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ABSTRACT

The present work focused on the application of zirconium dioxide (ZrO2), a metal based nano 
material in a helical tube heat exchanger. A novel nano enhance phase change material (NEP-
CM) passes through a series of test to explore its energy storage capacity. The aim of the 
study is to determine the effect of varying amounts of ZrO2 on the thermal performance of 
energy storage systems through experiments, and based on the results, to identify the opti-
mal concentration. The scanning electron microscopy (SEM) results indicated that the ZrO2 
physically bonded with paraffin wax without disturbing the chemical stability and structure 
of the NEPCM samples. It was noticed that ZrO2 successfully stabilized surface temperature, 
solidification and melting of paraffin wax. Experiments with ZrO2 doped with paraffin wax 
also helped to establish the optimum value of charging and discharging time. The most signifi-
cant enhancement in charging rate was observed with a mere 0.1–0.3% (vol.) increase, but this 
enhancement rapidly declined with increases beyond 0.3% in volume concentration. NEPCM 
with 0.3% concentration in volume was identified as ideal sample. When the mass flow rate 
increased from 1 to 5 LPM, the exergy efficiency dropped from 21.4% to 15.3%. Compared 
to other PCM and NEPCM samples, ZrO2-doped PCM samples exhibited a more favorable 
thermal response.

Cite this article as: Mishra SK, Gupta MK, Kumar R, Sharma A. Performance enhancement of 
thermal energy storage system using ZrO2 doped paraffin wax. J Ther Eng 2025;11(1):79−93.
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INTRODUCTION

Energy has been one of the major factors for the devel-
opment of human civilizations. In the current scenario, 
economic development of any country is influenced by the 

energy economics [1]. However, the energy sector confronts 
significant problems such as increasing usage of fossil fuel, 
tail pipe emissions and rising price etc. and hence it is nec-
essary to work in the area of finding alternate renewable 
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sources [2, 3]. Over the last few decades, researchers from 
all over world have been looking for innovative technolo-
gies that will help to reduce the use of fossil fuels and, as a 
result, reduce negative impact on climate and the environ-
ment due to burning of fossil fuels. Energy storage is one of 
suitable strategies for storing the renewable energy which 
would help to replace the usage of fossil fuel [4–6]. One of 
the utmost popular energy storage technologies is thermal 
energy storage (TES). Latent heat thermal storage (LHTS) 
and sensible heat storage are the two categories under TES 
[7]. The amount of energy stored per unit mass when a 
material goes through a phase transition is equal to the 
integral of the substance’s specific heat times the tempera-
ture gradient. The volume of medium needed to store the 
same amount of energy via sensible heat transfer is more 
than what is needed via latent heat transfer [8, 9].

Thermoelectric ZrO2 nanoparticles have several sig-
nificant uses in this area. During phase transitions, phase 
change materials can store and release thermal energy; 
ZrO2 nanoparticles can be integrated into these mate-
rials. As a whole, the PCM is better able to release and 
store thermal energy because the nanoparticles increase 
their thermal conductivity [10]. The thermal conductiv-
ity of heat transfer fluids can be improved by adding ZrO2 
nanoparticles to them. Applications that rely on efficient 
heat transfer for energy storage, like concentrated solar 
power and solar thermal systems, find this feature par-
ticularly valuable. Zirconium dioxide nanoparticles are a 
potential component of high-tech materials for thermal 
energy storage. During times of abundant energy, these sys-
tems collect and store excess heat, which they then release 
when needed [11]. Such storage systems benefit from ZrO2 
characteristics, which enhance their efficiency and thermal 
performance. In thermochemical energy storage devices, 
ZrO2 nanoparticles can be utilized to store and release heat 
energy through chemical reactions. With this method, heat 
can be efficiently stored for use at a later time [12].

These two solutions are not technically feasible due to 
the low latent heat of solid-solid conversion and the high 
volume needed for liquid-gas conversion. Additionally, 
we will exclusively refer to energy storage through the sol-
id-liquid transformation since it has a larger density and 
functions at a constant temperature of PCM. PCM mostly 
focuses on latent heat storage, whereas sensible storage of 
heat depends on changes in material temperatures [13, 
14]. Large amounts of energy can be stored and released 
using thermal energy storage via PCM. Energy storage 
and release are influenced by the materials’ phase changes. 
Practical tests have demonstrated that as compared to sen-
sible heat storage, PCM can achieve a significant reduc-
tion in storage space [11, 12]. Aadmi et al. [13] composites 
of paraffin wax and epoxy resin were investigated using 
a hot plate device in both experimental and numerical 
(using Comsol Multiphysics) settings. Melting of PCM was 
found to be affected by the shape of the container, and it 
was found that increasing the PCM content in the mixture 

increased the LHTES’s efficiency. Randeep et al. [14] per-
formed experiments to improve the thermal conductivity 
of PCM using a storage system with aluminium and graph-
ite fins. Also, carbon power was added with PCM. It was 
found that for pure PCM samples, the melting started at 
37°C and continued to above 40°C. Purohit and Sistla 
[15], in an experimental and computational analysis of a 
PU-PCM composite’s thermal characteristics, salt hydrate 
was found to dominate the nucleation and crystallization 
processes. Herbinger et al.[16], In numerical analysis of 
an air-PCM heat exchanger using dodecanoic acid, it was 
found that smaller heat exchanger channels and hotter air 
resulted in a higher heat transfer rate. Sun et al. [17] exam-
ined how PCM incorporated LBW affected energy use in 
humid settings. When the humidity rose from 40% to 90%, 
energy savings were seen to drop from 1.64 percent to 1.32 
percent, however, the difference was not statistically signif-
icant during the winter. Fateh et al. [18] investigating effects 
of the solar radiation (which was viewed as the boundary’s 
time-varying heat source) led researchers to the conclusion 
that the right PCM may reduce the heating load by 75%. 
Kishore et al. [19] examined a significant impact on how 
well PCM performs, as well as PCM location, phase-con-
version temperature, latent heat, and thickness. Zwanzig et 
al. [20] energy-saving potential analysis revealed that PCM 
performance is highly dependent on weather conditions, 
emphasizing the need to choose alternative PCMs in vari-
ous climate zones. An experimental and numerical analysis 
found no cracking in the PCM’s spherical shell, which con-
tained various characteristics generated via KNO3-NaNO3 
[21]. Wang et al. [22] examined the thermal performance of 
PCM wall panels in Shanghai’s lightweight structures with 
regard to phase-conversion temperature, and thickness 
with the use of Energy Plus’s single-zone model. It was dis-
covered that optimal phase-transition temperature differed 
depending on the room’s location and changed throughout 
the year owing to variations in solar radiation levels. Yahya 
Ali Rothan [23] investigated how fins and nano-powders 
can be used to improve the freezing of PCM. To enhance 
the performance of PCM, a nano powder of CuO was 
added to the mixture. The time required to freeze water was 
found to decrease by 5.49% for every unit increase in form 
factor. It was also shown that an 11% reduction in process-
ing time can be attained by increasing the CuO content. In 
another study by Arena et al. [24], Heat transfer by convec-
tion, laminar flow, and turbulent flow were all studied in 
mushy zone of a finned double-pipe LHTES using paraffin 
RT35. A decrease in natural convection was seen during 
the charging and discharging heat cycles for larger values 
of the mushy zone constant, which represents the mushy 
region. Youssef et al. [25] employed a PCM heat exchanger 
with spiral wiring tubes in the experiment and also pro-
duced a CFD model for a TES system with composite 
epoxy resin spherical form paraffin wax RT27. Validation 
of the Experiment and CFD simulation outcomes followed. 
With this layout, it was discovered that PCM’s thermal 
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conductivity could be improved and that PCM could move 
freely, resulting in better heat transmission. Zhou et al. 
[26] Using an enthalpy method model, researchers looked 
at how varying PCM parameters affected the attenuation 
coefficient and delay time in shape-stabilized PCM. They 
found that the phase-transition temperature was a major 
influence on the evaluation index, and that, for a given 
external heat disturbance, there were relatively optimum 
values for the latent heat of PCM.

Woloszyn et al. [27] improved thermal energy storage 
capacity of a PCM shell and tube system by installing a 
double-tube heat exchanger. Eight distinct design solutions 
were compared for melting time and exergy efficiency. 
Comparing PCM melting times with those of vertical, hor-
izontal, and helical coiled systems revealed a considerable 
improvement. Arena et al. [28], Both charging and dis-
charging partial loads of LHTES systems have been anal-
ysed. When the melting fraction was between 0.75 and 
0.90, the thermal cycle time was cut by up to 50%, and the 
amount of energy stored was cut by up to 30%. Veraz et 
al. [29] established a system for storing thermal energy by 
placing two rectangular slabs of uniform length and width 
into a tank of varying thickness. According to the data, 
employing thinner slabs has enhanced power, which has 
reduced charging and discharging times by 14 and 30 per-
cent, respectively. Jagganath and Dinesh [30] examined the 
various phase change materials utilised in thermal energy 
storage devices to improve thermal performance. System 
efficiency, heat absorbed and rejected while charging, and 
temperature swings during discharging were all compared. 
It was discovered that, under the same conditions as paraf-
fin wax, fatty acids have superior performance characteris-
tics. Williams and Peterson [31] studied PCMs with a focus 
on their phase transition temperature, rheological effects, 
and chemical stability. Charging and discharging times 
for organic PCMs were found to be shortest when they 
contained either metallic nanoparticles or carbon-based 
nanoparticles. The goal of researchers is to find solutions 
to problems and new ways to make things better. Possible 
gaps in the literature are as follows: Further research into 
the optimal combination of different nanomaterials with 
paraffin wax to enhance its thermal characteristics may be 
necessary. This may necessitate testing varying quantities, 
sizes, and kinds of nanomaterials. Although it is well-es-
tablished that nanomaterials improve thermal conductivity, 
there may be knowledge gaps about the exact processes and 
interactions that cause this improvement. It is critical to 
conduct additional in-depth research on the chemical and 
physical interactions between paraffin wax and nanoparti-
cles. Additional research could focus on determining the 
effects of various nanomaterials on the nucleation and 
crystal formation induced by phase transitions in paraffin 
wax. A careful selection and testing of the nanomaterial is 
still necessary, even though the literature review suggests 
nanoparticles as promising catalysts or thermal conductiv-
ity enhancers[32–35]. 

The previous studies suggested that the optimal com-
bination of different nanomaterials with paraffin wax to 
enhance its thermal characteristics is essential. This may 
necessitate testing varying quantities, sizes, and variety of 
nanomaterials. Although it is well-established that nano-
materials improve thermal conductivity, there may be 
knowledge gaps about the exact processes and interactions 
that cause this improvement. Further, the effects of vari-
ous nanomaterials on the nucleation and crystal formation 
induced by phase transitions in paraffin wax can be carried 
out. A careful selection and testing of the nanomaterial is 
still necessary, despite the fact that literature review sug-
gests nanoparticles as promising catalysts or thermal con-
ductivity enhancers [39–42]. The optimal nano inclusion 
concentration has received little attention from researchers

It can be concluded from the literature that there is no 
apparent pattern for thermal performance of the NEPCM, 
despite the fact that oxides, and carbon-based nano addi-
tives exhibited good performance. Even more difficult is 
the identification of a class of nano additives and a poten-
tial nano additive that can deliver stable thermal perfor-
mance. Based on the above literature review, the aim of the 
study is to utilize varying amount of ZrO2 nano material 
to enhance the performance of PCM. The nano enhanced 
phase change material (NEPCM) was used in a helical tube 
heat exchanger to conduct both experimental and theoret-
ical research on metal oxide-based NEPCM samples. The 
experimental study seeks to calculate the ideal volume con-
centration for the desired performance, while the empirical 
investigation measures the impact of temperature gradient 
and viscosity on the solidification and melting times, total 
enthalpy and heat flux of NEPCM samples.

EXPERIMENTATION PROCEDURE

Selection of Material
Paraffin is used as the base in all of the experiments. 

Nanoparticles of three metal oxide concentrations of ZrO2 
are infused into the paraffin to improve its performance. 
Table 1 lists the requirements, such as particle size and 
purity, that the material provider requires. Table 2 lists the 
individual characteristics of nano inclusions and PCM basis. 
When we receive the Material from the manufacturer, it is 
in its unprocessed form. Table 3 displays the total weights 
of all three ZrO2-PCM samples generated at the different 
volume concentration of 0.1 to 0.3%. Thermodynamic sta-
bility, excellent thermal conductivity, and environmental 
toughness are the main reasons why ZrO2 nanoparticles are 
used for thermal storage. Compare nanomaterials to zirco-
nium dioxide by their properties, applications, and benefits. 
Applications requiring high-temperature stability can use 
zirconium dioxide’s high melting point. Consider applica-
tion criteria including thermal stability, biocompatibility, 
and electrical qualities when comparing ZrO2 to other 
nanomaterials.
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NEPCM Samples Preparation
NEPCM samples are first prepared by determining how 

much nanomaterial will be added to the paraffin solvent. 
The authors here create numerous samples of ZrO2 doped 
PCM with volume concentrations increasing of 0.1%, 0.2%, 
and 0.3% to examine the effects of nano inclusions in base 
paraffin. After 1.5 hours of magnetic stirrer and 2.5 hours of 
ultrasonication, the samples are treated to base paraffin to 
confirm complete diffusion of the nanomaterial. The PCM 
samples are maintained throughout the entire procedure in 
a liquid condition by maintaining a constant temperature 
of 65°C during both phases. Zirconium oxide nanoparti-
cles and paraffin wax are combined to create a nano-en-
hanced phase change material (NEPCM), which improves 
the thermal characteristics of wax. The general procedures 
for making a NEPCM sample using paraffin wax and zir-
conium oxide nanoparticles are listed below. Select zirco-
nium oxide nanoparticles with good thermal conductivity 
and compatibility with paraffin wax. The performance of 
the NEPCM can be affected by the nanoparticles’ size and 
surface properties. Zirconium oxide nanoparticles should 
be dispersed in an appropriate solvent. In order to keep 
nanoparticles from clumping together, this dispersion stage 
is crucial. To improve stability, surfactants or dispersion 

agents might be used. Add the scattered zirconium oxide 
nanoparticles to the melted paraffin wax after it has melted. 
To promise that nanoparticles are consistently dispersed 
throughout in paraffin wax, thoroughly stir the mixture. 
Once everything is ready, the heat exchanger is filled with 
the samples, as depicted in Figure 1 (a) and (b).

Figure 1. Diagram for preparing samples of NEPCM.

Table 2. Materials thermo-physical parameters

Parameters PCM ZrO2

Size(mm) 30-50
Density (Kg/m3) 750 (liquids)

880 (solids)
1300

Thermal conductivity (W/m. K) 0.2 (liquids)
0.2 (solids)

13.0

Temperature(°C) 43.0 1000
Latent heat (KJ / Kg) 260.0 -
Specific heat (KJ/Kg. K) 2.31 -

Table 3. Paraffin and nanomaterial samples weight

Samples of NEPCM Nanomaterial 
Quantity (grams)

Paraffin Quantity 
(grams)

99% Paraffin+.1% ZrO2 24.7 7478.2
98% Paraffin+.2% ZrO2 68.4 7434.5
97% Paraffin+.3% ZrO2 114.8 7388.1

Table 1. Material supplier details

Zirconium Oxide (ZrO2) 99.9% Platonic Nanotech Pvt. Ltd
Paraffin 99.9% Platonic Nanotech Pvt. Ltd
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(a)

 
(b) (c)

 
(d) (e)

Figure 2. (a) XRD of Zirconium Oxide Nanoparticles, (b) TEM analysis of the ZrO2 nanoparticle, (c) 0.1 % Zirconium 
oxide with Paraffin Wax, (d) 0.2 % Zirconium oxide with Paraffin Wax, (e) 0.3 % Zirconium oxide with Paraffin Wax.
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The effect of adding nanoparticles of metal oxide vary-
ing in size from 5 nm to 100 nm is the focus of the cur-
rent research. Previous research has shown that reducing 
particle size in NEPCM samples enhances the possibility of 
collision between nanoparticles and base paraffin, which 
increases the surface area and, in turn, improves the perfor-
mance of the NEPCM samples.

ZrO2-PCM Characterization
The XRD analysis of the zirconium oxide material is 

shown in Figure 2(a) based on common crystal structures, 
it can explain what an X-ray diffraction (XRD) pattern for 
zirconium oxide nanoparticles would resemble. There are 
various crystal phases of zirconium oxide (ZrO₂), and the 
XRD pattern is dependent on the particular phase that is 
present. With peak shifts, the diffraction peaks resemble 
those of monoclinic zirconia. distinct peaks at 30.2°, 35.1°, 
50.0°, and 60.0° around 2θ values. Furthermore, zirconium 
oxide nanoparticles may display a mixture of phases, and 
peaks corresponding to different crystal structures may be 
seen in the XRD pattern. TEM analysis shows in the Figure 
2(b) of the zirconium nanoparticle. One effective tool for 
investigating nanoscale material structure and morphology 
is transmission electron microscopy, or TEM. Nanoparticle 
size, shape, and distribution can be studied in great detail 
by transmission electron microscopy (TEM) images. Dark 
spots in the transmission electron micrograph will be the 
zirconium oxide nanoparticles. It is also possible to tell 
if the nanoparticles are round, rod-shaped, or otherwise 
irregular in shape. The crystalline structure of the mate-
rial can be indicated by the presence of well-defined lattice 
fringes within individual nanoparticles. If the nanoparticles 
clump easily or are evenly distributed. The different per-
centage of the ZrO2 with paraffin wax samples the SEM 
image shows in the Figure 2(c), 2(d) and 2(e) respectively. 
Images obtained by scanning electron microscopy illustrate 
the structure of the zirconium oxide nanoparticles embed-
ded in the paraffin wax. Agglomerates, clusters, or solitary 
spheres might be how nanoparticles appear. It demon-
strates how composite materials are evenly distributed. 
You can see the paraffin wax matrix’s surface structure. It 
checks for changes in smoothness, texture, or other prop-
erties brought about by nanoparticle addition. Using scan-
ning electron microscopy (SEM), the presence or absence 
of agglomeration of zirconium oxide nanoparticles can be 
seen, providing insight into their dispersion and clustering 
behavior. Sample preparation methods, such as the use of an 
appropriate coating to increase conductivity and decrease 
charging effects, are critical to obtaining high-quality SEM 
images.

Experimental Setup
An investigational setup including a PCM tank and 

heat source tank used heat transfer fluid storage pipe-
line arrangement, control unit, and data recording unit 
is designed to study the temperature and performance of 

NEPCM samples in heat exchanger. To keep the charging 
process’s temperature constant, water heaters employ an 
electric heater that is digitally regulated. The heat exchanger 
is built of copper tubes and a stainless-steel casing. The heat 
exchanger’s dimensions are 140 mm in cell dia., 2 mm in 
thickness, and 450 mm in length. The heat exchanger’s 
helical copper tubes have a thickness of 8.6 mm with 17-18 
turns. The goal is to document the sample temperature dif-
ference between the HTF and the NEPCM. The figure of 
the experimental set-up as shown in the Figure 3(a), and 
the Figure 3(b) shows internal structure of the thermal 
store cylinder. RTD-based sensors are placed to record the 
temperature changes in HTF and the inlet and outlet tem-
peratures of the NEPCM samples. At both ends of the spiral 
coil, another set of sensors has been attached. Water flow 
from HTF tank to heat exchanger is controlled manually, 
and the hot and cold circuits of heat exchanger both mea-
sure mass flow rate. The systems feature switches for con-
trolling the various heating and pumping mechanisms as 
well as a control unit with a temperature display, a flow rate 
display, and these displays.

Experimental Procedure
The municipal supply water is flowing through heat 

exchanger before the charging cycle begins to establish 
a base temperature from which all subsequent melting 
cycles can be measured. The supply water is then pumped 
into the HTF tank, and electric heaters bring the water 
to the ideal temperature. The tubes of heat exchanger are 
recirculated with heated fluid by centrifugal pump. With 
the help of the valves, we may control the fluid’s mass flow 
rate.

In present study, the charging cycle was tested at dif-
ferent intake temperatures (49°C) and three different 
mass flow rates (1.0, 2.0,3.0, 4.0 and 5.0 l/min) for each 
NEPCM sample. NEPCM samples absorb the fraction of 
latent heat energy of fluid and start melting, confirm-
ing absorption of the thermal energy by PCM, when a 
hot fluid transfers heat energy to the NEPCM sample, 
causing the NEPCM temperature to rise and the output 
temperature of the HTF to fall. Even more HTF is sent 
back, and this keeps happening until all the temperature 
sensors show temperatures higher than PCM’s melting 
point. The charging process is terminated once the set 
temperature is reached.

By pumping 50°C HTF fluid through the heat exchang-
er’s tubing, the benchmark temperature is established at the 
start of the discharging cycle. The heat exchanger tubes are 
then opened up to allow for the passage of cold water at 
15°C. The NEPCM emits heat energy, which is absorbed 
by the cold water. After it begins to harden, its temperature 
drops while the HTF temperature rises. While the liters of 
water discharged per minute may vary between cycles, the 
pace at which they are discharged remains constant at 1, 2, 
and 3 liters.
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Data Reduction

Mathematical formulation of energy and exergy
A mathematical explanation of the melting and solidify-

ing processes is provided here, [43–45]: 

  (1)

  (2) 

The heat absorbed by water is represented by Eout, and 
the heat absorbed by the PCM is represented by Ein. The 
fluid’s mass flow rate is m, and its specific heat is CHTF.

The storage tank’s thermal efficiency can be calculated 
as

   (3) 

You may calculate energy using the following formulas 
[46,47].

  (4)

   (5)

  (6) 

Tin and Tout, Tmelt and To are the input and output 
temperatures, as well as the melting and room temperatures, 

(a)

(b)

Figure 3. (a) Schematic Diagram of the energy storage system, (b) Design Model of TES cylinder (all dimensions in mm).
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respectively. A TES unit’s charging, discharging, and overall 
efficiencies can be found using the following formulas [48]: 

  (7)

  (8)

Uncertainty analysis
δR, the total uncertainty of the experimental data is 

influenced by multiple factors. (X1, X2,..., Xn); The mea-
surement error of an individual, represented by Xn, is com-
puted as follows [49]:

  (9) 

The capacity, charging, and discharging uncertainties 
related to volumetric thermal storage were examined in this 
work. The volume measurement was accurate to within 1%. 
As a result, the maximum uncertainties for Einlet and Eoutlet 
were 3.25% and 3.48%, respectively, and the maximum uncer-
tainties for charging and discharging were 20% and 22%.

RESULTS AND DISCUSSION

PCM Charging Process
Charged PCM will be used to store latent heat later on. 

To do this, water is heated to the proper temperature using 
electric heaters before being pumped through a bed of PCM 
using a centrifugal pump. The PCM bed is heated by the hot 

 
(a) (b) 

(c)

Figure 4. (a) During charging 0.1 percentage of ZrO2 PCM temperature, (b) During charging 0.2 percentage of ZrO2 PCM 
temperature, (c) During charging 0.3 percentage of ZrO2 PCM temperature.
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HTF. PCMs start melting when they absorb the latent frac-
tion of heat and experience a phase conversion from solid 
to liquid. Multiple flow rates are used to charge the PCM 
bed, and this process is repeated until bed temperature 
reaches 75°C. The process was carried out at a temperature 
of 32°C to 34°C. The PCM bed was instrumented with a 
thermocouple, which was then submerged into the PCM, 
and the resulting data was recorded in the PCM’s enclosing 
glass. The charge of the encapsulated PCM accelerates with 
increasing HTF flow rate, and charging time decreases, as 
illustrated in Figure 4(a), 4(b) and 4(c), respectively.

Discharging Process
This discharging operation is performed to remove 

heat from the PCM bed. It all started with pumping cold 

water through the PCM bed from the top down. Here, 
the encased PCM begins hardening as the residual heat it 
contains is released. In addition, a higher HTF flow rate 
speeds up the process. There is an initial assumption that 
both the PCM input and the surrounding air temperature 
are 34 °C. Discharging continues to raise HTF tempera-
tures, though. This procedure is repeated until the HTF 
reaches a temperature of 34°C. The discharging of the dif-
ferent nano samples is shown in Figure 5(a), 5(b), and 5(c) 
respectively.

Mass Flow Rate Impact on Multiple PCM
The encapsulated PCM with progressively higher 

melting temperatures are employed as the thermal energy 
storage system in this investigation. Keeping HTF from 

 

(a) (b)

(c)

Figure 5. (a) During discharging 0.1 percentage of ZrO2 PCM temperature, (b) During discharging 0.2 percentage of ZrO2 
PCM temperature, (c) During discharging 0.3 percentage of ZrO2 PCM temperature.
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overheating necessitates using three distinct layers. The 
temperature distribution in the PCM capsule-filled packed 
bed is depicted graphically in the PCM diagram. Increase 
the flow rate to hasten the charging of your thermal energy 
system. It was observed that the difference in temperature 
between HTF and PCM is crucial to the success of heat 
removal and heat transfer operations. In event of multiple 
PCM, the HTF begins melting, when it reaches PCM. As 
can be seen in Figures 6(a) and 6(b), as well as Figure 6(c), 
different percentage PCM layouts simplify the charging 
and discharging procedure. Figure 6(d) depicts the rel-
ative differences in melting time between different HTF 
temperatures.

Energy and Exergy Analysis
The amount of energy the HTF puts into and takes out 

of PCM during the charging and discharging cycle is calcu-
lated using Equations (1) and (2). The results of applying 
Eq. (3) on values of the important constraints and the TES 
system’s complete effectiveness. As the mass flow rate rises, 
charging efficiency rises with it. However, as can be seen in 
Figure 7(a), the overall efficiency and rate of discharge are 
both reduced. The input-output and stored exergy during 
discharging and charging are given by Equations (4), (5), 
and (6). The efficiency with which exergy is provided 
during charging and discharging is shown by Equations (7) 
and (8). As demonstrated in Figure 7(b), the exergy effi-
ciency of the TES system falls as the mass flow rate rises.

 
(a) (b)

 
(c) (d)

Figure 6. (a) Different percentage of ZrO2 PCM temperature during charging at 1 LPM, (b) Different percentage of ZrO2 
PCM temperature during charging at 3 LPM, (c) Different percentage of ZrO2 PCM temperature during charging at 5 
LPM, (d) Comparison of different percentage of ZrO2 PCMs temperature varies with various flow rate.
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Effect of Liquid Fraction Variation in NEPCM (ZrO2 and 
PCM)

Figure 8 displays the results of a simulation of the ther-
mal storage cylinder with a single NEPCM for the liquid 
portion. Melting occurs faster than it does on the outlet side, 
as predicted. This is because natural convection lowers the 
temperature of the moving fluid while keeping the energy 
storage area constant. The quantity of latent heat stored 
or released by the NEPCM depends on the liquid fraction 
directly. The proportion of liquid in the PCM changes when 
it changes from a solid to a liquid state (melting) or from a 
liquid to a solid state (solidification). NEPCM remains able 

to store and release more energy per unit mass than tradi-
tional materials maintaining stable temperatures because of 
the increased latent heat being stored or released when a 
higher liquid percentage is present. Therefore, the melting 
process is enhanced by the addition of the input side tube. 
Figure 9 depicts the effects of liquid fraction application at 
the intake and outflow on PCM solidification. The find-
ings suggest that the nanoparticles facilitate solidification 
and that their length decreases the phase transition time. 
Heat conduction and enhanced heat transfer surface area 
are responsible for the enhancement. The liquid fraction 
variation can influence the thermal response time of the 

Time = 90 sec Time = 700 sec

Time = 2100 sec Time = 2800 sec

Time = 3600 sec Time = 4000 sec

Figure 8. Liquid fraction simulation of NEPCM storage material.

 

(a) (b)

Figure 7. (a) Variation of flow rate vs Overall efficiency and charging-discharging, (b) Exergy efficiency and HTF flow 
rate variation.
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NEPCM system. Higher liquid fractions during melting can 
lead to faster energy absorption and shorter response times, 
making NEPCM suitable for applications that require rapid 
thermal energy storage or release.

Figure 10 exhibits the various types of paraffin wax uti-
lized by the researchers, as well as analyses of latent heat 
and melting point. Because paraffin has limited heat con-
ductivity, it must be used with a large heat transfer surface 
or heat transfer augmentation procedures [50–59].

Figure 9. Variation of liquid fraction vs time for NEPCM storage material.
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CONCLUSION

An experimental investigation was carried out on a 
latent heat storage system, employing three different types 
of NEPCM with unique melting temperatures. To exam-
ine the impact of the heat transfer fluid flow rate on the 
charging and discharging processes, multiple experiments 
were conducted under different operational conditions.

Latent heat storage systems were studied in this exper-
iment, and results are based on the usage of three different 
NEPCM samples with varying temperatures of melting. 
The effect of the solidification and melting process was ana-
lysed with different mass flow rate by taking into account a 
range of process parameters during the study. This section 
provides a brief overview of the study’s most salient results.
• The observed increase in energy efficiency of the 

LHTESS with the rise in the heat transfer fluid flow 
rate to 3 lpm signifies a crucial optimization parameter. 
When the heat transfer fluid flow rate is increased to 
3 LPM, the LHTESS energy efficiency increases from 
54.72% to 74.35%.

• The intricate relationship between the charging and 
discharging rate of the PCM and the hot fluid flow rate 
is a key finding. A particle charge modulator’s (PCM) 
charging and discharging rate is significantly affected 
by the hot fluid flow rate. The flow rate was increased 
from 1.0 to 5.0 LPM, resulting in a 10.0% reduction in 
melting time and a substantial 30.0% reduction in solid-
ification time, respectively.

• The identified trade-off between mass flow rate and 
energy efficiency sheds light on the system's operational 
constraints and performance limitations. The energy 
efficiency decreased from 21.43% to 15.37% when the 
mass flow rate increased from 1.0 to 5.0 LPM.

• Results from this study suggest that compared to 
employing a single PCM, utilizing multiple PCMs can 
increase the energy storage capacity of an LHTES sys-
tem. In conclusion, the storage capacity of the thermal 
energy storage system is improved by employing multi-
layer PCM.

• As the volume percentage of nano-particles increases in 
the PCM, heat transfer increases.

• Using nanoparticles increases the melting rate, which 
correlates directly to the volume fraction. ZrO2 has bet-
ter performance than the other nanoparticles because it 
has a greater thermal conductivity.

• Increased thermal conductivity from nanocomposites 
improves heat transfer throughout the PCM.

• Chemical energy storage materials are still in their ini-
tial stage. Therefore, more study is required for indus-
trial applications.

• To supply practical solar thermal energy storage tech-
nologies, environmental-economic-exergy analysis 
needs to be given greater consideration.

• The use of PCM-integrated water tanks should be 
explored to keep temperatures lower during the day 

and higher at night depending on the environmental 
circumstances.

• Double-layer shell encapsulated PCM can be explored 
to widen the absorption spectra of solar radiation for 
enhanced energy absorption and storage capacity.

• Micro-nano-encapsulated materials can be used as 
building envelopes to reduce cooling and heating loads. 
This area requires consistent development of technolo-
gies and advanced engineering skills.
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