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Abstract
The research article addresses the effect of multi-wall carbon nanotube (MWCNT) and nano-boron nitride (NBN) hybrid 
composite powders on thermal properties of the paraffin wax for thermal storage applications. Five different phase change 
material (PCM) samples were prepared with 100 paraffin wax, 99.5 paraffin wax + 0.5 MWCNT, 99.5 paraffin wax + 0.5 
BN, 99 paraffin wax + 0.5 MWCT + 0.5 BN and 98 paraffin wax + 1 MWCNT + 1 BN mass percentage compositions. The 
size of the secondary particles MWCNT and NBN was assessed using transmission electron microscope (TEM). After PCM 
preparation, the morphology and distribution of the secondary particles were evaluated using field emission scanning electron 
microscope (FE-SEM). The phase change of MWCNT and NBN was evaluated using X-ray diffraction (XRD) technique. 
Differential scanning calorimetry (DSC), thermogravimetric analysis (TGA) and thermal conductivity tests were carried 
out on the PCMs to assess physical and thermal properties. The results revealed that hybrid nano-composite powders with 
paraffin wax provide better thermal conductivity of paraffin wax which increased from 0.18 to 0.31 W m−1 K−1. However, 
the distribution of MWCNT and NBN extended the thermal degradation of paraffin wax and solidification temperature. 
Increasing the mass % of MWCNT and NBN reduced the melting point of paraffin wax from 64.70 to 62.52 °C. Further, 
the solidification temperature of paraffin wax increased while increasing the mass % of MWCNT and NBN from 56.01 to 
60.13 °C. This research revealed that thermal properties of paraffin wax were significantly increased with the increment of 
mass % of composite powders (MWCNT and NBN) addition.
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Introduction

Nowadays, storing the thermal energy is of utmost impor-
tance and many researches are focused in this area. Con-
sumption of energy in domestic and industrial needs is more 
than what is produced. So scarcity of energy is increas-
ing day by day [1–3]. Sun is the only natural source and 
available for limited duration and it is highly volatile. So, 
researchers developed thermal energy storage with phase 

change materials for satisfying the energy demands. In phase 
change materials energy is stored in the form of sensible 
heat, latent heat and in terms of chemical reactions subject 
to the nature of the material [4]. Amongst the various forms 
of energy storage material, PCMs are most effective because 
of superior energy density and capacity to store huge amount 
of thermal energy in the form of latent heat. On the other 
hand, greenhouse gas emissions are on the rise because of 
consumption of fossil fuel [5]. This could impact global cli-
mate change and hence creating damages to earth. However, 
fossil-based fuels are one of the major energy sources to 
fulfill the energy requirements. Presently most of the energy 
storage technology is environmentally unsound. Wide 
research was performed by various researchers on organic 
and inorganic phase change materials to evaluate their ability 
for energy storage. PCMs quickly and reversibly exchange 
their phase from crystalline and amorphous in micro-sec-
onds upon heating via electrical, optical or other means. 
Of the many energy storage materials available researchers 
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prefer paraffin wax because of properties like large energy 
density, low vapor pressure, better thermal stability, minimal 
supercooling and low cost [6, 7]. But the paraffin wax has 
less thermal conductivity. Researchers made many attempts 
on PCM material for increasing the thermal conductivity 
and came up with few recommendations such as imparting 
porous material addition, high conductive material addition 
in the paraffin wax. Some of them recommended addition 
of high conductive nano-particles too. Researchers have 
adopted melt blending in order to fabricate high conductive 
PCMs into matrices (Base PCM). Normally additives used 
to enhance the thermal conductivity (k) of original PCMs 
are metal, ceramics, polymers, carbon-based material, etc.

The main limitation of paraffin wax is low thermal con-
ductivity which is due to interfacial thermal resistance 
between the PCM and reinforcing material, as well as low 
efficiency of charging during thermal energy storage. PCMs 
applications are very wide such as solar water heater and 
solar cooker. However, improving the thermal conductivity 
and enriching other properties of PCM will make them suit-
able for thermal energy storage systems. Generally, PCMs 
are reinforced with carbon and boron-based material such as 
MWCNT, SWCNT, B4C and NBN. Though many carbon-
based materials are there, but reinforcing the hybrid nano-
particles can be a viable solution for enhancing the thermal 
conductivity of the energy storage system. The addition of 
MWCNT and NBN lowers the interfacial thermal resistance 
in PCMs. For instance, hybrid nano-additives (less than 
2 mass %) mass fraction creates large interfacial thermal 
resistance values among the nano-additives and base PCMs 
[8]. Moreover, increasing the mass % of nano-additives will 
create a network and it improves the thermal conductivity 
and other properties such as mechanical and thermal storage 
capacity. Karaipekli et al. [8] studied the thermal conduc-
tivity of PCM material by reinforcing the carbon nanotube 
with varying mass percentage such as 0.3, 0.5 and 1.0 and 
the experimental results revealed that increasing the mass 
percentage of carbon nanotube will increase the thermal 
conductivity of PCM by 11.3%. Şahan and Paksoy et al. 
[9] recommend that nano-zinc oxide (ZnO) with paraffin 
wax advances the thermal conductivity for solar thermal 
energy storage applications. Literature reports very few 
studies, where hybrid nano-additives were reinforced with 
paraffin wax with various mass %. The current research is 
focused on fabricating and studying properties of PCMs with 
MWCNT and NBN. The nano-particle sizes are character-
ized using TEM and XRD. Five different hybrid PCMs were 
prepared with 100% paraffin wax, 99.5% paraffin wax + 0.5% 
MWCNT, 99.5% paraffin wax + 0.5% NBN, 99% paraffin 
wax + 0.5% MWCT + 0.5% NBN and 98% paraffin wax + 1% 
MWCNT + 1% NBN by mass compositions. After fabrica-
tion of hybrid PCMs, the dispersion of the nano-additives 
was characterized using FE-SEM. The physical, thermal and 

thermal cyclic behavior of the fabricated PCMs is assessed 
using differential scanning calorimetry (DSC) and thermo-
gravimetric analysis (TGA). The obtained results are evalu-
ated and compared with pure paraffin wax.

Experimental

Materials

Commercially available paraffin wax was used as PCM in 
this experiment because it was economical and delivered 
anticipated thermophysical properties. The paraffin wax was 
purchased from M/s. Vijaya Scientific Madurai. The paraffin 
wax melting point determined by supplier was between 56 
and 60 °C. The reinforcement particles MWCNT and NBN 
were purchased from M/s. Sigma-Aldrich, Germany. The 
diameter and length of the MWCNT are 20 nm and 30 µm. 
The particle size of the NBN was 30 nm and the correspond-
ing TEM images are shown in Fig. 1a and c.

Figure 1b and d shows the ring diffraction (interference 
(fringe) pattern) of MWCNT and NBN. This ring pattern 
is clearly showing Miller Indices named according to the 
interplanar spacing of MWCNT and NBN. However, these 
images also revealed presence of many rings corresponding 
to a set of atomic planes. The diffraction fingers are in regu-
lar, displaying that the level of impurities of the particles 
are less.

Fabrication of hybrid PCMs

Paraffin wax (5 g) is taken by mass % basis and heated in a 
water bath for 70 °C and then kept in a magnetic stirrer. The 
desired mass % of MWCNT and NBN was added in the liq-
uid state of paraffin wax. Continuous stirring was performed 
for 1 h to reduce the agglomeration of reinforcing particles 
in the molten paraffin wax. To get a better/homogeneous 
dispersion of the reinforcing particles, the paraffin wax with 
additives was sonicated using ultrasonicator for another 2 h, 
similarly all four (99.5 paraffin wax + 0.5 MWCNT, 99.5 
paraffin wax + 0.5 BN, 99 paraffin wax + 0.5 MWCT + 0.5 
BN and 98 paraffin wax + 1 MWCNT + 1 BN) samples were 
prepared by same procedure and the schematic represen-
tation is shown in Fig. 2. For further analysis, the hybrid 
PCMs are cylindrical formed and as exhibited in Fig. 3.

Characterization of hybrid PCMs

The surface morphology and distribution of the reinforcing 
particles were analyzed using FE-SEM. The phase change of 
the MWCNT and NBN was evaluated using X-Ray diffrac-
tion technique. By using DSC analysis, the thermal proper-
ties such as melting point, solidification point and latent heat 
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are evaluated. The degradation of material loss percentage 
was assessed using TGA. Further the thermal stability of the 
hybrid PCMs was determined by same TGA, with higher 
operating temperatures. Afterwards, the thermal conductiv-
ity of the hybrid PCMs was evaluated using KD2 Pro ther-
mal properties analyzer.

Results and discussion

Surface morphology

The surface morphology obtained through FE-SEM of 
fabricated hybrid PCMs is displayed in Fig. 4a, b, c and 
d. Paraffin wax melting point is low; hence images were 
captured with low resolution. Before performing the 

Fig. 1   TEM images of a 
MWCNT and c NBN and b and 
d the corresponding diffraction 
pattern
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Fig. 2   Schematic representation process flow of fabrication of hybrid PCMs
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experimentation, the PCMs were coated with gold par-
ticles for better conductivity. FE—SEM images clearly 
illustrate that the shape of the paraffin wax was a pack 
of branches [10–14]. However, with increasing mass % 
of MWCNT and NBN, the bundles got worn out. On the 
other hand, increasing the mass % of MWCNT and NBN 
with proper ultrasonication, prevented agglomeration of 
the particles. It influenced the interaction between the par-
affin wax and reinforcing particles and hence enhancement 
of physical and thermal properties.

XRD analysis

Figure 5a shows the XRD spectrum of MWCNT and NBN 
with strong crystalline peak observed at 23.32–43.52° for 

MWCNT and 24.22–41.25° for NBN [15]. Other two mod-
erate diffraction patterns were observed at 45.35–55.12° for 
MWCNT and 32.03–45.35° for NBN. The intensity of the 
peaks clearly indicated the presence of MWCNT and NBN 
and it was also confirmed by the JCPDS card no. 26–1079 
and 34–0421. XRD pattern of hybrid PCM such as Paraf-
fin Wax + 0.5 MWCNT + 0.5 BN and Paraffin Wax + 1.0 
MWCNT + 1.0 BN is shown in Fig. 5b. It is illustrated that 
MWCNT and BN was homogeneously dispersed in paraffin 
wax. The intensity of peaks reveals the different proportions 
of MWCNT and NBN in paraffin wax.

Fig. 3   Photographic view of 
different fabricated PCMs

Trial sample Paraffin Wax 0.5 MWCNT

0.5 BN
0.5 MWCT+ 

0.5 BN 
1 MWCNT + 

1 BN

Fig. 4   FE-SEM Surface 
morphology of different PCMs 
a 99.5 paraffin wax + 0.5 
MWCNT, b 99.5 paraffin 
wax + 0.5 NBN, c 99 paraffin 
wax + 0.5 MWCT + 0.5 NBN 
and d 98 paraffin wax + 1 
MWCNT + 1 NBN

50 µm 50 µm

50 µm 50 µm

(b)

(c) (d)

(a)
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DSC analysis

Figure 6a, b, c, d and e shows the DSC curves analysis of 
hybrid PCMs containing MWCNT and NBN concentrations. 
It illustrates that MWCNT with paraffin wax and NBN with 
paraffin wax slightly reduced the melting onset temperature 
and hence the solidification onset temperature. However, the 
hybrid nano-particles MWCNT and NBN enhanced the peak 
melting temperature and minimally decreased the peak solid-
ification temperature of paraffin wax. Increasing the mass % 
of MWCNT and NBN provided better variations of the com-
position of the paraffin and resulted in significant change in 
phase change temperature. Two different kinds of peaks were 
observed in DSC analysis and it revealed that the initial peak 
contained heating, because of solid-to-solid transformation 
of hybrid PCMs, whereas one large peak was observed, that 
illustrated solid to liquid phase transformation of hybrid 
PCMs [16–19]. However, during solid-to-solid phase trans-
formation, the crystalline structure changed to amorphous 

structure and it clearly correlated with XRD spectrum. On 
the other hand, the lower peak indicated that the hybrid 
PCMs with MWCNT and NBN provide better heat changes. 
This phenomenon is mainly happening because of excellent 
thermal conductivity of MWCNT and NBN and leading to 
better interface between the nano-particles and paraffin wax. 
The homogeneous dispersion of nano-additives in hybrid 
PCMs will lead to changes in the heat capacity of the PCM 
which is relatively uniform.

Performance of hybrid PCM is mainly attributed to the 
surface properties of MWCNT, NBN and paraffin wax. 
Increasing the mass % of MWCNT and NBN, improved the 
thermal conductivity of paraffin wax, leading to rapid heat 
transfer and hence early onset of phase change due to lower 
phase change temperature. Addition of nano-particles with 
high thermal conductivity changes the performance of phase 
change onset temperature of hybrid PCMs. Solid to liquid 
phase transformation is significant for paraffin wax since 
large amount of heat energy in the form of latent heat can 
be stored using this. Increasing the mass % of MWCNT and 
NBN will reduce the melting point of paraffin wax from 
64.70 to 62.52 °C. The solidification temperature of paraf-
fin wax increased while increasing the mass % of MWCNT 
and NBN and became 56.01 to 60.13 °C respectively. The 
thermal properties of MWCNT-BN/paraffin PCM samples 
are displayed in Table 1. From the above results, it is clearly 
observed that increasing the mass % of MWCNT and NBN 
decreased the melting onset and increased the solidification 
onset temperature, which is due to the nano-additive parti-
cles acted as nucleation agents and reduced the supercooling 
of paraffin wax. The outcome of the above results, articulate 
the addition of mass % of reinforcing particles will directly 
influence the thermal storage capacity of PCMs [19–22].

TGA analysis

Figure 7 shows the TGA analysis graph of hybrid PCMs 
and it illustrates that the same trend was obtained for all 
the samples. For this experiment, 5.5 mg of paraffin wax 
with MWCNT and NBN were exposed to average heat-
ing rate of 10 °C min−1 from 30 to 450 °C in nitrogen 
environment. Based upon the previous researchers’ recom-
mendations, the heating rate (10 °C min−1) was selected. 
For hybrid PCMs with MWCNT and NBN, the degrada-
tion temperature increased slightly at the beginning and 
end of the curve. In the case of pure paraffin wax, the 
thermal degradation started at 140 °C, 153 °C, 157 °C, 
and 163 °C and ended at 348 °C, 364 °C, 386 °C, and 
397 °C, respectively. The similar trends were observed 
for other samples such as (a) 99.5 paraffin wax + 0.5 
MWCNT, (b) 99.5 paraffin wax + 0.5 NBN, (c) 99 paraffin 
wax + 0.5 MWCT + 0.5 NBN and (d) 98 paraffin wax + 1 
MWCNT + 1 NBN, respectively. The paraffin wax was 
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removed at 260 °C, and it completely degraded at 450 °C 
for all the other hybrid PCMs. It is revealed that the addi-
tion of MWCNTs and NBN has impact on the decomposi-
tion of paraffin wax, and the results agree with previous 
research findings [23–26].

Evaluation of thermal stability

Thermal cyclic testing was carried out to determine the 
thermal stability of PCMs. In this experiment, the sam-
ples were heated above its melting point using hot water 
bath and cooled at room temperature naturally by cold 
water bath. 100 cycles were carried out in this investi-
gation. Hybrid PCMs possessed good stability and the 
thermal conductivity was determined for uncycled and 
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cycled conditions of (a) Paraffin wax, (b) 99.5 paraffin 
wax + 0.5 MWCNT, (c) 99.5 paraffin wax + 0.5 NBN, 
(d) 99 paraffin wax + 0.5 MWCT + 0.5 NBN and (e) 98 
paraffin wax + 1 MWCNT + 1 NBN after 100 cycles and 
displayed in Table 2. It illustrated that increasing the mass 
% of MWCNT and BN leads to increase in the thermal 
conductivity for both uncycled and cycled condition. In 
comparison with uncycled PCMs, cycled PCMs have 
lower thermal conductivity due to nano-composite rear-
rangement in paraffin wax.

Evaluation of thermal conductivity

The thermal conductivity of the hybrid PCMs is displayed 
in Fig. 8a, b and c and it illustrates that increasing the mass 
% of MWCNT and NBN will significantly increase the 
thermal conductivity (Refer Fig. 8c). The thermal conduc-
tivity is mainly depending on how the nano-particles are 
dispersed in PCM [27]. The dispersion mainly depended 

on the duration of stirring and ultrasonication. The effec-
tive ultrasonication provided soft interface or suspension 
between the hybrid nano-particles in PCM and it cre-
ated network to transfer heat in all the directions of PCM 
quickly. According to Fig. 8a, the thermal conductivity 
of pure paraffin wax was 0.18 Wm−1 K−1 and increased 
from 0.20 Wm−1 K−1 to 0.31 Wm−1 K−1 for 98 paraffin 
wax + 1 MWCT + 1 NBN hybrid PCM. The thermal con-
ductivity increased linearly while increasing the mass % of 
nano-additive particles [27]. This happened because of the 
homogeneous dispersion of nano-particles, in the PCMs. 
The thermal distribution of hybrid PCMs is displayed in 
Fig. 8b. Three colors are identified such as blue, green and 
red. Blue pertained to the maximum level of thermal con-
ductivity, green moderate level and red minimum level of 
thermal conductivity due to the influence of nano-particles 
in paraffin wax [28]. According to Fig. 8c ternary diagram, 
1 MWCNT + 1 NBN reflects maximum thermal conductiv-
ity distribution of PCM.

Table 1   Thermal properties of MWCNT-BN/paraffin PCM samples

Samples Melting point/°C Melting onset 
temperature/°C

Solidifica-
tion point 
/°C

Solidifica-
tion onset 
temperature/°C

Latent heat dur-
ing melting/ kJ 
kg−1

Latent heat during 
Solidification/ kJ 
kg−1

Paraffin wax 64.70 57.20 56.01 61.50 139.50 132.30
99.5 paraffin wax + 0.5 MWCNT 64.00 56.25 57.10 65.00 138.60 130.10
99.5 paraffin wax + 0.5 BN 63.80 56.00 58.25 65.20 132.35 125.60
99 paraffin wax + 0.5 

MWCT + 0.5 BN
63.20 55.25 59.15 65.50 125.60 110.25

98 paraffin wax + 1 MWCNT + 1 
BN

62.52 55.05 60.13 66.10 110.20 96.50
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Fig. 7   TGA Analysis for hybrid PCMs

Table 2   Thermal Stability values for both uncycled and cycled condi-
tion

Sample Thermal conductivity/
Wm−1 K−1

Uncycled 
condition

Cycled condition

Paraffin wax 0.250 0.250
99.5 paraffin wax + 0.5 MWCNT 0.355 0.340
99.5 paraffin wax + 0.5 BN 0.395 0.385
99 paraffin wax + 0.5 MWCT + 0.5 

BN
0.416 0.398

98 paraffin wax + 1 MWCNT + 1 BN 0.456 0.420
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Conclusions

•	 The size of the nano-particles was ensured using trans-
mission electron microscope (TEM). The diffraction fin-
gers are regular indicating that the level of impurities in 
the particles is less.

•	 FE—SEM images clearly illustrated that the shape of 
the paraffin wax is a pack of branches. However, with 
increasing mass % of MWCNT and NBN, the bundle like 
structure got worn out.

•	 Increasing the mass % of MWCNT and NBN reduced 
the melting point of paraffin wax from 64.70 to 62.52 °C. 
The solidification temperature of paraffin wax increases 
while increasing the mass % of MWCNT and NBN and 
reached 56.01–60.13 °C, respectively.

•	 Thermal degradation started at 140 °C, 153 °C, 157 °C, 
and 163 °C and ended at 348 °C, 364 °C, 386 °C, and 
397 °C, respectively, for the samples.

•	 The thermal conductivity of pure paraffin wax was 
0.18Wm−1 K−1 and it increased from 0.2 Wm−1 K−1 to 
0.31 Wm−1 K−1 for hybrid PCMs.

References

	 1.	 Kurnia JC, Haryoko LA, Taufiqurrahman I, Chen L, Jiang L, Sas-
mito AP. Optimization of an innovative hybrid thermal energy 
storage with phase change material (PCM) wall insulator utilizing 
Taguchi method. J Energy Storage. 2022;49:104067. https://​doi.​
org/​10.​1016/j.​est.​2022.​104067.

	 2.	 Carmona M, Bastos AP, García JD. Experimental evaluation of 
a hybrid photovoltaic and thermal solar energy collector with 

0.0 0.2 0.4 0.6 0.8 1.0
0.16

0.18

0.20

0.22

0.24

0.26

0.28

0.30

0.32
Th

er
m

al
 C

on
du

ct
iv

ity
/ W

m
–1

°C
–1

Th
er

m
al

 C
on

du
ct

iv
ity

/ W
m

–1
°C

–1

Mass percentage of MWCNT 
and BN in paraffin wax/% 

Thermal Conductivity

1.0 1.5 2.0 2.5 3.0
1.0

1.2

1.4

1.6

1.8

2.0

Mass % of MWCNT and BN in paraffin wax

0.000

0.1250

0.2500

0.3750

0.5000

0.6250

0.7500

0.8750

1.000

(a) (b)

(c)
1.0

M
as

s 
%

 o
f B

N
 in

 p
ar

af
fin

 w
ax

0.8

0.6

0.4

0.2

0.0

1.00

0.75

0.50

0.25

0.001.00
0.75

0.50
0.25

0.00

Fig. 8   Thermal Conductivity of hybrid PCMs a Line graph, b Thermal Distribution for hybrid PCMs and c ternary diagram of nano-particle 
distribution for hybrid PCMs

3270 A. S. Sathishkumar et al.

https://doi.org/10.1016/j.est.2022.104067
https://doi.org/10.1016/j.est.2022.104067


1 3

integrated phase change material (PVT-PCM) in comparison 
with a traditional photovoltaic (PV) module. Renew Energy. 2021. 
https://​doi.​org/​10.​1016/j.​renene.​2021.​03.​022.

	 3.	 Selimefendigil F, Öztop HF. Analysis of hybrid nanofluid and 
surface corrugation in the laminar convective flow through an 
encapsulated PCM filled vertical cylinder and POD-based mod-
eling. Int J Heat Mass Transf. 2021. https://​doi.​org/​10.​1016/j.​ijhea​
tmass​trans​fer.​2021.​121623.

	 4.	 Murali G, Sravya GSN, Jaya J, Naga VV. A review on hybrid ther-
mal management of battery packs and it’s cooling performance 
by enhanced PCM. Renew Sustain Energy Rev. 2021. https://​doi.​
org/​10.​1016/j.​rser.​2021.​111513.

	 5.	 Liu H, Shakeel Ahmad Yu, Shi JZ. A parametric study of a hybrid 
battery thermal management system that couples PCM/copper 
foam composite with helical liquid channel cooling. J Energy. 
2021. https://​doi.​org/​10.​1016/j.​energy.​2021.​120869.

	 6.	 Liu X, Tie J, Wang Z, Xia Y, Wang C-A, Tie S. Improved ther-
mal conductivity and stability of Na2SO4⋅10H2O PCMs system by 
incorporation of Al/C hybrid nanoparticles. J Mater Res Technol. 
2021. https://​doi.​org/​10.​1016/j.​jmrt.​2021.​02.​096.

	 7.	 Osterman K, Yogi GD. Effect of PCM fraction and melting tem-
perature on temperature stabilization of hybrid sensible/latent 
thermal energy storage system for sCO2 Brayton power cycle. 
Energy Convers Manage. 2021. https://​doi.​org/​10.​1016/j.​encon​
man.​2021.​114024.

	 8.	 Karaipekli A, Biçer A, Sarı A, Tyagi VV. Thermal characteristics 
of expanded perlite/paraffin composite phase change material with 
enhanced thermal conductivity using carbon nanotubes. Energy 
Convers Manage. 2017. https://​doi.​org/​10.​1016/j.​encon​man.​2016.​
12.​053.

	 9.	 Şahan N, Paksoy H. Investigating thermal properties of using 
nano-tubular ZnO powder in paraffin as phase change material 
composite for thermal energy storage. Compos B Eng. 2017. 
https://​doi.​org/​10.​1016/j.​compo​sitesb.​2017.​06.​006.

	10.	 Panchabikesan K, Swami MV, Ramalingam V, Haghighat F. Influ-
ence of PCM thermal conductivity and HTF velocity during solid-
ification of PCM through the free cooling concept: a parametric 
study. J Energy Storage. 2019;21:48–57. https://​doi.​org/​10.​1016/j.​
est.​2018.​11.​005.

	11.	 Gil A, Peiró G, Oró E, Cabeza LF. Experimental analysis of 
the effective thermal conductivity enhancement of PCM using 
finned tubes in high temperature bulk tanks. Appl Therm Eng. 
2018;142:736–44. https://​doi.​org/​10.​1016/j.​applt​herma​leng.​2018.​
07.​029.

	12.	 El Karim Y, Grosu Y, Faik A, Lbibb R. Investigation of magne-
sium-copper eutectic alloys with high thermal conductivity as a 
new PCM for latent heat thermal energy storage at intermediate-
high temperature. J Energy Stor. 2019. https://​doi.​org/​10.​1016/j.​
est.​2019.​100974.

	13.	 Anghel E, Georgiev A, Petrescu S, Popov R, Constantinescu M. 
Thermo-physical characterization of some paraffins used as phase 
change materials for thermal energy storage. J Therm Anal Calo-
rim. 2014. https://​doi.​org/​10.​1007/​s10973-​014-​3775-6.

	14.	 Tarigond H, Reddy RM, Maheswari CU, Reddy ES. Effect of iron 
scrap additives in stearic acid as PCM for thermal energy storage 
system. J Therm Anal Calorim. 2020;141(6):2497–510. https://​
doi.​org/​10.​1007/​s10973-​020-​10117-y.

	15.	 Yadav C, Sahoo RR. Thermal performance analysis of MWCNT-
based capric acid PCM thermal energy storage system. J Therm 
Anal Calorim. 2021;146(4):1539–50. https://​doi.​org/​10.​1007/​
s10973-​020-​10186-z.

	16.	 Liwu F, Khodadadi JM. Thermal conductivity enhancement of 
phase change materials for thermal energy storage: a review. 

Renew Sustain Energy Rev. 2011;15:24–46. https://​doi.​org/​10.​
1016/j.​rser.​2010.​08.​007.

	17.	 Rolka P, Kwidzinski R, Przybylinski T, Tomaszewski A. Thermal 
characterization of medium-temperature phase change materials 
(PCMs) for thermal energy storage using the T-history method. 
Mate. 2021. https://​doi.​org/​10.​3390/​ma142​37371.

	18.	 Sun X, Liu L, Mo Y, Li J, Li C. Enhanced thermal energy stor-
age of a paraffin-based phase change material (PCM) using nano 
carbons. Appl Therm Eng. 2020. https://​doi.​org/​10.​1016/j.​applt​
herma​leng.​2020.​115992.

	19.	 Daglar O, Çakmakçı E, Hizal G, Tunca U, Durmaz H. Extremely 
fast synthesis of polythioether based phase change materials 
(PCMs) for thermal energy storage. Eur Polym J. 2020. https://​
doi.​org/​10.​1016/j.​eurpo​lymj.​2020.​109681.

	20.	 He M, Yang L, Lin W, Chen J, Mao X, Ma Z. Preparation, ther-
mal characterization and examination of phase change materials 
(PCMs) enhanced by carbon-based nanoparticles for solar thermal 
energy storage. J En Stor. 2019. https://​doi.​org/​10.​1016/j.​est.​2019.​
100874.

	21.	 Teng T-P, Cheng C-M, Cheng C-P. Performance assessment of 
heat storage by phase change materials containing MWCNTs and 
graphite. Appl Therm Eng. 2020. https://​doi.​org/​10.​1016/j.​applt​
herma​leng.​2012.​07.​002.

	22.	 Anand A, Shukla A, Kumar A, Buddhi D, Sharma A. Cycle 
test stability and corrosion evaluation of phase change materi-
als used in thermal energy storage systems. J Energy Storage. 
2021;39:102664. https://​doi.​org/​10.​1016/j.​est.​2021.​102664.

	23.	 Chen X, Gao H, Tang Z, Wang Ge. Metal-organic framework-
based phase change materials for thermal energy storage. Cell 
Rep sci. 2020. https://​doi.​org/​10.​1016/j.​xcrp.​2020.​100218.

	24.	 Daneshazarian R, Antoun S, Dworkin SB. Performance assess-
ment of nano-enhanced phase change material for thermal stor-
age. Int J Heat Mass Transf. 2021;173:121256. https://​doi.​org/​10.​
1016/j.​ijhea​tmass​trans​fer.​2021.​121256.

	25.	 Valan Arasu A, Dhinesh Kumar D, Idrish KA. Experimental 
investigation of thermal conductivity and stability of TiO2-Ag/ 
water nanocomposite fluid with SDBS and SDS surfactants. Ther-
mochim Acta. 2019. https://​doi.​org/​10.​1016/j.​tca.​2019.​178308.

	26.	 Mohammad Ghalambaz A, Mehryan SAM, Veismoradi A, Mah-
davi M, Zahmatkesh I, Kazemi Z, Younis O, Ghalambaz M, Ali 
CJ. Melting process of the nano-enhanced phase change material 
(NePCM) in an optimized design of shell and tube thermal energy 
storage (TES): Taguchi optimization approach. Appl Therm Eng. 
2021;193:116945. https://​doi.​org/​10.​1016/j.​applt​herma​leng.​2021.​
116945.

	27.	 Lin SC, Al-Kayiem HH. Evaluation of copper nanoparticles–
Paraffin wax compositions for solar thermal energy storage. Sol 
Energy. 2016;132:267–78. https://​doi.​org/​10.​1016/j.​solen​er.​2016.​
03.​004.

	28.	 Wang G, Wei G, Chao Xu, Xing Ju, Yang Y, Xiaoze Du. Numeri-
cal simulation of effective thermal conductivity and pore-scale 
melting process of PCMs in foam metals. Appl Therm Eng. 2019. 
https://​doi.​org/​10.​1016/j.​applt​herma​leng.​2018.​10.​106.

Publisher's Note  Springer Nature remains neutral with regard to 
jurisdictional claims in published maps and institutional affiliations.

Springer Nature or its licensor (e.g. a society or other partner) holds 
exclusive rights to this article under a publishing agreement with the 
author(s) or other rightsholder(s); author self-archiving of the accepted 
manuscript version of this article is solely governed by the terms of 
such publishing agreement and applicable law.

3271Investigations on thermal properties of MWCNT-NBN Paraffin Wax phase change material for thermal…

https://doi.org/10.1016/j.renene.2021.03.022
https://doi.org/10.1016/j.ijheatmasstransfer.2021.121623
https://doi.org/10.1016/j.ijheatmasstransfer.2021.121623
https://doi.org/10.1016/j.rser.2021.111513
https://doi.org/10.1016/j.rser.2021.111513
https://doi.org/10.1016/j.energy.2021.120869
https://doi.org/10.1016/j.jmrt.2021.02.096
https://doi.org/10.1016/j.enconman.2021.114024
https://doi.org/10.1016/j.enconman.2021.114024
https://doi.org/10.1016/j.enconman.2016.12.053
https://doi.org/10.1016/j.enconman.2016.12.053
https://doi.org/10.1016/j.compositesb.2017.06.006
https://doi.org/10.1016/j.est.2018.11.005
https://doi.org/10.1016/j.est.2018.11.005
https://doi.org/10.1016/j.applthermaleng.2018.07.029
https://doi.org/10.1016/j.applthermaleng.2018.07.029
https://doi.org/10.1016/j.est.2019.100974
https://doi.org/10.1016/j.est.2019.100974
https://doi.org/10.1007/s10973-014-3775-6
https://doi.org/10.1007/s10973-020-10117-y
https://doi.org/10.1007/s10973-020-10117-y
https://doi.org/10.1007/s10973-020-10186-z
https://doi.org/10.1007/s10973-020-10186-z
https://doi.org/10.1016/j.rser.2010.08.007
https://doi.org/10.1016/j.rser.2010.08.007
https://doi.org/10.3390/ma14237371
https://doi.org/10.1016/j.applthermaleng.2020.115992
https://doi.org/10.1016/j.applthermaleng.2020.115992
https://doi.org/10.1016/j.eurpolymj.2020.109681
https://doi.org/10.1016/j.eurpolymj.2020.109681
https://doi.org/10.1016/j.est.2019.100874
https://doi.org/10.1016/j.est.2019.100874
https://doi.org/10.1016/j.applthermaleng.2012.07.002
https://doi.org/10.1016/j.applthermaleng.2012.07.002
https://doi.org/10.1016/j.est.2021.102664
https://doi.org/10.1016/j.xcrp.2020.100218
https://doi.org/10.1016/j.ijheatmasstransfer.2021.121256
https://doi.org/10.1016/j.ijheatmasstransfer.2021.121256
https://doi.org/10.1016/j.tca.2019.178308
https://doi.org/10.1016/j.applthermaleng.2021.116945
https://doi.org/10.1016/j.applthermaleng.2021.116945
https://doi.org/10.1016/j.solener.2016.03.004
https://doi.org/10.1016/j.solener.2016.03.004
https://doi.org/10.1016/j.applthermaleng.2018.10.106

	Investigations on thermal properties of MWCNT-NBN Paraffin Wax phase change material for thermal storage applications
	Abstract
	Introduction
	Experimental
	Materials
	Fabrication of hybrid PCMs
	Characterization of hybrid PCMs

	Results and discussion
	Surface morphology
	XRD analysis
	DSC analysis
	TGA analysis
	Evaluation of thermal stability
	Evaluation of thermal conductivity

	Conclusions
	References


