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Abstract: Phase change energy storage materials have been recognized as potential energy-saving
materials for balancing cooling and heating demands in buildings. However, individual phase change
materials (PCM) with single phase change temperature cannot be adapted to different temperature
requirements. To this end, the concept of fabricating different kinds of microencapsulated PCM
(MEPCM) and combing them to form a multiphase change material (MPCM) for multi-seasonal
applications in buildings has been proposed. To prove the feasibility of this idea, three kinds of
MEPCMs were fabricated and used for the development of three different composite MPCMs,
classified as MPCM-1, MPCM-2, and MPCM-3. Analysis of the results shows that each MPCM
sample was able to release latent heat at two different temperatures thus making them suitable
for multi-temperature thermal energy storage applications. The phase change temperatures of the
MPCMs were however found to be slightly reduced by 0.09-0.31 °C as compared with the MEPCMs
samples. The measured energy storage capacities for the MPCMs were also reduced in the range of
6.3-11.4% as compared with the theoretical values but they displayed relatively good thermal stability
behaviour of up to 197.8-218.8 °C. It was further identified that the phase change temperatures and
latent heat of the MPCM was attributed to the weight percentages of individual components, as the
theoretical values for the three MPCM samples were all in good accordance with the measured values.
Therefore, optimizing the weight ratios of the MEPCM in MPCM samples and their corresponding
thermophysical properties based on specific climatic conditions would be a necessary step to take in
future investigations. Thermal performance enhancement of the MPCM is also being recommended
as an essential part of further research.

Keywords: microencapsulated phase change material; thermal energy storage; energy-saving; buildings

1. Introduction

Phase change materials (PCMs) have been proven as potential energy-saving materials
for balancing heating and cooling loads in buildings [1-3]. For instance, microencapsulated
phase change materials (MEPCMSs) could be incorporated into cement [4], mortar [5],
gypsum, concrete [6], plaster, MEPCM slurries [7], and other construction materials [8] to
enhance the thermal energy storage capacity [9] and performance of buildings [10].

Past studies carried out by various researchers have highlighted the potential of
integrated MEPCM systems in the context of heating and cooling loads within buildings.
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For instance, the investigation by Zhou et al. [11] established that an integrated laminated
MEPCM gypsum board was able to reduce the internal room temperature by 5 °C thereby
significantly reducing the building’s dependency on external energy sources for heating
and cooling purposes. Similarly, Young et al. [12] and Berthou et al. [13] employed an array
of experimental and computational approaches to quantify the impact of MEPCMs on
energy use and demonstrated that a well-designed MEPCM system can result in marked
reductions in buildings. However, these systems are unable to be tuned up for seasonal
applications due to limitations in their fixed transitional phase change temperatures. This
limitation has prompted researchers [14-16] to explore the option of blending two or more
types of PCMs/MEPCMs [17] with construction materials to overcome seasonal storage
restrictions.

One notable advancement in this field was made by Su et al. [18], who found out that
laminated binary MEPCM drywall could perform thermally better than a single MEPCM
drywall system across different seasons. Huang et al. [19] also synthesized multiple form-
stable PCMs based on confining ethylene glycole distearate (EGDS) within epoxy-based
polymer matrix through photo-initiated polymerization. Other researchers have also
developed novel MEPCMs by combining different types of PCM as a core material to adjust
the phase change temperature. For instance, Meng et al. [20] prepared binary-core MEPCMs
with n-octadecane and n-octacosane and achieved two phase change temperatures. The
melting point of the n-octacosane was however reduced from 57.04 °C to 45 °C and was
attributed to the presence of thermal enhancement material. Ma et al. [21-23] combined
different weight ratios of paraffin and butyl stearate and obtained variable phase change
temperatures from 28 °C to 35 °C. Wang et al. [24] fabricated MEPCM with binary cores
of RT 28 and RT 42 and was able to modify the phase transitional temperature from 25 to
50 °C by changing the weight ratio of the core materials. Even though these studies showed
some enhancements, they were unable to display any desirable multi-transitional phase
change behaviour. The results also showed that multiple PCMs cannot be encapsulated
successfully in one shell for multi-seasonal storage applications.

Therefore, the current work is intended to overcome those highlighted limitations
and barriers by encapsulating the PCMs separately before combining them to produce
multiphase change materials (MPCM). The concept of encapsulating each core PCM sep-
arately is meant to protect their thermophysical properties and enable different melting
temperatures to be produced by the composite MPCM. The encapsulation process shall be
based on in-situ polymerization method since it is one of the most successful technologies
for fabricating high core material content for MEPCMs [25-27]. The principle of Van Der
Waals bonding forces will be applied to combine the MEPCMs to produce the MPCM.
The work will also cover the thermal characterisation of the developed samples and the
validation of the results against the theoretical values. This would enable their potential
and applicability in real-world settings to be established.

2. Materials and Methods
2.1. Materials

In hot climates, such as in Guangzhou China [28], the daily maximum ambient temper-
ature could be as high as 37 °C in summer and 24 °C in winter. Therefore, n-heptadecane,
n-octadecane and n-eicosane were selected as the appropriate core materials due to their
suitable phase change temperature range for the development of MPCM for multi-seasonal
applications in buildings.

Nano-silicon dioxide hydrosol (Z5-30, 30 wt%, Zhejiang Yuda Chemical Industry
Co., Ltd., Shaoxing, China) was used as a surfactant to stabilize the oil-in-water emulsion.
While ammonium chloride [29] (purity 99.5%, Sinopharm Chemical Reagent Co., Ltd.,
Shanghai, China) was used as the nucleating agent to lower the pH of the mixed prepolymer
solution and the emulsion for polymerization of poly(melamine—formaldehyde) shell. High
purity n-heptadecane (99%), n-octadecane (purity 90%) and n-eicosane (purity 99%) were
obtained from Alfa Aesar (Taiwan, China) Chemical Co., Ltd., as the core materials for
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the MEPCMs and MPCM samples. Melamine of 99% purity and 37 wt% formaldehyde
solution were obtained from Sinopharm Chemical Reagent Co., Ltd. and used as shell
monomers. Citric acid (purity 99.5%) and sodium hydroxide (purity 96%) were supplied
by Sinopharm Chemical Reagent Co., Ltd. and used for controlling the pH values during
the encapsulation process. Table 1 shows the list of materials and quantities that were used
for the fabrication of the MEPCMs samples.

Table 1. Raw materials for MEPCMs fabrication.

. Nano SiO, . Core Material Ammonium
Name Melamine (g) Formaldehyde (g) Hydrosol (g) Core Material Weight (g) Chloride (g)
MEPCM-Hep 2.0 32 1.2 n-heptadecane 10 0.125
MEPCM-Oct 2.0 3.2 1.2 n-octadecane 10 0.125
MEPCM-Eic 2.0 3.2 1.2 n-eicosan 10 0.125

2.2. Fabrication Method for MPCM

The development of the MPCM samples was based on the flow process presented in
Figure 1. The MEPCM-Hep, MEPCM-Eic and MEPCM-Oct samples, were firstly fabricated
separately using the in-situ polymerization method. The process covers the synthesis of
prepolymer solution with melamine and formaldehyde at pH levels of between 8.5 and 9,
at a stirring rate of 200 rpm and temperature of 70 °C. It was followed by preparing O/W
emulsion by mixing core PCM, emulsifier and deionized water at 60 °C at a stirring rate of
7000 rpm for 10 min. The O/W emulsion was then added to the prepolymer solution and
stirred at a rate of 500 rpm for 4 h, and at a temperature of 60 °C, whilst keeping the pH
level at 3-5 for the formation of the shells. They were thereafter combined in slurry form
and pairs as expressed in Table 2. Each combination was further stirred up at a speed of
200 rpm for 30 min before being washed and dried in an oven at 60 °C for 20 h to obtain
the MPCM samples.

Melamine + Water +
Formaldehyde

pH8.5-9;
500 rpm,
65°C

Prepolymer
solution

J—l—l

Water + nano- 60C, oW o/W 60C, Water + nano-
$i0z hydrosol + ——>< 7000 rpm, 10— N - «——— 7000 rpm, 10 <—— SiO: hydrosol +
Emulsion Emulsion

PCM-a minutes minutes PCM-b

} |

500 rpm, 500 rpm, e
——><pH=3-5,60 C, 4 pH=3-5, 60 'C, 4>« ucleating

Nucleating
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/Collect
/Drying

}

MPCM

Figure 1. Preparation process of MPCM by combining two MEPCMs in slurry.
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Table 2. Composition of MPCMs samples.

Name MEPCM-Hep (Wwt%)  MEPCM-Oct (wt%) MEPCM-Eic (wt%)
MPCM-1 50 50 0

MPCM-2 0 50 50

MPCM-3 50 0 50

2.3. Characterization Methods

Characterization was carried out to analyse the properties and behaviour of the
samples. Scanning electron microscope (SEM, Sigma VP Carl Zeiss Co., Ltd., Oberkochen,
Germany) and energy-dispersive X-ray spectroscopy (EDS, Oxford X-act) were used to
examine the microstructure and the chemical elements of the samples. Since the shell
material (melamine-formaldehyde resin) is non-conductive, the capsules were first coated
with a 5 nm gold layer by using Leica EM SCD500 (Leica Microsystems GmbH, Wetzlar,
Germany) equipment to increase their electrical conductivity before the SEM test was
carried out.

A differential scanning calorimetric (DSC) (EXSTAR SII DSC6220, SII Nanotechnology
Inc., Chiba, Japan) equipment was used to determine their enthalpies of fusion and melting
temperatures. According to our previous study, the DSC measurement results only showed
a slight difference between the heating rates of 1 °C/min and 2 °C/min [30], i.e., the
difference between the melting points was only 0.1~0.34 °C. Therefore, the heating rate
was set at 2 °C/min from 5 to 50 °C under an atmospheric environment.

Thermogravimetry (TG) tests were conducted with EXSTAR6000 TG/DTA6300 (SII
Nanotechnology) equipment to examine the physical and thermal resilience of the samples
in relation to their molecular structure. The tests were carried out within a heating range of
50 °C to 500 °C at a rate of 10 °C/min under nitrogen gas protection to avoid oxidation
reactions in the air.

3. Results and Discussions
3.1. Structural Analysis of MEPCMs

Figure 2 represents the SEM results for the three fabricated MEPCM samples (i.e.,
MEPCM-Hep, MEPCM-Oct, and MEPCM-Eic). The samples show good morphology with
smooth and uniform spherical shapes and no sign of particle agglomeration problems
except for a few cracked capsules. They, however, appear well encapsulated within their
shells. The results also established the particle diameter sizes as between the range of
1040 um, with an average shell thickness around 200 nm, as presented in Figure 2d—f.

Meanwhile, analysis of the chemical elements of the samples revealed the presence
of silicon (Si), carbon (C), nitrogen (N) and oxygen (O) as shown in Figure 3. The EDS
examination results proved that the nano-silica particles were deposited in the capsule’s
shells when nano-silicon dioxide hydrosol was used as a surfactant. This is because no
other raw materials except silicon dioxide hydrosol contain chemical elements of silicon.
This revelation also supports the fact that nano-silica particles, which have much higher
thermal conductivity than paraffin and polymer shell, could be used to enhance the thermal
conductivity of the MEPCM samples, as identified in our previous study [31].
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(a) MEPCM-Hep

(d) MEPCM-Hep (€) MEPCM-Oct (f) MEPCM-Eic

Figure 2. SEM analysis results of MEPCM samples (a—c) is SEM image of MEPCM samples; (d—f) is
shell thickness measurement by SEM through cracked capsules).
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Figure 3. Chemical elements of fabricated MEPCMs by EDS examination.

3.2. Thermal Energy Storage Analysis of Pure PCM and MEPCMs

The DSC profiles for the pure PCM and fabricated MEPCMs are presented in
Figures 4 and 5. The energy storage capacity and the corresponding melting tempera-
tures were obtained as summarized in Table 3. Based on the initial core/shell weight ratio
of 4:1 (see Table 1), the theoretical core material content in the MEPCMs should be equiva-
lent to about 80% of the total material content. However, by using the measured enthalpies,
the core material contents were obtained as 78.57%, 84.03% and 80.95% respectively. The
differential core material content between the theoretical and experimental values was
between 1.43-4.03% thus indicating fairly good encapsulation efficiency for the MEPCMs.
There were also slight differences in the melting temperatures between the pure paraffin
and the MEPCMSs, which ranged from 0.19 °C to 0.75 °C. These changes are believed to
have been caused by the presence of the nano-silica in the samples.
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Figure 5. Melting point and latent heat of MEPCM-Hep, MEPCM-Oct and MEPCM-Eic by DSC
heating measurements.

Table 3. Thermal properties and behaviour of PCM cores and MEPCMs.

Name tm (°CC) AH (kJ/kg) Core Material (%)
n-heptadecane 21.84 238 -

n-octadecane 24.26 213 -

n-eicosane 35.70 252 -

MEPCM-Hep 21.65 187 78.57
MEPCM-Oct 23.55 179 84.03
MEPCM-Eic 35.14 204 80.95

It is also noticed that the n-heptadecane displayed two peaks with the second peak
starting at 21.84 °C and accounting for more than 80% of the total latent heat capacity for
the whole phase change process. These two peaks are believed to have been caused by
the presence of two different solid phases of odd-numbered alkanes in the n-heptadecane.
The lower temperature peak corresponds to the ordered solid phase to disordered solid
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phase transition and the higher temperature peak represents the melting phase. This
behaviour was also observed in other odd-numbered hydrocarbons linear alkane, such
as n-pentadecane, n-heptadecane and n-nonadecane [32], thus indicating the intrinsic
characteristic nature of such materials. However, due to the much lower solid-solid phase
change enthalpy and phase change mechanism, the melting point of the n-heptadecane
was based on the second peak.

3.3. Thermogravimetric Analysis of Pure PCM and MEPCM Samples

The thermal stability of the MEPCMs is an important index to measure their dura-
bility and reliability in practical applications. Figures 6 and 7 show the TG profiles for
the pure PCM and MEPCM samples. The onset/endset temperature is defined as the
initial /final weight loss temperature of the decomposition process in TG, respectively.
The initial and final weight loss temperatures for the n-heptadecane, n-octadecane and
n-eicosane were obtained as 106.6 °C/240 °C, 144.3 °C/265 °C and 177.6 °C /300 °C, respec-
tively. However, the boiling points of n-heptadecane, n-octadecane and n-eicosane were
302 °C, 317 °C, and 344 °C, which are higher than the final weight loss temperatures. This
means that the paraffin samples were fully evaporated before the boiling temperature was
reached and therefore there was no material residual at the end of the maximum heating
temperature of 500 °C. In comparison with the PCM samples, the weight loss curve of the
MEPCMs demonstrates a different degradation behaviour. For instance, the weight loss
of MEPCM-Oct between the range 209 °C and 310 °C is connected with the evaporation
of the n-octadecane. The other weight loss between 310 °C and 500 °C is due to the shell
decomposition. Therefore, the initial thermal stability of the three MEPCMs (MEPCM-Hep,
MEPCM-Oct and MEPCM-Eic) did significantly improve with the second turning points
extending to 270 °C, 310 °C and 370 °C, respectively (see Figure 7).

100.0

90.0 |-

80.0 |-

700 |-

60.0 |-

50.0 |-

TG %

300 |-

2.0 |-

100 |-

.............. n-heptadecane
----- n-octadecane \--

—— n-eicosane

) | T 2 el

0.0
50.0

100.0

150.0 200.0 250.0 300.0

Temperature °C

450.0 500.0

Figure 6. Thermal stability analysis of n-heptadecane, n-octadecane and n-eicosane by TG.

That means the final weight loss temperatures for the paraffin also increased by
30-70 °C after the encapsulation and that a certain amount of n-octadecane and n-eicosane
were still in the MEPCM capsules even though the temperatures were higher than their
boiling points. The MEPCM samples also achieved about 5-9% of material weight retention
at the end of the maximum heating temperature of 500 °C due to the residual thermal
decompositions of the PMF shell.
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Figure 7. Thermal stability analysis of MEPCMs by TG curves.

3.4. SEM Analysis of MPCMs

As described in the development of MPCMs in Section 2.2, the MPCM-1, MPCM-2 and
MPCM-3 were prepared by combining EMPCM-Hep/MEPCM-Oct, MEPCM-Hep/MEPCM-
Eic, and MEPCM-Oct/MEPCM-Eic, respectively. The three dried MPCM samples were
observed by SEM to evaluate the integrity of the particles. The SEM results in Figure 8, do
show good morphology and particle distribution profiling in all the three MPCM samples.
The capsules do appear free from particle agglomeration issues, have no deformations, and
are well encapsulated. However, it is noteworthy that some of the particles in MPCM-2
coalesced together. There were also some deformed particles which may have occurred
during the mixing process but were of the same sizes as the MEPCMs in Figure 2, ranging
between 10 and 40 um. The SEM image also showed that the PCM core materials in the
MPCM were protected from each and therefore expected them to be melted and frozen
individually as confirmed by the DSC analysis.

= e =, ——— 1004m]
(a) MPCM-1 (b) MPCM-2 (c) MPCM-3
Figure 8. SEM images of MPCM-1, MPCM-2 and MPCM-3 samples.

3.5. Thermal Energy Storage Analysis of MPCMs

The MPCMs are expected to melt and solidify independently since the combined
core materials are each encapsulated. Therefore, by using Equation (1) and the weight
percentages and latent heat values of the MEPCM, it should be possible to calculate the
latent heat values of the fabricated MPCMs.

AHpmpem = AHmEepcm—x X Winviepem—x + AHmepcm—y X WEpmepcm-—y 1)
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where; AHpepcm—x and AHpepey—y are the latent heat components of x and y materials.
Wtnvepcm—x and WEpepcpm—y are the weight percentages of the components x and y
respectively.

The calculation results are presented in Table 4. By considering a weight percentage
of 50% for each of the MEPCMs, the theoretical latent heat values of MPCM-1, MPCM-2
MPCM-3 were obtained as 183 kJ/kg, 195.5 k] /kg and 191.5 k] /kg, respectively.

Table 4. Theoretical and experimental thermal properties of MPCMs.

Items Item tm1 CO) tmn (°C) AH (kJ/kg)
MPCM-1 21.65 23.55 183

Theoretical MPCM-2 23.55 35.14 1915
MPCM-3 21.65 35.14 195.5
MPCM-1 21.34 23.49 171.4

Experimental MPCM-2 23.50 34.95 172
MPCM-3 21.56 3491 173.2

As expected from the experimental results in Figure 9, the melting points of the
fabricated MPCM samples occurred at two different points. For instance, the MPCM-1
melted at 21.34 °C/23.49 °C which compare favorably with MEPCM-Hep/MEPCM-Oct
at 21.65 °C/23.55 °C. The MPCM-2 sample melted at 21.65 °C/34.95 °C but was slightly
decreased by 0.09-0.19 °C, while sample MPCM-3 occurred at 23.50 °C/34.91 °C with
a reduction of 0.05-0.23 °C. In general, the maximum differential temperature between
experimental and theoretical values for the three MPCM samples was only 0.31 °C.

Endo DSC mw
IN

21.56C  23.50C

164 ki/kg

158 ki/kg

172 ki/kg
R MPCM-2
— MPCM-3
=61 |-
'7 1 1 1 1 1 1 1 1
10 15 20 25 30 35 40 45 50

Temperature °C

Figure 9. Melting points and latent heats of MPCM-1, MPCM-2 and MPCM-3 sample by DSC heating
measurements.

Meanwhile, the total latent heat was achieved as 171.4 kJ/kg, 173.13 k] /kg and
172 kJ/kg for samples MPCM-1, MPCM-2 and MPCM-3 respectively. In comparison
with the theoretical values in Table 4, the measured latent heat for three MPCM-1, MPCM-2
and MPCM-3 was reduced by 11.6 k] /kg, 19.5 k] /kg and 22.37 k] /kg. The overall measured
latent heat values for the three MPCM samples were reduced by about 6.3-11.4%, which
might attribute to the broken shells observed in some of the capsules in Figure 8.

Therefore, it can be inferred that the MPCM samples were able to achieve multi-phase
change temperatures. The mixing approach of the MEPCMs did not have a significant
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effect on the transitional phase change temperatures and the specific enthalpies of the
individual PCMs. In comparison with the studies based on the direct mixing of binary
core PCMs [22,24], the MPCMs were able to achieve multi-phase change temperatures and
higher thermal energy storage capacity. However, the theoretical and the experimental
DSC results in Table 4, confirmed that the thermal energy storage capacities were largely
dependent on the latent heats of individual components and their corresponding weight
percentages. By comparing the thermal properties of MPCM in Table 4, it can be indicated
that MPCM samples had good thermal energy storage capacities by experimental testing
and theoretical value with Equation (1). Thus, future research can be focused on the
correlations between thermal energy storage capacities of the prepared MPCMs and the
thermal properties and weight percentages of the original PCMs.

3.6. Thermal Stability Analysis of MPCMs

The SEM analysis revealed that the MPCMs particles achieved good structural in-
tegrities within the MF shells. Theoretically, the thermal stability temperatures of the
MPCMs should not be less than the minimum temperature of the MEPCMs i.e., 189.8 °C.
The thermal stability of the MPCM samples was also analyzed by using a TG analysis to
evaluate the initial weight loss (onset) temperature. It can be observed from the test results
in Figure 10 that, the weight loss temperatures of MPCM-1, MPCM-2 and MPCM-3 did
indeed occur at higher temperatures from 197.8 °C, 202.4 °C and 218.8 °C, respectively.
On the other hand, the second turning point of TG curves for MPCM samples reached
270 °C, 270 °C and 290 °C, respectively. These values are almost the same as the values
for MEPCM-Hep and MEPCM-Oct, which were used to fabricate the MPCM samples. The
MPCM samples also achieved about 7-9% of material weight retention at the end of the
maximum heating temperature of 500 °C which is like what was achieved by the MEPCMs.
Overall, the initial weight loss temperatures of MPCMs are also much higher than any
natural ambient condition and therefore satisfy normal environmental requirements for
buildings.

100.0
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80,0 |-
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Temperature °C

Figure 10. Thermal stability analysis of MPCM-1, MPCM-2 and MPCM-3 samples by TG.

4. Conclusions

To overcome the seasonal storage limitations, this study has developed enhanced
multiphase change materials by combining two different types of MEPCMSs. As a result,
this research has successfully produced three multiphase change materials to balance
seasonal heating and cooling loads in buildings. Thermal analysis of the results clearly
shows that it is possible to achieve multiple phase transitional temperatures with relatively
good energy storage capacity and thermal stability. The measured energy storage capacities
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of the MPCMs were found to be largely dependent on the weight percentages of individual
components. The specific findings may therefore be summarized as follows:

e In comparison with pure PCMs, the melting points of the MEPCMs were reduced by
0.19-0.75 °C after encapsulation.

e  The differential core material content between the theoretical and experimental values
for the MEPCMs was between 1.43-4.03%

e  The phase change temperatures of the MPCMs were slightly reduced by 0.09-0.31 °C
as compared with the MEPCMs samples.

e  The measured energy storage capacities for the MPCM samples were reduced by about
6.3-11.4% as compared with the theoretical values. They however, displayed relatively
good thermal stability behavior of up to 197.8-218.8 °C.

Even though the developed samples have shown the potential of being used for
seasonal storage in buildings, there is the need for further work towards optimization
of key material components by different weight percentages. Experimental investiga-
tions into methods of integration of samples into appropriate construction materials, and
enhancement of thermal conductivities are also encouraged.
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Nomenclature

C carbon

DsC differential scanning calorimetric

EDS energy-dispersive X-ray spectroscopy
EGDS ethylene glycole distearate

MEPCM microencapsulated phase change material

MEPCM-Hep MEPCM with n-heptadecane as a core
MEPCM-Oct  MEPCM with n-octadecane as a core
MEPCM-Eic MEPCM with n-eicosane as a core

MPCM multiphase change materials
N nitrogen

(@) oxygen

Oo/W oil-in-water

PCM phase change material

SEM Scanning electron microscope
Si silicon

TG Thermogravimetry

AH Latent heat, kJ /kg

AHpyepcym—x  latent heat of MEPCM.y, K] /kg
AHpepcm—y  latent heat of MEPCM.y, K] /kg

tm1 the first melting point of MPCM, °C
tm2 the second melting points of MPCM, °C
tm melting temperature, °C

Wtpmepcm—x  the weight percentages of MEPCM.y, %
Wtmepcm—y the weight percentages of MEPCM.y, %
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