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Thermal energy storage with phase change materials (PCMs) is emerging as a key solution in 
addressing the global energy crisis, driving innovation in energy storage and management systems. 
This work numerically investigates the thermal performance and melting behavior of a novel 
composite PCM composed of paraffin wax (PW) dispersed with different weight percentages of carbon 
quantum dots (CQDs) in order to validate the experimental results. Latent heat curves for the prepared 
composite PCMs were generated numerically using computational fluid dynamics (CFD), with the 
input values provided from experiments and they seem to support the pattern of the experimental 
curves. The temperature profile and melting properties of the PCMs have also been studied. Melting 
temperatures of the composites indicated a maximum 5.8% discrepancy between the experimental 
and numerical analysis. The melting times of composites were longer than those of PW, indicating a 
delayed yet steady state absorption of heat during melting and improved latent heat.
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The current focus of research is on increasing the use of environmentally friendly and renewable energy sources, 
driven by the urgent need to address the environmental crisis caused by the global rise in energy demand, which 
is fueled by rapid population growth and economic expansion1–8. If energy-efficiency measures are not planned 
and implemented, scientists predict a fifty percent spike in worldwide demand for energy by 20509. Therefore, 
latent heat thermal energy storage (LHTES) is drawing more and more attention as a potential remedy and 
to get closer to a hybrid energy system that is economically competitive10. Due to their large energy storage 
capacity, broad working temperature range, and potential for recycling, LHTES units, which employ phase 
change materials (PCMs) to store or release energy are particularly alluring11. Recently, various PCMs have been 
created for use in LHTES units for increasing their performance12,13.

As a result, LHTES units based on PCM are presently being investigated for several uses, including solar 
energy storage, nuclear power plants, heating and cooling of buildings and thermal management of electronic 
devices10. A plethora of outstanding review papers exist in the domain of thermal storage applications pertaining 
to solar or other power plant generating applications14–20. In low temperature thermal energy storage, PCMs 
are applied to flooring, walls, and ceilings. Concrete components containing PCM, wallboards impregnated 
with PCM, and subfloor applications are examples of actual building materials21. PCMs are extensively used in 
thermal management of buildings22–25. A more modern simulation study created PCM and thermal management 
techniques that were included into the design of office building applicable to the climate of a Saharan desert26. 
To reduce overheating, improve electronic components’ performance and dependability, and lengthen electronic 
equipment’s life, PCMs are used in electronics to control heat emitted during performance27–29.
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However, a significant drawback of today’s PCMs is their correspondingly poor thermal conductivity values, 
which restrict their application in energy storage10. One of the methods that is anticipated to improve the 
thermophysical characteristics of the PCM, particularly its thermal conductivity involved mixing nanoparticles 
with the base PCM. Tariq and colleagues carried out an extensive assessment of the literature on the methods for 
creating nanoparticle enhanced PCMs and their uses in several fields30.

When 1% copper nanoparticles were added to the base PCM paraffin by Wu et al.31, a notable reduction 
of approximately 32% in melting and solidification time was obtained from experimental investigations. 
Additionally, there was an 18% and 14% improvement in thermal conductivity in both the liquid and solid 
phases, respectively. A numerical study to investigate how distributing nanoparticles affects a latent heat storage 
system’s performance was conducted by Gunjo et al.32. It was discovered that, in comparison to pure paraffin, 
adding 5% of Cu, CuO, and Al2O3 nanoparticles increased the melting rates by 10, 3.5, and 2.25 times respectively, 
and solidification rates by 8, 3, and 1.7 times, respectively. On the other hand, it decreased the sensible heat as 
well as latent heat of fusion. The melting process of a nano-PCM in a concentric cylindrical thermal energy 
storage system was investigated both numerically and experimentally by Alomair et al.33. They compared the 
melting fraction, temperature distribution, energy storage rate, and heat transfer between pure PCM and nano-
PCM. Both the numerical and experimental results demonstrated that the melting rate was faster in the nano-
PCM compared to pure PCM. A thermal analysis was performed on the melting of encapsulated PCM using a 
high-conductivity binary-eutectic alloy and low-conductivity RT27 paraffin wax by Mallya and Haussener34. The 
study presented the influence of thermo-physical properties, geometrical parameters, and boundary conditions 
on the melting process, as well as the contribution of natural convection within the encapsulated PCM. Du 
et al.35 constructed a 3D numerical model of latent heat storage unit with a spiral coil heat exchanger in a 
cylindrical shell, to replicate the melting of copper enhanced paraffin wax PCM and was thoroughly verified 
against experimental data. The results indicated that 19.6% of the total melting time was conserved due to the 
addition of nanoparticles with a little decrease in the latent heat capacity.

Although metals and metal oxides increase the thermal conductivity of PCMs, they also add weight, which 
lowers the density of heat storage overall. Additionally, this results in a decrease in the chemical and thermal 
stability of PCMs. To increase the thermal conductivity of PCMs, carbon-based fillers such as carbon nanotubes, 
carbon nanofibers, graphite, and graphene have been used recently. Their low density and remarkable heat 
conductivity are the main causes for their usage36. After reviewing several PCMs and assessing different 
techniques, Murali et al.37 came to the conclusion that carbon-based additive particles have better thermal 
conductivity than metal-based additives. Carbon-based compounds with high heat conductivity are frequently 
utilized as dispersants. As a result, the application of novel carbon allotropes has increased recently38.

Recent developments in nanostructured carbon materials have made it possible to use several allotropes for 
a wide range of electrochemical applications, including diamond, graphene, amorphous carbon, C60, carbon 
nanotubes, and carbon dots39. Carbon compounds have progressed from diamond, graphite, fullerenes, carbon 
nanotubes, graphene, and finally graphdiyne thus far. Carbon materials are categorized as 0D (carbon dots), 1D 
(carbon tubes/fibers), 2D (graphene), and 3D (porous carbon network) based on their dimensions40.

Upcoming nanostructures known as carbon quantum dots (CQDs) have a surface customized with organic 
or biomolecules and a core of carbon atoms. The size of the CQDs is usually less than 10 nm41,42. CQDs can be 
taken into consideration as substitutes for semiconductor quantum dots in energy transformation applications 
because of their low price, simplicity of synthesis, ease of customization, large quantum yield, non-toxic 
properties, hydrophilicity, and chemically inert nature43. Carbon dots can be utilized to create fluorescent 
functional composite PCMs because of their innate fluorescence properties40.

The economic viability of CQD-based PCMs is primarily determined by the synthesis process of CQDs, in 
addition to factors such as raw material costs, processing, composite PCM preparation, and scalability. Notably, 
certain CQD synthesis methods utilize renewable carbon sources, such as waste biomass and agricultural by-
products, reinforcing the material’s sustainability. Plant-based materials, including fruits and vegetables, serve 
as eco-friendly carbon sources, making them highly suitable for CQD production. The utilization of these waste 
materials not only simplifies the synthesis process but also ensures cost-effectiveness and broad availability, 
further strengthening the case for sustainable and scalable CQD-based PCM development. CQDs exhibit 
promising potential for diverse applications in medicine, chemistry, food, and environmental science, thanks to 
their easy fabrication via green synthesis methods and the widespread availability of raw materials44. Researchers 
have leveraged cost-effective and eco-friendly green chemistry approaches to synthesize carbon dots from 
natural solid waste resources, including watermelon peel, tamarind pomelo peel, lemon peels and pineapple peel 
for carbon-based material production. However, the potential of sugarcane treacle as an innovative and viable 
raw material for carbon dot synthesis remains largely unexplored and should be further investigated. Recent 
studies have highlighted that sugarcane bagasse pulp and juice can serve as highly effective carbon forerunners 
for quantum dot synthesis, reinforcing their viability in sustainable nanomaterial development45. Sugarcane 
molasses has recently undergone processing via centrifugation to extract carbon dots (C-dots), which exhibit 
promising applications as biosensors for detecting riboflavin and tetracycline. In light of this potential, further 
investigation into sugarcane molasses as a novel raw material for carbon dot synthesis is strongly encouraged46. 
Dipcin et al.47 present an innovative CQD synthesis method that employs cost-effective reactants which are easily 
accessible in many of the laboratories. Green hydrothermal synthesis is distinguished by its cost-effectiveness, 
eco-friendliness, and high quantum yield amongst various fabrication methods48[Majid].

A key challenge in the industrial-scale synthesis of CQDs lies in the speedy evolution of raw material 
sourcing. Overcoming this hurdle is crucial for ensuring sustainable production. Future research should 
prioritize the development of synthesis methods that are more cost-effective, efficient, and novel, investigating 
emerging energy applications to maximize the potential of these increasingly valuable carbon materials at the 
same time. The large-scale synthesis of CQDs is complex and involves multiple steps, primarily due to the 
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essential surface modifications that define their properties. Additionally, variations in natural sources and the 
absence of standardized protocols make it challenging to achieve homogeneous and uniform CQDs in bulk 
production. Despite the potential of CQDs, green synthesis from natural precursors could replace conventional 
synthetic methods in the future if key challenges are addressed. However, ensuring consistency, reproducibility, 
and scalability to industrial levels remains a significant hurdle. At present, scaling up synthesis from natural 
precursors while ensuring precise control over size and properties remains a challenge that necessitates further 
research44,49–54.

While the integration of carbon quantum dots (CQDs) improves the thermal conductivity of phase change 
materials (PCMs), their environmental sustainability and long-term stability remain key concerns. A thorough 
evaluation of these factors is essential, especially when compared to conventional PCM additives such as metals, 
metal oxides, and organic PCMs.

The sustainability of CQDs is primarily influenced by their synthesis techniques and the choice of raw 
materials. Biomass waste is a renewable, sustainable, and abundant carbon source for C-dot production. Its 
non-toxic nature makes it an environmentally friendly choice. In recent years, researchers have increasingly 
investigated biomass waste as a raw material for synthesizing C-dots55. Certain CQD synthesis methods notably 
incorporate renewable carbon sources, such as waste biomass and agricultural by-products, enhancing the 
material’s sustainability. Plant-based materials, including fruits and vegetables, provide eco-friendly carbon 
sources, making them excellent candidates for CQD production44. Researchers have embraced cost-effective 
and environmentally friendly green chemistry approaches to efficiently synthesize carbon dots from abundant 
natural solid waste resources. By utilizing agricultural by-products such as watermelon peel, tamarind pomelo 
peel, lemon peels, and pineapple peel, they not only reduce waste but also promote sustainable carbon-based 
material production, reinforcing the circular economy and eco-conscious material development. Recent studies 
have strongly emphasized the effectiveness of sugarcane bagasse pulp and juice as excellent carbon precursors for 
quantum dot synthesis. Their abundant availability, cost-effectiveness, and renewable nature further reinforce 
their crucial role in advancing sustainable nanomaterial development while promoting waste valorization 
and green chemistry principles45. Waste from food, agriculture, and industry is rich in functional groups like 
carboxyl, amino, sulfur, and hydroxyl, making it an ideal raw material for CQD fabrication and supporting a 
wide range of applications48.

In contrast, conventional PCM additives, such as metal nanoparticles, typically rely on non-renewable 
resources and require complex fabrication processes, which can lead to environmental pollution. Green 
synthesis of metal nanoparticles is emerging in recent times. The green synthesis of nanoparticles is a growing 
trend in nanotechnology, developed to address challenges such as reaction complexities, high costs, and safety 
concerns associated with conventional methods56. The green synthesis method, known for its sustainability, 
cost-effectiveness, and improved biocompatibility, presents a promising alternative to traditional chemical 
and physical synthesis techniques. However, to fully unlock the potential of this approach, challenges such as 
scalability, standardization, purity, variations in plant composition, and efficient extraction processes must be 
addressed57.

The lifespan of a PCM depends on its thermal stability, chemical stability, and corrosion resistance (including 
compatibility with the container material) after multiple repeated and consistent thermal cycles. A thermally 
stable PCM should exhibit negligible changes in its latent heat and melting point. Therefore, ensuring thermal 
stability is crucial for the long-term performance of a latent heat storage system58. Metals such as Cu, Al, Ag, etc. 
exhibit good thermal conductivity, chemical stability in non-corrosive environments, but are prone to oxidation 
and corrosion in acidic or moist environments. Agglomeration or sedimentation can reduce the effectiveness 
over time. Non-Metal Additives such as Alumina, Silica, PANI, etc. are less prone to oxidation and more 
chemically stable than metals, demonstrate better dispersion in organic/inorganic PCMs compared to metals, 
but show poor interaction with PCM, leading to phase segregation or performance degradation over time.

CQDs hold great potential for enhancing PCMs, thanks to their nanoscale dispersion, high surface area, and 
superior thermal properties. Their long-term stability is determined by factors such as chemical compatibility, 
agglomeration resistance, and oxidation resistance. Due to their small size and functional groups, CQDs exhibit 
excellent dispersion, maintain chemical stability during thermal cycling, enhance both thermal conductivity 
and latent heat storage with minimal phase separation, and are less susceptible to oxidation than bulk metals. 
However, CQDs may form aggregates over long-term use, reducing their effectiveness. Additionally, potential 
chemical interactions with PCMs could alter their properties over time, and their stability largely depends on the 
synthesis method and surface functionalization.

To validate long-term thermal performance of PCMs, thermal cycling up to 300 cycles should be conducted. 
This testing ensures at least a year of stability for the PCM, assuming it undergoes at least one melt/freeze cycle 
per day59. In the study conducted by Anand et al.59, the materials considered for thermal cycling test include 
organic, inorganic, and composite PCMs. Only a few inorganic materials exhibited long-term stability, while 
most of them degraded early in the thermal cycling process. Organic materials demonstrated relatively high 
stability over a large number of melt/freeze cycles. Paraffin and fatty acids exhibited excellent thermal reliability.

Emeema et al.60 created innovative composite PCMs by incorporating 1%, 5%, 10%, 15%, and 20% weight 
percentages of CQDs in paraffin wax base PCM. The thermal conductivity of the prepared PWCQDs composite 
PCMs were investigated experimentally. The results revealed a significant increase in the thermal conductivity of 
the composite PCMs with a maximum enhancement of 97.4% for 20 wt% composite PCM. Further experimental 
investigations on PWCQDs composite PCMs by Emeema et al.61 revealed that the latent heat of all composite 
PCMs increased compared to pure PW, with the maximum enhancement reaching 65.1% for the 1% composite 
PCM compared to most of the studies. The melting temperature range of the composites was found to be wider 
than PW. Composites exhibited superb thermal stability as revealed in TGA test, excellent thermal reliability for 
300 thermal cycles thus displaying tremendous potential for usage in low temperature applications.
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CQDs typically exhibit superior long-term stability compared to metal additives, owing to their chemical 
resistance and nano-dispersion properties. However, surface functionalization may be necessary to prevent 
agglomeration. Given their chemical inertness and stable dispersion, CQDs show strong potential for long-term 
PCM applications. By overcoming environmental and stability challenges, CQD-based PCMs can emerge as a 
more sustainable alternative to traditional thermal energy storage materials, contributing to greener and more 
efficient energy solutions.

A brief literature review displaying the thermal performance of various metal oxides, graphene and CQDS 
has been presented in Table 1 below.

The literature survey in Table 1 displays thermal performance details of paraffin wax dispersed with different 
metal oxides and graphene in addition to CQDs.

The following points may be noted from the above literature survey:

•	 Thermal conductivity of all the composites increased with wt% of nanoparticles added.
•	 The latent heat mostly decreased with particle addition except in few cases such as Paraffin/ TiO2

64, RT20,RT25/
Alumina, carbon Black68, Paraphene/Graphene Nanofillers74 and Paraffin/CQDs61.

•	 The latent heat increase is the highest for PWCQDs composites compared to other composites.
•	 From the study conducted by Emeema et al.60, PWCQDs composites displayed excellent thermal stability and 

superb thermal cycling characteristics.
•	 Hence it can be said that PWCQDs composites stand out as brilliant composite materials when compared to 

oxides and graphene composites in storing thermal energy.

In this study, numerical analysis was conducted to validate the experimental results of Emeema et al.61. Latent 
heat curves, temperature profile, melting temperatures and melting times of the PCMs have been generated 

S 
No Reference Composite wt/vol% Thermal conductivity (k) Latent heat/thermal performance

1 Hao and Gao62 Paraffin/Alumina 5 & 10 wt% k enhancements: 2 & 6% Latent heat decrease: 7% & 13%

2
Jesumathy, 
Udaykumar and 
Suresh63

Paraffin/Copper oxide 2, 5 & 10 wt% k increased by 6, 6.7 & 7.8% in liquid state

3 Ali et.al64 Paraffin/ Al2O3, ZnO2 and 
nano-SiC 0.1, 0.5, 1,1.5 wt% k increased by 3.3, 1.8 & 4.2% for 1wt% Al2O3, 

ZnO2 and nano-SiC

4 Wang et al.65 Paraffin/ TiO2
0.3, 0.5, 0.7, 0.9, 1, 3, 
5 & 7 wt% k increased with wt% Latent heat increased at 0.7 wt%

5 Chaichan, Kamel and 
Al-Ajeely66 Paraffin/ Alumina,TiO2 1, 2, 3, 4 & 5 wt% k increased by 65% & 40% for alumina & TiO2 at 

5 wt%

6 Sahan, Fois and 
Paksoy67 Paraffin/Fe3o4 20 wt% k increased by 1.6%

7 Nourani et al.68 Paraffin/nano alumina 2. 5, 5, 7.5 & 10 wt% k enhancements: 31% (solid state) & 13% (liquid 
state) at 10 wt% Melting rate increased by 27%

8 Colla et al.69 RT20,RT25/Alumina, carbon 
Black 1 wt% k increased by 35% for CB with RT20

Latent heat decreased by 12% for CB 
with RT25 Latent heat increased by 
11% for alumina with RT20

9 Shalaby et al.70 Paraffin/ Alumina 3 wt% k enhancement: 18.6%

10 Jesumathy71 Paraffin/ Alumina 5 & 10 vol% k enhancement: 12.71% & 19.32% Latent heat decrease: 0.74% & 1.64%

11 Gunjo et al.32 Paraffin/Cu, CuO, & Al2O3 5 wt% Melting times decreased by 10, 3.5 
and 2.25 times

12 Kumar et al.72 Paraffin/Copper oxide 0.5, 1, 1.5 & 2 wt% k enhancements: 50, 95.5, 131.8 & 172.7%

13 Kumar et al.73 Paraffin/Zinc oxide 0.5, 1 & 2 wt% k enhancements: 41.6% for 2 wt%

14 Goli et al.74 Paraffin/Graphene 1 & 20 wt% k enhancements: 60% & 170%

15 Liu et.al75 Paraffin/Expanded graphite, 
MWCNT, graphite powder

0.1, 0.5, 1, 1.5, 2.5 
wt%

k increased by 61.04, 51.2, 12.18, 10.22 for 2.5 wt% 
Expanded graphite, MWCNT, graphite powder

16 Zhang et al.76 Paraffin/Graphene 3, 5, 7, 10 & 15 wt% Decrease in temp. rise by 8.77% with 
15 wt%

17 Liu and Rao77 paraffin/graphene, exfoliated 
graphite sheet 2 wt% k increased by 58.6% and 41.4% for 2 wt% graphene 

& graphite sheet

18 Safaei, Goshayeshi, 
and Chaer78

Paraffin/graphene oxide 
(GO) 0.2, 0.4, and 0.6 wt% 25% increase in productivity

19 Kumar et al.79 Paraffin/graphene (GR) 0.5, 1, 1.5 & 2 wt% k increased by 66.15% with 2 wt%

20 Ali et al.80 Paraffin/Nanographene 1, 2 & 3 wt% k enhancement: 146% at 3wt% latent heat decrease: 3% at 3wt%

21 Li et al.81 Paraffin/ EG,GR,GO 0.5, 1, 1.5 & 2 wt% k increased in the order GR, GO, and EG Latent heat Decreased by 14.6% (EG), 
18.6% (GO) and 19.4% (GR) at 1 wt%

22 Janumala et al.60 Paraffin/CQDs 1, 5, 10,15 & 20 wt% k increased by 10.04%, 19.21%, 38.43%,60.26% & 
97.38%

23 Emeema et al.61 Paraffin/CQDs 1, 5, 10, 15 & 20 wt% LH increased by 65.1%, 40.4%, 
33.8%, 19.9% & 10.4%

Table 1.  Literature Survey.
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utilizing CFD with the thermophysical properties of PCMs provided from experiments and they seem to 
support the experimental data with little deviation. The heat transfer, thermal energy storage (TES), and PCM 
communities stand to gain significant insights from this work.

Experimental investigations of PWCQDs composite PCMs
The results of experimental investigations conducted on PWCQDs composite PCMs60,61 have been presented in 
this section.

Weight percentages and labels of composite PCMs
The PWCQDs composite PCMs were prepared by ultrasonication with the following weight percentages of 
CQDs in PW and labelled accordingly60. Refer Table 2.

Thermal conductivity
The thermal conductivity values for PW and composites at the phase transition temperature of 55  °C are 
reported, including their enhancement ratios61. Refer Table 3.

Latent heat
Latent heat values of PW and composite PCMs obtained from DSC are presented in Table 4.

Melting temperatures
The details of melting temperatures of PW and composite PCMs are presented in Table 5 61.

Numerical analysis
Numerical analysis using CFD was conducted on PWCQDs composite PCMs to validate the experimental 
results of Emeema et al.61. Ansys Fluent 2023 was used to run CFD on the 3D model of the PCM (Fig. 1). Latent 
heat curves, melting temperatures and melting times of the PCMs have been generated utilizing CFD.

S No Sample Latent heat (kJ/kg) % Increase

1 PW 145.35 0

2 PWCQD-1 240 65.1

3 PWCQD-5 204.11 40.4

4 PWCQD-10 195.52 33.8

5 PWCQD-15 174.27 19.9

6 PWCQD-20 160.53 10.4

Table 4.  Latent heat values of PW and composite PCMs.

 

S No PCM

Thermal conductivity (k) Enhancement ratio (ψ)

(W/m°C) (%)

1 PW 0.229 0

2 PWCQD-1 0.252 ± 0.015 10.04

3 PWCQD-5 0.273 ± 0.015 19.21

4 PWCQD-10 0.317 ± 0.015 38.43

5 PWCQD-15 0.367 ± 0.015 60.26

6 PWCQD-20 0.452 ± 0.015 97.38

Table 3.  Thermal Conductivity and enhancement ratios of PW and composite PCMs.

 

Sample Wt% of CQDs Labels of composite PCMs

1 1% PWCQD-1

2 5% PWCQD-5

3 10% PWCQD-10

4 15% PWCQD-15

5 20% PWCQD-20

Table 2.  Weight percentages and labels of composite PCMs.
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Specification of the problem—model setup
The 3D model of the PCM can be viewed in Fig. 1. The solid PCM was placed in an enclosure that is 25 × 25 mm 
in size and is situated between the top and bottom plates. Copper is the material that was utilized to make both 
plates.

The top plate is kept at an isothermal heating state with temperature maintained between 90 and 100 °C, and 
the bottom plate is kept at a cold condition maintained at room temperature.

The following assumptions were made for the melting process of PCMs82,83.

•	 The flow is Newtonian, laminar, incompressible and unsteady
•	 Viscous dissipation effects are insignificant
•	 During the process of change of phase from solid to liquid, conduction and natural convection heat transfer 

modes are considered for analysis. Radiation heat transfer is neglected.
•	 Boussinesq approximation is followed in the analysis
•	 Volume changes due to melting are disregarded
•	 Thermophysical characteristics of PCM or the heat transfer fluid are not impacted by temperature. It is ex-

pected that certain properties, namely density, viscosity, and thermal conductivity, will vary linearly with 
temperature.

Mathematical equations
The following governing equations were considered for this study82.

Continuity equation:

	
∂

∂t
(ρ) + ∇.(ρ−→u ) = 0� (1)

Momentum equation:

	
∂

∂t
(ρ−→u ) + ∇ · (ρ−→u −→u ) = µ∇ · −→u − ∇P + ρ−→g + S� (2)

Energy equation:

	
∂

∂t
(ρH) + ∇ · (ρuH) = ∇ · (k∇T )� (3)

β = Liquid fraction, expressed as Temperature:

Fig. 1.  Schematic diagram of the 3D model of PCM.

 

PCM Onset melting Temp. (°C) Endset melting Temp. (°C) Melting Temp. Range

PW 63.1 71.8 8.7

PWCQD-1 63.2 72.3 9.1

PWCQD-5 63.5 73.1 9.6

PWCQD-10 62.8 73.2 10.4

PWCQD-15 61.8 72.5 10.7

PWCQD-20 61.9 72.9 11

Table 5.  Melting temperature details of PW and Composite PCMs.
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β = ∆H

L

β =

{ 0, if TPCM < TPCM,s
1, if TPCM > TPCM,l

TPCM−TPCM,s
TPCM,l−TPCM,s

, if TPCM,l > TPCM > TPCM,s

� (4)

Ts = PCM temperature when the last liquid content solidifies, Tl = PCM temperature when the last solid content 
liquefies.

Discretization
CFD involves substituting the differential equation governing fluid flow with a series of algebraic equations 
known as discretization, which may then be solved numerically using a digital computer to obtain an approximate 
solution. Discrete volume, finite element, and finite difference methods are a few of the discretization techniques 
being employed84. Because of its advantages in memory consumption and solution speed particularly for large 
problems, high Reynolds number turbulent flows, and source term dominated flows, the finite volume method 
is a popular technique used in CFD software. In this study, the transient melting analysis was conducted using 
ANSYS Fluent 2023. The mass continuity, momentum, and energy governing equations were resolved by 
adopting the technique of finite volume method of discretization. The discretization details are provided in 
Table 6.

Grid generation
The technique of dividing the computational domain into a collection of distinct cells is known as computational 
mesh generation. Polyhedrons, such as tetrahedrons, hexahedrons, prisms, or pyramids, make up the grid cells. 
The meshing geometry of the model and PCM can be viewed in Figs. 2 and 3 respectively.

Thermophysical properties of PCMs
The thermophysical properties of pure PW and composite PCMs determined experimentally as per ASTM 
standards were taken as input for the numerical analysis of PCMs. The thermophysical properties of PW and 
composite PCMs have been listed in Table 7.

Fig. 2.  Meshing geometry of the model.

 

S No Parameter Value

1 Element size Copper: 0.25 mm
PCM: 0.1 mm

2 Growth Rate 1.2

3 Nodes 222,061

4 Elements 771,034

Table 6.  Discretization details.
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Boundary conditions
The boundary conditions are necessary for the equation system to be solved. The mathematical model must 
include boundary conditions. Boundaries control flow direction. The fluid and solid regions are represented by 
cell zones. Material and source terms are assigned to cell zones. Boundaries and internal surfaces are represented 
by face zones. Boundary data are assigned to face zones84. The number of cells in the grid and the grid’s fineness 
both affect the accuracy of the CFD solution.

The boundary conditions specified for this study are the heat flux boundary condition related to conduction 
heat transfer for hot plate and heat transfer coefficient related to convection heat transfer for cold plate as 
represented in Fig. 4.

The meshed model is processed in the ANSYS Fluent workbench, employing a pressure-based transient 2D 
solver to capture the melting behaviour of the nano fluid. The analysis is carried out with a time step size of 1000 
and a duration of one second per time step. The set up and transient details are presented in Table 8.

Fig. 4.  Conduction heat transfer-hot plate and convection heat transfer-cold plate.

 

Parameter PW
PW
CQD-1

PW
CQD-5

PW
CQD-10

PW
CQD-15

PW
CQD-20

Density (kg/m3) 809 814 819 825 832 840

Specific Heat (kJ/kgK) 1.99 1.91 1.82 1.74 1.67 1.58

Thermal Conductivity (W/m°C) 0.229 0.252 0.273 0.317 0.367 0.452

Latent Heat (kJ/kg) 145.35 240 204.11 194.52 174.27 160.53

Liquidous Temperature (°C) 56 57 60 62 66 68

Solidus Temperature (°C) 52 53 55 56 57 60

Table 7.  List the thermophysical properties.

 

Fig. 3.  Meshing geometry of PCM.

 

Scientific Reports |        (2025) 15:30066 8| https://doi.org/10.1038/s41598-025-08312-8

www.nature.com/scientificreports/

http://www.nature.com/scientificreports


Results and discussion
The parameters such as latent heat, melting times, temperature profile and behaviour of the PCMs before and 
after melting are discussed in this section.

Latent heat
The latent heat curves of PW and the composite PCMs generated from numerical analysis have been displayed 
in Figs. 5, 6, 7, 8, 9 and 10. The latent heat curves obtained from experimental analysis have also been drawn for 
comparison’s sake.

Melting times of PCMs
The melting times of PCMs derived from numerical analysis are presented in Table 9.

It may be noted that the melting times of the composites are longer than PW indicating larger heat absorption 
by the composites compared to PW.

Temperature profile and melting characteristics
Paraffin wax
Temperature profile of paraffin wax  The melting point of PCMs is the temperature at which they transition 
from a solid to a liquid state. This property is vital for PCMs as it defines the temperature range within which 
they can efficiently store and release thermal energy. The selection of a PCM is based on its melting point to 
meet the needs of different applications. The appropriate PCM melting point is chosen according to the intended 
use, such as passive temperature regulation in buildings, cooling of electronic devices, or storage of solar energy. 
Figure 11 illustrates the temperature profile of the paraffin wax.

The temperature contour plot with static temperature for paraffin wax provides an in-depth visualization of 
the thermal distribution within the material as it undergoes the melting process. This visual tool allows us to see 
how efficiently heat is absorbed and distributed, with areas exposed to higher temperatures transitioning from 
solid to liquid as indicated by warmer colors like red and orange. Cooler colors such as blue and green, on the 

Fig. 5.  PW latent heat curves—experiment and simulation.

 

S No Parameter Value

1 Solution Type Transient

2 Viscous model K-Epsilon

3 Boundary Conditions Heat flux, Heat transfer Coefficient

4 Materials Used Copper and PCM Sample

5 Solution Method SIMPLE

6 Time step Fixed (1 Sec per Time step)

7 No of Time Steps 1000

Table 8.  Set up and transient details.
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Fig. 7.  PWCQD-5 latent heat curves—experiment and simulation.

 

Fig. 6.  PWCQD-1 latent heat curves—experiment and simulation.
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Fig. 9.  PWCQD-15 latent heat curves—experiment and simulation.

 

Fig. 8.  PWCQD-10 latent heat curves—experiment and simulation.
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other hand, show regions where the PCM remains solid or less active thermally. The maximum temperature-
maintained ranges from 90 to 100 °C.

Melting characteristics of paraffin wax  Figures 12 and 13 show the state of PW PCM before and after melting 
representing the material being melted and transitioning from solid phase to liquid phase because of the temper-
ature increase in the sample. From the figure we can understand that the liquid fraction is gradually increasing 
because of the sample being heated.

Fig. 11.  Temperature profile—Paraffin wax.

 

PCM Melting time (s)

PW 351

PWCQD-1 384

PWCQD-5 376

PWCQD-10 362

PWCQD-15 358

PWCQD-20 354

Table 9.  Melting times of PCMs.

 

Fig. 10.  PWCQD-20 latent heat curves—experiment and simulation.
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Initially, the liquid fraction contour map displays the state of the PCM at the onset of the heating process. This 
distribution is crucial as it reveals how quickly different regions of the PCM respond to thermal input. Areas with 
higher initial liquid fractions are likely to react more swiftly, facilitating faster phase changes which are essential 
for efficient thermal management. Meanwhile, lower initial fractions suggest slower responses, potentially due 
to higher thermal inertia or inefficient heat conduction.

Moreover, with a latent heat of 145.35 kJ/kg and a melting time of 351 s, we can analyze the energy efficiency 
and the dynamics of the phase change process. This relatively short melting time indicates that paraffin wax 
can rapidly absorb a significant amount of heat energy, which is vital for applications requiring quick thermal 
response times. The liquid fraction contour at the end of the melting period, marking the conclusion of the 
process, identifies regions that have completely transitioned to liquid and those that remain partially melted. 
This end state not only assesses the uniformity and efficiency of the melting process but also informs the design 
of PCM systems to optimize their thermal storage and regulation capabilities.

Understanding the detailed behavior of PCM, including temperature distribution and phase transition 
kinetics, is indispensable for enhancing the design and application of thermal systems incorporating PCM. 
The incorporation of such materials into industrial and environmental applications promises advancements in 
energy efficiency and thermal management. Future research could further refine control over the phase change 
processes, enhancing PCM applicability across various sectors.

Latent heat curves of paraffin Wax  The latent heat curves obtained from the CFD analysis are shown in Fig. 5. 
For comparison, latent heat curves from the experiment that were acquired from DSC analysis have also been 
drawn. This graph is crucial for validating the thermal properties and behavior of PW PCM under varying 
temperatures. DSC provides empirical data by directly measuring how much heat is absorbed or released by the 
PCM as it undergoes temperature changes, typically during phase transitions such as melting and solidification. 
This measurement is critical for understanding the enthalpy changes associated with the material.

Fig. 13.  Liquid fraction after melting—PW.

 

Fig. 12.  Liquid fraction before melting—PW.
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On the other hand, CFD simulations offer a theoretical perspective by using numerical methods to predict the 
heat flow based on material properties provided from experiments and boundary conditions. The comparison 
between DSC results and CFD simulations on the graph serves a dual purpose. First, it validates the CFD model 
by showing how closely the simulated data aligns with experimental results, which is essential for confirming 
the accuracy of the simulations. Second, it highlights any discrepancies between the two methods, which could 
indicate areas where the CFD model might need refinement or where the material properties might differ under 
actual conditions.

Moreover, the Temperature vs. Heat Flow graph allows us to visually interpret the thermal responsiveness of 
paraffin wax. Peaks or significant changes in the curve typically indicate phase changes. Observing these changes 
in conjunction with heat flow helps in assessing the material’s effectiveness in thermal energy storage applications. 
For example, a sharp peak would suggest a high latent heat capacity at the phase change temperature, which is 
desirable for applications requiring efficient heat management.

Incorporating both DSC and CFD data into a single graph provides a comprehensive overview of the PCM’s 
thermal properties. This approach not only enhances the understanding of paraffin wax as a PCM but also 
informs improvements in the design and application of PCM in systems where temperature control and thermal 
stability are crucial. The insights drawn from this graph are instrumental for engineers and researchers focusing 
on optimizing PCM performance in diverse applications ranging from renewable energy storage to thermal 
regulation in electronics. From the latent heat curve (CFD) it can be noted that the melting for PW begins 
at 61.2  °C (334  K) and ends at 72.8  °C (345.8  K). This can also be viewed from the colors representing the 
temperatures from the temperature contour plot with static temperature (Fig. 11).

Pure paraffin wax, with its high latent heat of 145.35 kJ/kg and a melting time of 351 s, exhibits uniform 
temperature and liquid fraction contours, indicating a consistent and predictable thermal response. The 
Temperature vs. Heat Flow graph for pure wax likely shows a sharp peak at the melting point, emphasizing rapid 
heat absorption. This behavior is ideal for applications needing quick adaptation to thermal inputs but requiring 
significant energy storage.

PWCQD-1 composite PCM
Temperature profile PWCQD-1  The temperature profile of PWCQD-1 composite PCM can be viewed in 
Fig. 14.

The temperature contour plot with static temperature for PWCQD-1provides an in-depth visualization of the 
thermal distribution within the material as it undergoes the melting process.

Melting characteristics of PWCQD-1  Figures 15 and 16 show the state of PWCQD-1 PCM before and after 
melting representing the material being melted and transitioning from solid phase to liquid phase because of 
the temperature increase in the sample. From the figure we can understand that the liquid fraction is gradually 
increasing because of the sample being heated.

Latent heat curves of PWCQD-1  The latent heat curves obtained from the CFD analysis are shown in Fig. 6. 
For comparison, latent heat curves from the experiment that were acquired via DSC analysis have also been 
drawn. This graph is crucial for validating the thermal properties and behavior of PCM under varying temper-
atures. DSC provides empirical data by directly measuring how much heat is absorbed or released by the PCM 
as it undergoes temperature changes, typically during phase transitions such as melting and solidification. This 
measurement is critical for understanding the enthalpy changes associated with the material. Incorporating both 
DSC and CFD data into a single graph provides a comprehensive overview of the PCM’s thermal properties. The 
insights drawn from this graph are instrumental for engineers and researchers focusing on optimizing PCM 
performance in diverse applications ranging from renewable energy storage to thermal regulation in electronics.

Presenting 1% CQDs increases the latent heat to 240  kJ/kg and extends the melting time to 384  s. The 
initial temperature and liquid fraction contours may show slight irregularities due to the CQDs disrupting the 
uniform thermal properties of the wax. However, the end-time contours might indicate a gradual achievement 
of uniformity. The Temperature vs. Heat Flow graph could display a broader temperature range during melting, 
suggesting a delayed but eventually steady state of heat absorption.

Fig. 14.  Temperature profile—PWCQD-1.
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PWCQD-5 composite PCM
Figures 17 and 18 display the temperature profile and liquid fraction after melting of PWCQD-5 composite 
PCM.

With 5% CQDs, the latent heat decreases to 204.11  kJ/kg, and the melting time reduces to 376  s. The 
temperature contours at the initial stage could exhibit quicker heat dispersion, while the liquid fraction contours 
show more areas transitioning to liquid sooner than the lower concentrations. The Temperature vs. Heat Flow 
graph in Fig. 7 might show a lower peak but over a more extended range, indicating more efficient thermal 
spread with slightly reduced energy storage.

PWCQD-10 composite PCM
Figures 19 and 20 display the temperature profile and liquid fraction after melting of PWCQD-10 composite 
PCM.

The 10% CQD variant sees latent heat reducing further to 194.52  kJ/kg and melting time to 362  s. This 
concentration might demonstrate the best balance between quick melting and energy retention. Both 
temperature and liquid fraction contours would show a very dynamic response, with rapid and extensive melting 

Fig. 16.  Liquid fraction after melting—PWCQD-1.

 

Fig. 15.  Liquid fraction before melting—PWCQD-1.
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across the composite. The Temperature vs. Heat Flow graph in Fig. 8 likely exhibits a gradual but consistent heat 
absorption, reflecting enhanced thermal conductivity.

PWCQD-15 and PWCQD-20 composite PCMs
Figures 21 and 22 display the temperature profile and liquid fraction after melting of PWCQD-15 composite 
PCM.

Figures 23 and 24 display the temperature profile and liquid fraction after melting of PWCQD-20 composite 
PCM.

The highest concentrations of 15% and 20% CQDs continue this trend, with the lowest latent heats of 
174.27 kJ/kg and 160.53 kJ/kg respectively and the shortest melting times of 358 and 354 s, respectively. These 

Fig. 19.  Temperature profile—PWCQD-10.

 

Fig. 18.  Liquid fraction after Melting—PWCQD-5.

 

Fig. 17.  Temperature profile—PWCQD-5.
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Fig. 22.  Liquid fraction after Melting—PWCQD-15.

 

Fig. 21.  Temperature profile—PWCQD-15.

 

Fig. 20.  Liquid fraction after Melting—PWCQD-10.
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composites are characterized by extremely efficient heat transfer capabilities as seen in very even end-time 
temperature and liquid fraction contours. Their Temperature vs. Heat Flow graphs in Figs. 9 and 10 likely display 
the broadest melting ranges with the lowest peaks, suggesting that these materials are optimal for rapid thermal 
management with less focus on energy storage.

Comparison of melting temperatures
The melting temperatures of PW and PWCQD composite PCMs obtained from numerical analysis have been 
compared with experimental values60. The data is presented in Table 10.

Conclusions
Thermal performance and melting behavior of PWCQDs composite PCMs have been simulated with CFD 
analysis. A satisfactory simulation is suggested by the latent heat curves produced by numerical analysis, which 
match the pattern of the experimental curves.

PCM Melting temp. Exp. (°C) Melting temp. CFD (°C) % Deviation

PW 63.1 61.2 3

PWCQD-1 63.2 59.8 5.4

PWCQD-5 63.5 59.8 5.8

PWCQD-10 62.8 59.7 4.9

PWCQD-15 61.8 60.1 2.8

PWCQD-20 61.9 59.6 3.7

Table 10.  Comparison of melting temperatures—Experiment & CFD.

 

Fig. 24.  Liquid fraction after Melting—PWCQD-20.

 

Fig. 23.  Temperature profile—PWCQD-20.
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•	 A comparison was made between the melting temperatures of PWCQDs composite PCMs derived by nu-
merical analysis and the corresponding values obtained through experimental investigation. Melting temper-
atures obtained by numerical analysis showed a maximum deviation of 5.8% from the experimental values.

•	 Thus, the experimental analysis of thermal performance of PWCQDs composite PCMs has been validated by 
numerical analysis using CFD with little deviation.

•	 Consequently, the PWCQDs composite PCMs categorically satisfy the requirements for their employment 
in low temperature thermal energy storage applications with an aim to improve the thermal performance of 
LHTES systems.

•	 It is therefore highly advised to employ PWCQDs composite PCMs for thermal energy storage in low-tem-
perature LHTES systems.

Data availability
The datasets used and/or analyzed during the current study are available from the corresponding author upon 
reasonable request.
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