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Phase change materials (PCMs) have the potential to be used for widespread energy storage applications in
buildings. However, available PCMs can only function at fixed phase transitional temperatures, restricting their
seasonal applicability. To this end, some studies have been carried out to develop multiphase change materials
(MCMs). Prior to having competitive advantage, their encapsulation efficiency needs to be improved. In this
study, MCM has been developed by combining two microencapsulated PCMs (MEPCMs), through Van der Wall’s
interaction forces phenomenon. In-situ polymerisation was adopted to fabricate the MEPCMs by employing RT22
and RT64 as PCMs. The optimal amount of nucleating agent played a crucial role in obtaining high encapsulation
efficiencies of microencapsulated RT22 (MERT22) and RT64 (MERT64) by 90.43% and 84.07%, respectively.
The developed MCM achieved melting temperatures at 23.01 °C and 56.64 °C, with combined energy storage
capacity of 163.17 J/g, and encapsulation efficiency of 83.81%. The MCM also had thermal stability temperature
of 142.71 °C, exceeding common building operating temperature. The nucleating agent also affected the sample
morphology and particle size distribution, which therefore requires optimisation. There is also the need for
thermal enhancement since it remains as one of the limiting factors of PCMs.

1. Introduction with composite PCM drywall systems. Other studies [10-12] did also

achieve similar encouraging results by incorporating PCM into building

Thermal energy contributes a considerable proportion of the energy
consumed in many regions worldwide and has a significant influence in
the emission of greenhouse gases [1]. The building sector accounts for
approximately 40% of the total global energy consumption [2] with the
bulk proportion being used for space heating/cooling and hot water
supply. Furthermore, the expected growth of roughly 2 billion in the
world’s population over the next two decades means that there will be a
greater demand for new buildings, which will in turn increase energy
consumption [3]. There is therefore, the need for energy efficient
technologies for minimising energy consumption and greenhouse gas
emissions in the buildings sector.

Phase change materials (PCMs) have been identified as potential
energy storage materials for reducing energy consumption in buildings
[4-7]. For instance, Darkwa [8] and Zhou et al. [9] were able to achieve
as much as 30% reduction in heating and cooling loads in a building

envelopes under different climatic conditions. Apart from integrating
PCMs into building fabrics, Fazilati and Alemrajabi [13], Sharif et al.
[14], and Najafian et al. [15] were able to shift peak cooling and heating
loads with PCMs into hot water storage systems. Murray and Groulx [16]
and Delgado et al. [17] also achieved 34% and 44% increases in thermal
capacities respectively with PCMs for domestic hot water storage
systems.

However, commercially available PCMs are only able to function at
fixed phase transition temperatures thus limiting their flexibility for
simultaneous heating and cooling or seasonal applications in buildings.
For example in a building where both heating and cooling are required
throughout the year, these PCMs cannot be utilised for that dual function
since they have single phase transition temperature. Similarly in hot
water storage systems, these PCMs have a limitation based on the fact
that when water temperature exceeds the single phase transition
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Table 1
Materials for the fabrication of MERT22 and MERT64.
Items Sample A (1503) Sample B (3101) Sample C (1403)
MERT22-A MERT64-A MERT22-B MERT64-B MERT22-C MERT64-C
0O/W emulsion RT22 (g) 10 - 10 - 10 -
RT64 (g) - 10 - 10 - 10
Nano-silicon dioxide (g) 1.2 1.2 1.2 1.2 1.2 1.2
PPS Melamine (g) 2.0 2.0 2.0 2.0 2.0 2.0
Formaldehyde 36% (g) 3.2 3.2 3.2 3.2 3.2 3.2
Nucleating agent Ammonium chloride (g) 0 0 0.125 0.125 0.25 0.25
/"Melamine + Formaldehyde + /"Melamine + Formaldehyde +
Deionised Water + Sodium | | Deionised Water + Sodium
hydroxide % hydroxide
~pH8-9 “pH8-9
) ~200 rpm > < ~200 rpm
.70 °C -~ 70 °C
/ Deionised Water + RT22 | ¢ # ‘J’/Deionised Water + RT64
‘ + nano SiO, Prepolymer Prepolymer + nano SiO, /

solution (PPS) solution (PPS) s ¢

7080 °C 7080 °C
~_7000 rpm, 10 mins oW oM Fﬁ 7000 rpm, 10 mins

~

emulsion emulsion
 pH34 _pH34
e Citric acid - 70-80 °C - 70-80 °C " Citric acid
e Nucleating agent ~-.500 rpm, 4 hours ~ ~-.500 rpm, 4 hours e Nucleating agent
. . pH 9 to end pH 9 to end . .
Sodium hydroxide H B rosslinking Prosslinking & Sodium hydroxide

v v

Centrifuge and filter

’ Centrifuge and filter

v o Y

| MERT22 | | MERTe4

Wash and
Overnight drying

+

 MCM

Fig. 1. The fabrication procedure of MCM.
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(b)

temperatures of the PCMs, water becomes the main storage medium
because of its high sensible heat capacity. The hot water systems are
therefore unable to fully benefit from the high thermal storage capacity
of the PCMs.

To this end, different mixtures of binary PCMs have been investi-
gated. For instance, Bo et al. [18] investigated the thermal properties of
binary mixtures consisting of hexadecane and tetradecane at various
volume ratios but achieved unsatisfactory results. Ma et al. [19] com-
bined octadecane and butyl stearate with various acrylate-based
copolymer shells could not achieve multiple phase transition tempera-
tures. Further study by Li et al. [20] based on investigating multiple fatty
acids consisting of capric acid, lauric acid, palmitic acid, and tearic acid.
They attained a phase transition temperature between 19.1 and 53.2 °C
but the sample was not encapsulated.

The encapsulation method is developed to retain physico-chemical
characteristics of core material during extensive exposure to external
conditions [21,22], such as leakage protection during the phase transi-
tion of PCMs. Moreover, the recent progress in micro and nanotech-
nology has resulted in the extensive utilisation of energy storage
materials in various specifc fields [23] by selecting appropriate shell
material [24]. Therefore, the microencapsulated phase change materials
(MEPCMs) have the potential to be integrated into several construction
materials typically employed in building application, including cements
[25], gypsum wallboard [26], and plasterboard [27]. Nevertheless, it
should be noted that all the integrated MEPCMs are limited to func-
tioning at a single phase transition temperature.

There are few studies on the development of multiphase change
materials (MCMs) with multiple transitional temperatures by adopting

(c)

Fig. 2. Microscopic images of MEPCM slurries (a) MERT22-A, (b) MERT22-B, and (c¢) MERT22-C.

microencapsulation technique. For instance, Graham et al. [28] micro-
encapsulated magnesium nitrate hexahydrate and sodium sulphate
decahydrate in poly(ethyl-2-cyanoacrylate) (PECA) shell material
through in-situ inverse miniemulsion polymerisation method. The re-
sults showed multiple melting points at 32-33 °C and 93-97 °C, but with
maximum latent heat reduction of about 80-83%. Yang et al. [29]
produced microencapsulated compound by mixing polyethylene glycol
(PEG)800 and PEG1000 in a polyurethane shell through interfacial
polymerisation method. They obtained multiple melting temperatures at
23.12/ 32.88 °C and 28.02/ 36.24 °C during storage and discharging
processes, respectively. Darkwa and Su [30] and Su et al. [31] also
developed a novel MCM by combining two MEPCMs in poly(melamine
formaldehyde) (PMF) shell through in-situ polymerisation process and
achieved multiple melting temperatures of 23.4 °C/34.5 °C. Neverthe-
less, there was reduction of 6.3%—11.4% in the energy storage capacity
as compared with the average value of the MEPCMs, which was attrib-
uted to the encapsulation efficiency of the capsules. These outcomes
clearly show some limitations in terms of encapsulation efficiency and
operating temperature range.

Nucleating agents have been identified as important ingredients for
ensuring good thermal stability and reduction of supercooling in
MEPCMs [32,33]. For instance, Alvarado et al. [34] microencapsulated
n-tetradecane with silica and tetradecanol as the nucleating agents. The
results showed that 0.2 wt% silica had no effect on the supercooling of
MEPCM. On the other hand, supercooling could be effectively reduced
when MEPCM was combined with 2% or 4% tetradecanol. Magnetic
particles are also known as nucleating agent owing to their capacity to
absorb electromagnetic radiation [35], hence potentially offering
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g. 3. Microscopic images of MEPCM slurries (a) MERT64-A, (b) MERT64-B, and (c) MERT64-C.
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Fig. 4. PSD of MERT22 samples.

innovative enhancements to the performance of MEPCMs. For instance,
Lashgari [36] microencapsulated n-Hexadecane in poly(methyl meth-
acrylate) (PMMA) shell through suspension polymerisation with Fe304
magnetic nanoparticles as nucleating agent. The results showed a
reduction of 41.6% in supercooling with 4 wt% of nucleating agent

compared to the samples without nucleating agent. It was also reported
that the addition of Fe304 nanoparticles had no significant effect on the
morphology of the MEPCMs.

According to number of studies [37-41], ammonium chloride ap-
pears to be an effective nucleating agent, but the appropriate amount
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Fig. 5. PSD of MERT64 samples.
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Fig. 6. SEM images of (a) MERT22-A, (b) MERT22-B, and (c) MERT22-C.

needs to be established for each encapsulation process. For instance, Li
et al. [42] fabricated MEPCMs by in situ polymerisation method with
5.4 g of ammonium chloride and was able to significantly enhance
thermal stability and reduce supercooling. In general, the thermal per-
formance of MEPCMs depends largely on the content of the core mate-
rials and proportion of nucleating agents. The above studies have clearly

highlighted most of the crucial factors influencing the successful
development of good-quality MCM. This study was therefore focused on
investigating the optimal quantity of ammonium chloride as nucleating
agent for the development of MCM with much wider operating tem-
perature range than currently available.
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Fig. 7. SEM images of (a) MERT64-A, (b) MERT64-B, and (c) MERT64-C.

2. Development of MCM

The approach was based on firstly encapsulating two types of par-
affins (RT22 and RT64) in PMF shell before combining them through
van der Waal’s interaction force to obtain the MCM samples. The sam-
ples were then characterised to establish their thermophysical and
structural properties.

2.1. Materials

Rubitherm® RT22 and RT64 were selected as core materials with
melting temperature of about 22 °C and 64 °C, respectively. Melamine
(99% purity) and formaldehyde (36% purity) were obtained from Sigma
Aldrich and VWR BDH Chemicals, respectively, and used as shell
monomer. Nanosilicone dioxide hydrosol was prepared and used as an
emulsifier. Sodium hydroxide and citric acid were used for modifying
the pH levels of the solutions, which were supplied respectively by VWR
BDH Chemicals and Fisher Scientific. Ammonium chloride (GPR Rec-
tapur) was selected for nucleating agent and supplied by VWR BDH
Chemicals. Ammonium chloride was added to the solution at various
weight proportions to produce three MEPCM samples each for micro-
encapsulated RT22 (MERT22) and microencapsulated RT64 (MERT64)
as presented in Table 1.

2.2. Fabrication of MEPCM and MCM

Fig. 1 shows that 10 g of PCM sample was initially mixed with 140 g
of deionised water, followed by 1.2 g of nano-silicon dioxide to produce
the oil/water (O/W) emulsion. The O/W emulsion was subsequently
stirred with a digital disperser at a speed of 7,000 rpm for about 10 min

to obtain a uniform mixture. The next step was to prepare the prepol-
ymer solution (PPS) by mixing 2 g of melamine and 3.2 g of formalde-
hyde in 10-15 ml of deionised water. Sodium hydroxide solution (0.2 wt
%) was also added to the solution to maintain a pH value of 9 and then
stirred at 200 rpm in a water bath until it became clear. The PPS was
then combined with the O/W emulsion and heated up in a water bath to
a temperature of 70-80 °C. After this process, 10 wt% of citric acid so-
lution was employed to reduce the pH to about 3-4 before the cross-
linking process started, folllowed by the addition of nucleating agent at
different weights as shown in Table 1. The stirring speed of solution was
subsequently reduced to 500 rpm over a period of 4 h in a water bath ata
temperature of 80 °C. To terminate the crosslinking, 5 wt% of sodium
hydroxide solution was utilised to increase the pH value to 9. Each
sample was further centrifuged at 2,000 rpm for 5 min before the top
layers were collected, filtered, and washed with deionised water at
temperature of 80 °C to obtain the MEPCM samples. Finally, 50 wt% of
each MECPM samples was combined in a beaker glass filled with
deionised water and then mixed at a speed of 200 rpm for 10 min, before
drying them overnight in an oven at a temperature of 80 °C to obtain the
MCM samples.

3. Results and analysis
3.1. Characterisations of microencapsulated PCM (MEPCM)

3.1.1. Microscopy analysis

OPTIKA Microscope IM-3 was used to view and evaluate the slurry
sample structure during the production process. During the fabrication
process, each of the three MEPCMs samples were collected in slurry form
to observe their microstructure. As shown in Fig. 2(a), sample MERT22-
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Fig. 8. DSC profile of pure RT22 and MERT22.

A, (which does not contain any nucleating agent), exhibited more
irregular shapes and deformation than the other samples. This result is
consistent with other findings [43,44] that emphasised the significance
of nucleating agents in microencapsulation. However, the right amount
of nucleating agent is necessary for achieving high encapsulation effi-
ciency for MEPCMs. This can be seen by comparing the other two
samples, where MERT22-B appears to contain less damage and residue
than MERT22-C.

Fig. 3 depicts the microscopic images of the MERT64 samples.
Similar to MERT22, the sample without nucleating agent in Fig. 3(a),
showed more irregular particles. It is also clear that more residues can be
observed in MERT64-C than in MERT64-B sample, which is attributed to
the relatively larger amount of nucleating agent used. Due to the nature
of these structures, the resulting diameter distribution can also be larger
than predicted [45].

3.1.2. Particle size distribution

The particle size and distribution of sample were analysed by using
HORIBA LA 960. The sample was dispersed in distilled water in a frac-
tion cell. It is required the refractive index and the absorption of the
substance to calculate the size of the microcapsule. In this regard, the
refractive index of PMF was chosen as 1.3755 [46].

The results of the particle size distribution (PSD) analysis of the
MERT22 samples are presented in Fig. 4. The analysis shows that sample
MERT22-B, which contains 0.125 g of nucleating agent, achieved the
narrowest particle size distribution profiling with an average diameter
of 32.43 ym. The mean particle size of MERT22-C was larger than that of
MERT22-B at 47.33 pum, which was attributed to the residue shown in
the microscopic image. Sample MERT22-A did display the widest dis-
tribution profile with mean particle size of 94.48 um. This is evidenced
by the irregular shape and fractured shells shown in the microscopic

image which would ultimately lead to agglomeration.

Fig. 5 shows the PSD results for the MERT64 samples and similar to
MERT22-B, sample MERT64-B which contains 0.125 g of nucleating
agent displayed the narrowest particle distribution profile and the
smallest particle size diameter among all the MERT64 samples. The
mean particle size was obtained by 30.16 um, as compared with 38.50
um and 56.71 pym for MERT64-A and MERT64-C, respectively. The re-
sults have demonstrated the importance of establishing the appropriate
amount of nucleating agent for the development of the microcapsules.

3.1.3. Scanning electron microscope (SEM) evaluation

The surface morphologies of the samples were observed by means of
scanning electron microscope (SEM) utilising JEOL 6490LV. The in-
strument was utilised in a high-vacuum configuration with an acceler-
ation voltage of 15 kV, accompanied by the implementation of a
secondary electron detector. Due to the non-conductive nature of the
shell material, the samples were initially coated with gold layer to
improve their electrical conductivity prior to microscopic inspection
[47].

Fig. 6 shows the SEM images for all the MERT22 samples. It can be
observed that the samples without the appropriate quantity of nucle-
ating agent sustained greater amount broken shells and irregular shapes.
For instance, sample MERT22-A, which did not contain any nucleating
agent at all suffered the greatest damage. Meanwhile, a lot of nano-
particles and residues were observed on the surface of sample MERT22-
C in Fig. 6(c), which contained more nucleating agent than MERT22-B.
This is attributed to the fact that with the release of more ammonia gas
in the nucleating agent, more hydrogen chloride is produced in the
water solution, thus resulting in a decrease in pH value which leads to
accelerated cross-linking [42,48]. On the other hand, MERT22-B with
just adequate amount of nucleating agent, achieved the best morphology
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Table 2
Thermophysical properties of tested samples.
Samples Melting Latent heat  EE Stability
temperature (°C) J/g) (%) temperature (°C)
RT22 23.21 148.4 - 106.85
MERT22- 23.34 88.17 59.41 128.99
A
MERT22- 23.07 134.2 90.43 129.21
B
MERT22- 23.19 95.62 64.43 129.03
C
RT64 64.66 241 - 184.16
MERT64- 64.52 177.4 73.61 186.09
A
MERT64- 64.26 202.6 84.07 200.53
B
MERT64- 64.28 164.8 68.38 190.89
C

with more regular shapes, smooth surfaces, and less nanoparticle
residue.

The results for the MERT64 samples are also presented in Fig. 7. As in
the case of MERT22, the sample without (MERT64-A) and with more
nucleating agent (MERT64-C) suffered the greatest damage in terms of
shell deformation and excessive residues. These findings are in agree-
ment with the microscopic images in Fig. 3.

3.1.4. Energy storage capacity

The enthalpies of fusion and melting temperatures of all samples
were determined by differential scanning calorimetric (DSC) technique
using TA Instruments DSC Q2000 equipment. Using nitrogen as a purge
gas, the samples were analysed at atmospheric pressure at a rate of 2 °C/

min from 5 to 80 °C.

Fig. 8 shows the DSC test results for the pure RT22 and MERT22
samples. It can clearly be seen that the melting temperatures of the
MERT22 samples were fairly close to that of pure RT22 at 23 °C.
However, their latent heat capacities were significantly reduced by
about 9.57% until 40.59%. The DSC test results for the pure RT64 and
MERT64 samples are presented in Fig. 9 showing identical peak melting
temperatures of about 64 °C. As found for the MERT22 samples, their
latent heat capacities were much reduced within a range of 15.93% and
31.62%.

Based on the latent heat values, the encapsulation efficiencies (EE) of
all the samples were determined by using the formula:

Ahm “PC
EE(%) = ﬁ x 100% €}

where Ahy, mepcy and Ahy, poy denote the latent heat of MEPCM and
pristine PCM, respectively.

As summarised in Table 2, MERT22-B and MERT64-B samples ach-
ieved the highest encapsulation efficiencies of 90.43% and 84.07 %,
respectively, with less reductions in their corresponding latent heat
capacities.

3.1.5. Thermal stability

Thermogravimetric (TG) analysis was carried out on the samples to
determine their thermal stabilities using TA Instruments TGA Q500. This
was achieved under nitrogen gas protection by observing the weight
changes of the samples as a function of rising temperatures from 40 to
500 °C and at a heating rate of 10 °C/min.

The result for RT22 and MERT22 samples are presented in Fig. 10.
The thermal stabilities of the MERT22 samples were found to be iden-
tical until weight loss started at about 129 °C. The thermographic
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profiles of the MERT64 samples are also presented in Fig. 11. The results
show that their thermal stabilities were enhanced after encapsulation.
Thermal degradation began at 186.09 °C, 200.53 °C, and 190.89 °C for
MERT64-A, MERT64-B, and MERT64-C, respectively, in comparison to
184.16 °C for pure RT64. There was however a second stage of degra-
dation above 300 °C, which was attributed to complete decomposition
of the PMF shell material at high temperature. As can be seen in Fig. 10,
the thermal decomposition of the PMF shell occurred at a temperature of
320.59 °C.

3.2. Characterisation of multiphase change material (MCM)

Based on the overall results in Table 2, samples MERT22-B and
MERT64-B were selected as the best combination for the development
and characterisation of the MCM which contained 0.125 g of nucleating
agent.

3.2.1. Particle size distribution

Fig. 12 displays the range of particle size of MCM sample with a mean
diameter of 32.07 pym representing the mean diameter sizes of MERT22-
B and MERT64-B. In addition, no particles larger than 200 pm in
diameter were identified, which is consistent with the PSD of MERT22-B
and MERT64-B depicted in Fig. 4 and Fig. 5, respectively.

3.2.2. Scanning electron microscope (SEM) evaluation

3.2.2.1 Morphology of MCM. The SEM images at various magnifications
are exhibited in Fig. 13 to illustrate the impact of shell materials on the
size and spherical shape of MCM sample. It can be demonstrated that the
majority of particles did retain good level of structural integrity without
visible signs of degradation. As can be observed, a large number of

particles had a dimension of less than 100 pym, which is in accordance
with the results shown in PSD curve.

3.2.2.2 Energy dispersive spectroscopy (EDS). Energy dispersive spec-
troscopy (EDS) is an auxiliary capability of the JEOL 6490LV SEM
apparatus. It was employed for the purpose of acquiring data related to
the chemical composition of materials. For the purpose of attaining it,
the material underwent irradiation using a high-energy beam in order to
induce the emission of X-rays. The property of emitted radiation was
subsequently compared to the atomic energy of the corresponding
element.

Fig. 14 depicts the EDS result for MCM. Five points analysis were
selected randomly for the sample, and the elemental composition was
presented both in weight and atomic percentage with a low standard
deviation. The presence of signals related to carbon (C), nitrogen (N),
and oxygen (O) indicated that these three components dominated the
microcapsule shell. Fig. 14 also verifies that the nanosilicon dioxide
particles silicon (Si) were effectively included within the capsules as a
surfactant. Based on the obtained findings, it is obvious that the
appropriate selection of a nanoparticle is crucial in order to mitigate
undesired effects, such as the oxidation of metal nanoparticles, which
can result in the deterioration of the sample [49].

In addition, a small percentage of chlorine (Cl) was detected on the
surface of MCM sample, indicating the presence of a nucleating agent.
The other peak in EDS profile was attributed to gold (Au) as the SEM
coating material.

Fig. 15 shows the EDS compositional image and map of the MCM
sample. The carbon elemental map is shown in red; while nitrogen,
oxygen, silicon, and chlorine are respectively represented in orange,
green, purple, and blue. These images are consistent with the distribu-
tion pattern of the elemental results displayed in Fig. 14.
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3.2.3. Energy storage capacity

The differential thermogram for the MCM is presented in Fig. 16
which shows multiple melting points at 23.01 °C and 56.64 °C with a
combined energy storage capacity of 163.17 J/g. This value is slightly
less than the theoretical average values of MERT22-B and MERT64-B by
about 3.11%. This finding was lower than the result obtained by Su et al.
[31], which ranged between 6.34% and 11.41%. In comparison with the
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average pure PCMs, the heat storage capacity of MCM was about
83.81%. This result was slightly higher than the fabricated MCMs in
Ref. [31] with values of 70.69%—76.01% of the average latent heat of
pure PCMs. Despite the reduction in the total latent heat capacity, the
potential applications of MCMs in buildings appears encouraging given
the fact that the fusion energy of commonly used PCMs ranged from 110
to 250 J/g [7].
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Fig. 13. SEM images of MCM at magnification of (a) X250, (b) X500, (c) X1000, and (d) X3000.
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Fig. 14. EDS spectrum of MCM.
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Fig. 15. EDS mapping result of (a) MCM sample for (b) carbon, (c) nitrogen, (d) oxygen, (e) silicon, and (f) chlorine.
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Fig. 16. DSC profile of MCM sample.

3.2.4. Thermal stability

The TGA thermogram of the MCM is shown in Fig. 17. It demon-
strates two-step weight loss process with the first weight loss starting at
142.71 °C, which is 35.86 °C above the onset temperature of pristine
RT22. Meanwhile, the second weight loss above 300 °C was related to

the degradation of PMF shell material.

4. Conclusions

To enhance the encapsulation efficiency and hence the energy
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Fig. 17. TG analysis of MCM.

storage capacity, three microencapsulated PCMs (MEPCMs) samples
were developed with various proportions of ammonium chloride as a
nucleating agent. Analysis of the results showed that samples MERT22-B
and MERT64-B were the best combinations for the development of the
multiphase change material (MCM) sample which contained 0.125 g of
ammonium chloride. The overall analysis showed that an optimum
amount of ammonium chloride was critical in achieving high encapsu-
lation efficiencies.The specific findings may therefore be summarised as
follows:

a. Samples MERT22-B and MERT64-B achieved the highest encapsu-
lation efficiencies of 90.43% and 84.07%, respectively.

b. The MCM achieved multiple melting points of 23.01 °C and 56.64 °C
with combined energy storage capacity of 163.17 J/g which com-
pares favourably with the energy storage capacity of between 110
and 250 J/g for commonly used single phase PCMs.

c. The MCM displayed thermal stability temperature of 142.71 °C
which is far higher than any possible environmental conditions for
buildings.

Despite the relatively low energy storage capacity, the investigation
has demonstrated the positive effect of the nucleating agent on the
development of the MCM for both heating and cooling applications in
buildings. There is however the need for the thermal response factor to
be enhanced upon since it remains as one of the limiting factors of phase
change materials.
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