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Abstract: The present work assesses phase stabilized HW
(hydrocarbon wax) with nano additives through liquidus aging
treatment. The aging treatment is performed by storing the sample
in the liquid phase at 130°C for 250 hours. The treatment is designed
to imitate the actual process of thermal energy storage (TES) system
which experiences continuous operation. It helps to evaluate the
TES material for long-term operation consideration. The sample
performance is assessed according to the heating and cooling rate
change before and after aging treatment. The finding indicates a
severe decrement in the heating rate of thermal conductivity
enrichment (TCE)-HW up to 24.4% and 7.5% for the discharge rate.
The phase-stabilized HW performs better according to its heating
rate, which only decreases by around 10.9% and the discharge rate
by only 1.2%. The heating profile for HW shows a distinctive
phenomenon, indicated by a two-step temperature spike of 6.8°C
and 11.8°C at the solid-solid and solid-liquid transition. Contrary to
that, the SHW presents a suitable profile where the temperature
increases steadily until 86.3°C with the average heating rate around
2.97°C/min. The surface observation shows that the phase-
stabilized polyethylene (HDPE) decreases the potential of void
formation which correspond to the plasticity effect. As a result, the
SHW maintains suitably the distribution of nano additives after
aging treatment. Thus, phase stabilization is critical to ensure stable
operation of HW with nano additives for the TES system. Moreover,
the finding can be used to mitigate the potential performance
deterioration for TES system which uses thermal enrichment.
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1. Introduction

The energy crisis is a global issue that forces us to develop an advanced technology
system to explore and harvest alternative and renewable energy sources [1]. The effort has made
a notable outcome that can produce various types of energy storage. The high-capacity electric
battery for electric vehicles significantly reduces fossil fuel usage, making it a suitable method
to decrease dependency in non-renewable sources. Another type of energy storage is thermal
energy storage (TES), which plays a critical role in improving the thermal system's operation,
especially for stationary applications [2]. It can be combined in processing heat and water
heaters, which comes from alternative fuel [3]. Thus, the combined effect leads to a higher
thermal efficiency [4].

TES is highly feasible in modern energy systems as it reduces the consumption of
electrical energy. It utilizes the heat of fusion from storage material [5]. The stored heat is
proportional to the latent heat and solid-liquid transition from the material [6]. As a result, the
system can be operated at a minimum temperature gradient, which is advantageous to adjust
the system's operation accordingly [7]. Moreover, the stored heat can be increased by
employing the sensible properties of the storage material in the liquid state. It allows the system
to store more energy per unit volume, promoting better volumetric efficiency from the storage
system.

The organic storage material, such as hydrocarbon wax (HW), is the ideal candidate for
TES material operating at moderate temperatures [8]. It is compatible with metal storage
containers, economically feasible and widely available. HW is generally chosen as the phase
change material (PCM) for TES application. There is one particular problem during the
operation of HW in the TES system. Its poor conductivity makes the heat transfer rate extremely
slow and reduces the overall performance of the TES system [9-11]. It is affected by the major
constituent of HW, which is solely composed of organic material with a low thermal
conductivity (TC). A specific approach is taken to encounter the issue by adjusting the storage
unit [12], modifying the heat exchanger [13], and the liquid flow within the system [14]. The
proposed method positively influences the system's operation, but it is only suitable for specific
applications and requires extensive adjustment if applied in different storage systems.

Materials science has a significant impact to encounter the operational problem of HW
in the TES system. It can be done by adding solid additives to accelerate the heat transfer rate
for HW [15]. B. M. Suyitno et al. [16] employed volcanic ash as solid additives and indicate
the increment in TC up to 19.6 W/m:K. The addition of smaller quantities of solid additives is
focused on maintaining the storage capacity. One convenient method can be taken by using
metallic filler. H. Hosseininaveh et al. added FezO4 as metallic particles with a 1-4 wt% ratio
and increased the solidification rate for the PCM around 4%-20% [17]. Non-metallic solid
particle such as carbon nanotubes (CNT) is also desirable to improve the heat transfer
characteristic of PCM [18-20]. The CNT can be synthesized in a sustainable way, which ensures
a better sustainability of the material. It motivates the researcher to utilize CNT as a solid
additive for HW in the TES system.

The operation of HW in the TES system forces the material to experience solid—liquid
phase change [21]. The cycle is repeated as the system operates, causing the aging effect that
deteriorates the system's performance for an extended period [22]. The solid additive has a
higher density than HW, which probably causes redistribution within the storage tank after a
specific cycle. It can be seen from previous work which utilizes solid additives for the TES
system. For example, modification of pressing direction for HW/expanded graphite is required
to maintain the storage system's performance due to a substantial decrement in the thermal
capacity of around 3% after 100 cycles [23]. To overcome the issue, metal matrices can be
employed for the storage tank [24]. However, it reduces the net volume of the storage material,
which causes side effects regarding the volumetric energy ratio [25].
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Alternative methods can be taken to solve the degradation of the HW system with solid
additives by introducing a supporting matrix. Several supporting matrices can be used, such as
silicone-based [26], copolymer [27] and polyethylene (high density/HDPE) [28]. The
supporting matrix stabilizes the operation of HW, especially at extended cycles. Compared to
others, HDPE has the highest feasibility since it has a suitable viscosity and melting behavior
[29], providing a better thermal response. Therefore, combining stabilizers as phase
stabilization and solid additives as thermal conductivity enrichment (TCE) is expected to
improve the operation of HW in the TES system.

One critical aspect for the TES system is long-term operation. Repeating the cycle
between the solid and liquid phases eventually reduces the performance of TCE—PCM. Thus,
further study is required to analyze the phenomenon and observe the role of stabilizers in PCM
systems with solid enhancers. The change in performance, including the detailed profile
temperature behavior is essential to mitigate the impact of the repeating cycle and its relation
for the TCE-PCM. The outcome of this work can be used as a specific reference to adjust the
operation of the TES system, especially for the extended process that requires a high operation
cycle at elevated temperatures in the liquid phase of PCM. The suitable adjustment can be taken
by understanding the performance behavior and helps to ensure the maximum performance of
TES system, especially for the large-scale operation which is essential to maintain the peak
performance of the thermal system.

2. Materials and Methods

The synthesis process of stabilized HW (SHW) is shown in Figure 1a. Commercial
grade HW was heated up to 110°C to remove moisture content within the substance. The HDPE
was melted separately at a higher temperature (170°C) to ensure an ease mixing process. The
molten material was mixed at a ratio of 85:15 (weight-based). The mixture was then reheated
until it melted again, and then 5 wt% of CNT (average diameter 10 nm) was added to the molten
PCM. The sample was stirred adequately and cooled back to room temperature. The mass of
the PCM was set at 20 grams.

The liquidus aging process was done by continuously maintaining the sample at the
liquid phase. The sample was filled into the test tube and submerged in an oil bath (Figure 1b).
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Figure 1. a) Synthesis process of SHW and TCE-PCM, and b) Liquidus aging treatment of the
samples
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The oil was heated by a heater and set at 130°C + 5°C. The temperature of the oil bath
and samples were monitored in four locations to ensure steady thermal diffusion between the
heater, oil and sample. In addition, a copper tube was chosen as a test tube to maximize the heat
distribution. Once the sample entirely melted, it was kept heated for 250 hours. After that, a
static heating and cooling test was performed for the aged sample and compared before
treatment. The temperature and time for each process can be used to estimate the average
heating/cooling rate which is based on T-t method [30] and IEA-ECES Annex 30
recommendation [31]. Therefore, the temperature and time characteristics of the sample can be
evaluated effectively.

The chemical composition of HW and SHW was characterized using infrared
spectroscopy (FTIR). The phase and crystal profile for TCE-PCM were analyzed using a
diffractometer (XRD). Also, the sample's morphology before and after the addition of solid
additives was observed using SEM. Thermal behavior for the HW and SHW were investigated
through scanning calorimetry and thermogravimetric methods. The material's properties were
used for further analysis of the heating and cooling characteristics before and after liquidus
aging treatment.

3. Results and Discussion

Phase stabilization of HW is performed to provide a better phase change during the
operation, particularly for solid-liquid transition. The chemical composition of HW and SHW
was observed to evaluate the effect of polymer-based stabilizers within the sample. As
displayed in Figure 2, each material has an identic pattern according to the spectra profile. The
first spectra peak indicates the stretching vibration of —CH; at wavenumber 2750-3000 cm™.
The observed next peak appears in the deformation region —CH2 and —CHs. The latter peak
demonstrates the rocking vibration of —CH». According to the result, HW is compatible with
the polymer stabilizer. There is no new peak observed for the SHW. It can be concluded that
the chemical characteristic of SHW remains the same.

Stretching  ~CH,

vibration |
}i
Rocking X ) {2
Vibration Deformation

—CH, _CH, & —CH;

'
H
H
H

%

 Ealet

oL,

IR, | [ OO

Absorbance (au)

.

T 3 T 2 T ¢ T L] T cJ T
500 1000 1500 2000 2500 3000 3500
Wavenumber (cm'l )

Figure 2. Spectrum infrared of HW and SHW
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The solid additive (CNT) is a non-organic matter that requires a different approach to
observe its role in the sample. Thus, the effect of TCE for HW and SHW is assessed through
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an X-ray diffractometer (XRD) to obtain the sample's crystal profile. Figure 3 indicates the
main peak for the samples are observed at 20 = 21° and 24°, confirming the typical profile of
pristine HW and SHW [32]. The addition of a solid additive (CNT) for TCE does not alter its
phase and crystal structure. Thus, the TCE is mixed physically within the sample without
affecting the phase structure of the PCM.

Figure 4 presents the morphology of the PCM. HW shows a distinctive profile with the
appearance of a large crater (Figure 4a). The crater signifies the poor solidification rate of
hydrocarbon, resulting in void formation and a corrugated profile. It is affected by
inhomogeneity nucleation growth [33] due to low intermolecular forces during the
solidification. The role of stabilizer can be observed notably in Figure 4b. The plasticity effect
of polyethylene protects the HW from void formation. It implies that the solidification rate of
SHW is increased, which makes the positive outcome of the stabilizer provide a better phase
transition.
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Figure 3. Diffraction profile for TCE-HW and TCE-SHW
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Figure 4. Morphology HW V SHW

Further observation is taken for PCM with TCE. Figure 5a displays the unique profile
of TCE-HW, which indicates the equiaxed dendrite appearance. The partial freezing process
during solidification probably leads to this phenomenon [34]. Moreover, the formed dendrite is
highly affected by the rapid heat transfer rate in the region due to the addition of solid additives.
Therefore, adding TCE improves thermal diffusion within the HW structure. The stacked
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profile for TCE-SHW (Figure 5b) indicates the presence of local agglomeration, which can be
affected by the polymer-based stabilizer. The liquid phase of the PCM influences the
distribution of solid additive (TCE), which means local agglomeration potentially affects the

SHW during the operation.

10 pm
MiM

TCE

The solid-liquid transition of HW and SHW occurs at a closed temperature range
between 59.16°C — 58.82°C (Figure 6a). The heat of fusion at the given region is obtained at
151.6 J/g (HW) and 149.1 J/g (SHW). The SHW has a lower heat of fusion due to the presence
of a stabilizer. However, it has a new peak at a temperature 113.2°C with a melting enthalpy of
24.4 Jlg. Therefore, the cumulative melting enthalpy of SHW is slightly higher than HW,
making it more suitable to operate at elevated temperatures to reach the melting transition of
the stabilizer. Moreover, the third peak indicates the phase segregation between HW and
stabilizer, which causes the melting process to take consecutively.

The solidification involves intermolecular forces to release the heat. However, the poor
nucleation growth of the hydrocarbon compound causes supercooling [35]. As seen in Figure
6b, the exothermic peak for HW is slightly shifted at a temperature 54.1°C. As a result, HW
has a supercooling degree of 5.94°C. A similar condition is also observed for the latter peak of
SHW, indicating the solidification takes at a temperature 103.1°C. However, the principal peak
can be maintained at a suitable temperature of 54.8°C, implying the notable effect of phase
stabilization for SHW. It means the supercooling degree can be set at a lower value for SHW.
It proves the role of stabilizer, which promotes a better phase change, significantly reduces the
probability of the partial solidification process of HW.
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The decomposition profile for both PCMs is presented in Figure 7. The HW exhibits a
direct decomposition, starting at 190°C and ending at 355°C. Interestingly, the decomposition
process of SHW runs in two different steps. The first stage occurs between 200°C — 368°C,
confirming the degradation of HW. The second stage is occurred between 420°C — 492°C. It
demonstrates the decomposition process of the HDPE. The two-step degradation of SHW
supports the DSC profile, which shows an additional peak at a temperature above 100°C. Thus,
the addition of a stabilizer notably affects the thermal properties of HW.
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Figure 7. The decomposition rate of HW and SHW

The heating characteristic for both PCMs is shown in Figure 8. The temperature pattern
for TCE-HW before aging indicates two contrast temperature spikes between 41.3°C — 48.1°C
and 56.1°C — 67.9°C. The region is close to the solid—solid transition of HW according to the
first peak of the DSC profile (Figure 6a), which occurs at temperature 41.7°C. The second spike
is also related to the main endothermic peak of HW. Thus, both temperature spike is highly
correlated with the phase transition of HW. The addition of TCE causes a rapid temperature
increment of HW during the melting process. As a result, the temperature rises quickly during
the heat uptake process of the HW. The high temperature spike is unfavorable which makes the
charge process unstable. It is undesirable for most TES system, particularly for temperature-
sensitive application such as thermal regulating system [36].
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The liquidus aging process is significantly affected the heating process of HW. There is
no sudden temperature increment where the profile demonstrates a steady heating process. It
implies that the distribution of solid additives changed due to liquidus aging, which causes a
different heating profile of HW. The aging causes a slower heating rate of only 2.18°C/min,
much lower than the average heating rate before aging (2.89°C/min). It explains the significant
drawbacks of aging process that causes heat distribution within the PCM, particularly for the
HW-based PCM [37].

The heating characteristic for TCE-SHW shows a steady profile without indicating a
temperature spike. The temperature increases steadily for the TCE-SHW before aging process
until 86.3°C. The polymer stabilizer promotes a better heat distribution, which minimizes the
effect of phase transition and results in a stable heat increment profile. After that, the
temperature is increased notably until reaching the maximum temperature range of 110.4°C.
The region is close to the phase transition of HDPE (third peak in Figure 6a). Therefore, the
effect of solid additives in this case can be taken as an acceleration of phase transition for
HDPE.

The impact of liquidus aging is observed distinctively during the heat releasement stage.
The cooling process for TCE-HW before and after liquidus aging is relatively identic, where
the temperature falls immediately up to 57.15°C (Figure 9a). The average cooling rate for both
samples is 4.8°C/min. The rapid heat release at the given temperature demonstrates a critical
role of TCE, which helps to accelerate the discharge stage of HW during the liquid phase until
fully solidified. However, the cooling rate decreases significantly once the HW reaches its
solidus point.

The slow cooling rate typically occurs for solid HW. The heat is released for 54 minutes
with an average cooling rate of only 0.39°C/min. Also, the cooling rate gets slower for the TCE-
HW after liquidus aging treatment. The aged TCE-HW has a slightly lower cooling rate with
only 0.36°C/min. The decrement in the cooling rate for aged TCE-HW can be affected by the
change in the dispersion of solid additives. As a result, the crystallization is initiated in a
localized region, reducing the average cooling rate. Thus, the positive outcome for TCE cannot
be maintained effectively to improve the cooling rate for HW after liquidus aging treatment.

Phase stabilization for HW promotes a better discharge process. As presented in Figure
9b, the initial cooling profile is relatively similar to HW, indicating a rapid temperature decrease
up to 57.8°C. The role of phase stabilization is observed clearly after passing the solidus point.
The average cooling rate for TCE-SHW before aging is 0.41°C/min and can be improved after
aging process, resulting in a higher cooling rate of up to 4.22°C/min.
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Figure 9. Temperature releasement before and after aging for HW (a) and SHW (b)

The solidification of hydrocarbon compounds is a complex process. Instead, phase
stabilization with polymer to form TCE-PCM allows better distribution of solid additives. As a
result, it is able to ensure the distribution of solid additives to help the heat releasement of the
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PCM, particularly in the solid stage. It can be seen in the initial cooling stage after the solidus
point, which is accelerated between 57.8°C — 42.1°C. Therefore, the presence of a phase
stabilizer helps the designation of the operating system for the aged TCE-PCM. It ensures the
long-term cycle of the TCE-PCM and improves the heat releasement process to ensure the
stored energy can be discharged sufficiently.

4. Conclusion

Stabilized hydrocarbon wax (SHW) expresses a better performance to ensure the
heating and cooling profile after liquidus aging. The addition of a polymer-based stabilizer
maintains the chemical composition of HW. According to the XRD pattern, the presence of
solid additives does not alter the phase and crystal structure of the PCM, implying a physical
mixture without causing any drawbacks to the PCM. The microscopic profile of TCE-HW
indicates the dendrite formation, which can be affected by the change in the solidification
process for the hydrocarbon compound. It demonstrates that solid additives positively
accelerate the heat transfer process within the HW.

The disruption after aging process clearly confirms the performance degradation of the
TCE-PCM. It causes a slower melting rate during the heating stage for HW, around 22.5%,
while SHW has a more minor decrement around 10.3%. It makes the SHW able to maintain the
effective discharge rate while further adjustment is required for HW due to significant
decrement on the average of melting rate. Moreover, the cooling and heating profile for SHW
decreases unsubstantially compared to HW. Therefore, the phase stabilizer protects the PCM
from severe degradation after treatment of liquidus aging. It ensures the operation of TES
system can be maintained effectively by using SHW. The finding from this work can be taken
as an important reference to ensure the optimal operation of hydrocarbon-based TES system
which uses solid additives as heat transfer enrichment. Consequently, the reliability of the TES
system can be obtained and ensure a stable operation.

Funding Details: The authors were grateful to The Ministry of Education, Culture, Research
and Technology the Republic of Indonesia as being the funder of research under scheme
Penelitian Dasar Unggulan Perguruan Tinggi

Disclosure Statement: This is to acknowledge any financial interest or benefit that has arisen
from the direct applications of your research.

References

1. Ismail, 1., et al., The optimal pitch distance for maximizing the power ratio for savonius
turbine on inline configuration. International Journal of Renewable Energy Research
(URER), 2021. 11(2): p. 595-599.

2. Papadaki, D., et al., A life cycle assessment of PCM and VIP in warm Mediterranean
climates and their introduction as a strategy to promote energy savings and mitigate
carbon emissions. AIMS Mater. Sci, 2019. 6: p. 944-959.

3. Adji, R.B. and R.A. Rahman, Increasing the feasibility and storage property of
cellulose-based biomass by forming shape-stabilized briquette with hydrophobic
compound. Case Studies in Chemical and Environmental Engineering, 2023. 8: p.
100443.

4. Khademi, A., et al. Thermal efficiency improvement of Brayton cycle in the presence of
phase change material. in Proceedings of the 9th International Conference of Fluid
Flow, Heat and Mass Transfer (FFHMT'22). 2022.



10

Metall. Mater. Eng. Vol 30 (2) 2024 p. 1-11

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

Khademi, A. and A. Favakeh. Numerical and Experimental 61 tudy of Phase Change
Material Melting Process in an Intermediate Fluid. in ASHRAE Topical Conference
Proceedings. 2019. American Society of Heating, Refrigeration and Air Conditioning
Engineers, Inc.

Khademi, A., M. Darbandi, and G.E. Schneider. Numerical study to optimize the melting
process of phase change material coupled with extra fluid. in AIAA Scitech 2020 Forum.
2020.

Khademi, A., et al. Numerical simulation of phase change materials to predict the
energy storage process accurately. in AIAA Propulsion and Energy 2019 Forum. 2019.
Ameri, M., R. Sardari, and H. Farzan, Thermal performance of a V-Corrugated
serpentine solar air heater with integrated PCM: A comparative experimental study.
Renewable Energy, 2021. 171: p. 391-400.

Kim, S.H., et al., A numerical investigation of the effect of fin inclination angle on the
thermal energy storage performance of a phase change material in a rectangular latent
heat thermal energy storage unit. Journal of Energy Storage, 2022. 47: p. 103957.
Yadav, C. and R.R. Sahoo, Effect of nano-enhanced PCM on the thermal performance
of a designed cylindrical thermal energy storage system. Experimental Heat Transfer,
2021. 34(4): p. 356-375.

Hosseininaveh, H., et al., A comprehensive study on the complete charging-discharging
cycle of a phase change material using intermediate boiling fluid to control energy flow.
Journal of Energy Storage, 2021. 35: p. 102235.

Suyitno, B.M. and R.A. Rahman, Improving the performance of a small-scale cascade
latent heat storage system by using gradual melting temperature storage tank. Case
Studies in Thermal Engineering, 2023. 45: p. 103034.

Syahbana, M.S.L. and R.A. Rahman, Thermal Performance Assessment for an Active
Latent Heat Storage Tank by Using Various Finned-Coil Heat Exchangers.
International Journal of Heat & Technology, 2022. 40(6).

Khademi, A., et al., A comparative study of melting behavior of phase change material
with direct fluid contact and container inclination. Energy Nexus, 2023. 10: p. 100196.
Sheikholeslami, M., et al., Heat transfer simulation of heat storage unit with
nanoparticles and fins through a heat exchanger. International Journal of Heat and
Mass Transfer, 2019. 135: p. 470-478.

Suyitno, B.M., D. Rahmalina, and R.A. Rahman, Increasing the charge/discharge rate
for phase-change materials by forming hybrid composite paraffin/ash for an effective
thermal energy storage system. AIMS Materials Science, 2023. 10(1).

Hosseininaveh, H., et al., The impact of employing carbon nanotube and Fe304
nanoparticles along with intermediate boiling fluid to improve the discharge rate of
phase change material. Applied Thermal Engineering, 2022. 215: p. 119032.

Du, Y., etal., Molecular dynamics simulation on thermal enhancement for carbon nano
tubes (CNTSs) based phase change materials (PCMs). International Journal of Heat and
Mass Transfer, 2022. 182: p. 122017.

Abdelrazik, A., et al., Multiwalled CNT and graphene nanoplatelets based nano-
enhanced PCMs: Evaluation for the thermal performance and its implications on the
performance of hybrid PV/thermal systems. Materials Today Communications, 2022.
31: p. 103618.

Xu, C., S. Xu, and R.D. Eticha, Experimental investigation of thermal performance for
pulsating flow in a microchannel heat sink filled with PCM (paraffin/CNT composite).
Energy Conversion and Management, 2021. 236: p. 114071.

Liu, L., et al., The research progress on phase change hysteresis affecting the thermal
characteristics of PCMs: A review. Journal of Molecular Liquids, 2020. 317: p. 113760.



Dwi Rahmalina et al. - The Effect of Liquidus Aging on the....... 11

22.

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

Yang, X.-G. and C.-Y. Wang, Understanding the trilemma of fast charging, energy
density and cycle life of lithium-ion batteries. Journal of Power Sources, 2018. 402: p.
489-498.

Wang, Q., et al., Characterization and effects of thermal cycling on the properties of
paraffin/expanded graphite composites. Renewable Energy, 2020. 147: p. 1131-1138.
Deng, Z., et al., Melting intensification in a horizontal latent heat storage (LHS) system
using a paraffin/fractal metal matrices composite. Journal of Energy Storage, 2020. 32:
p. 101857.

Mehrjardi, S.A.A., et al., Enhancing latent heat storage systems: the impact of PCM
volumetric ratios on energy storage rates with auxiliary fluid assistance. Energy Nexus,
2023. 11: p. 100227.

Soo, X.Y.D., et al., A highly flexible form-stable silicone-octadecane PCM composite
for heat harvesting. Materials Today Advances, 2022. 14: p. 100227.

Chriaa, I., et al., The performances of expanded graphite on the phase change materials
composites for thermal energy storage. Polymer, 2021. 212: p. 123128.

Gandhi, M., et al., A review on shape-stabilized phase change materials for latent
energy storage in buildings. Sustainability, 2020. 12(22): p. 9481.

Mu, M., et al., Shape stabilised phase change materials based on a high melt viscosity
HDPE and paraffin waxes. Applied Energy, 2016. 162: p. 68-82.

Rolka, P., et al.,, Thermal characterization of medium-temperature phase change
materials (Pcms) for thermal energy storage using the t-history method. Materials,
2021. 14(23): p. 7371.

Gibb, D., et al., Applications of thermal energy storage in the energy transition-
benchmarks and developments. 2018, Lehrstuhl fir Energiesysteme.

Suyitno, B.M., et al., Improving the operation and thermal response of multiphase
coexistence latent storage system using stabilized organic phase change material.
Results in Engineering, 2023: p. 101210.

Thonon, M., et al., Analytical modelling of PCM supercooling including recalescence
for complete and partial heating/cooling cycles. Applied Thermal Engineering, 2021.
190: p. 116751.

Yang, B., et al., Microstructural evolution within mushy zone during paraffin’s melting
and solidification. International Journal of Heat and Mass Transfer, 2019. 141: p. 769-
778.

Shamseddine, 1., et al., Supercooling of phase change materials: A review. Renewable
and Sustainable Energy Reviews, 2022. 158: p. 112172.

Lee, W. and J. Kim, Poly (dimethylsiloxane) grafting on palmitic acid and surface of
expanded graphite for advanced phase change material composites. Journal of Energy
Storage, 2022. 52: p. 104838.

Vasu, A, et al., The effect of thermal cyclic variation on the thermophysical property
degradation of paraffin as a phase changing energy storage material. Applied Thermal
Engineering, 2019. 149: p. 22-33.



