM composites demonstrate several unique charac- 
teristics, such as remarkable solar energy-harvesting, high light- 
to-heat conversion, high thermal conductivity, ultrafast thermal 
charging and a rapid heat transfer property. Addition of only 0.5 
wt% of nanographite to eutectic PCMs significantly boosts their 
thermal conductivity without incurring a large reduction in their 
latent heat and phase transition temperature. Solar illumination 
experiments on NEGPCM composites revealed that the melting 
time of NEGPCM composites was drastically reduced to 3 min- 
utes. This represented an overall enhancement of 93% in the melt- 
ing rate of the NEGPCM composite compared to that of eutectic 
gel PCM. The composites were employed for two different applica- 
tions: (i) a solar water heating (SWH) system and (ii) an ultrafast 
solar chargeable glove. It was found that the use of NEGPCM com- 
posites in SWH system led to enhancement in the charging rate 
and a decrease in the discharging rate, which leads to an increase 
in the overall efficiency of SWH system. A NEGPCM-based so- 
lar rechargeable glove was also designed, which could be charged 
under sunlight using a small glass lens. With proper insulation, the 
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glove could store and retain latent heat up to 3 hours, which is 
useful for providing a comfortable and therapeutic level of heat to 
painful areas on the back or hands as a temporary treatment. 
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