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ABSTRACT: It is essential to determine the heat storage
efficiency of shape-stabilized phase change materials (ss-PCMs).
In two published articles, the formula for heat storage efficiency is
presented using two distinct equations. Using the two equations,
the calculated values for heat storage efficiency revealed significant
discrepancies. The outcomes cannot be compared. The evaluation
of heat storage efficiency has a substantial impact on the practical
application of PCMs and serves as a performance benchmark for
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the PCM samples that have been tested. In this paper, the correct equations for calculating the efficiency of heat storage are
presented. Furthermore, it is essential to note that the methods used to calculate the supercooling value are not straightforward.
Consequently, this paper clarified the correct formula and/or method for determining the supercooling value and heat storage

efficiency of ss-PCMs.

B INTRODUCTION

Recently, in the field of renewable energy, phase change
materials (PCMs) have attracted great interest. In particular,
shape-stabilized PCMs (ss-PCMs) have been studied by
several research groups to reduce two PCM disadvantages,
ie, leakage and low thermal conductivity. Much of the
published literature uses the following equations for the
evolution of the newly developed ss-PCMs.'~* The ability of
shape-stabilized phase change materials to store heat is crucial
to understand. To the best of our knowledge, only two
published articles have used the heat storage efficiency
formula; in those two, a different formula or equation was
used in each instance. Despite using both equations to
calculate the heat storage efliciency, the results showed a
significant discrepancy. For an ss-PCM, the following four
equations—R: impregnation ratio (eq 1), E: impregnation
efficiency (eq 2), thermal storage capability (eq 3), and storage
efficiency (eq S)—have a strong relationship and/or
correlation with one another; that is, when the value of the
impregnation ratio is high, the heat storage efficiency is also
high. Accordingly, a high latent heat value, thermal storage
capability, and storage efficiency must be attained if a system
can hold or be impregnated with a lot of liquid polymers.
Performance analysis of the PCM can be done using the
solutions of the following equations (eqs 1—3). Moreover,
these figures are necessary for the calculation of eqs 4 and S of
the heat storage efficiency (Tables 1 and 2).

It is important to highlight the supercooling issue, which is
one of the drawbacks and impacts all PCM types. The practical
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applications of PCM are significantly constrained by larger
values of supercooling. The process for determining the
supercooling value has been given below.

M, com

R = X 100%
Hypem (1)
Hyt com + H com
E = _ Mom " ~Fcom % 100%
Hypem + Hppeum (2)
Hyt com + Hg com
p=——F X 100%
Hypem + Hepem (3)

where R is the impregnation ratio, E is the impregnation
efficiency, and ¢ is the thermal storage capability.

Hypemand Hgpey are melting and freezing latent heat of
PCMs, respectively (i.e., poly(ethylene glycol) (PEG), paraffin,
lauric acid (LA), etc.); Hycom and Hg o, are the melting and
freezing phase change enthalpies, respectively; and com
(composite) = PCM + matrix.

It is important to note that y is the efficiency of heat storage
(egs 4 and 5), which is an important parameter for evaluating
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Table 1. Data Adapted from Mitran et al.’ and the Heat Storage Efficiency (y) Values were Calcd Using egs 4 and 5°

samples T T H{(J/g) H.(J/g) AT
LA 41 427 1634 166 17
LAI-MCM 39.1 40.1 302 349 1
LA2-SBA 41.1 41.7 62.6 73.7 0.6
LA4-MCF1 41.3 42.4 110.3 110.5 1.1

R (%) E (%) ) Xoem eq 4 eq S

1 100.0 1.6
21.02 15.42 94.00 0.5 42.1 13.5
44.40 32.28 93.20 0.67 66.3 15.1
66.57 52.29 100.70 0.8 83.2 0.2

“@: thermal storage capability [eq 3]; Xpcy: polymer weight fraction in PCM.

Table 2. Data Adapted from Qjan et al.” and the Heat Storage Efficiency (y) Values were Calcd Using eqs 4 and 5

samples T, T, H{J/g) H,(J/g) AT
PEG PCM 38.5 60.51 164.6 180.3 22.01
ss-PCM1 38.63 59.21 46.1 SL.S 20.58
ss-PCM2 39.21 58.86 64.1 70.2 19.65
ss-PCM3 40.54 59.16 80.3 88.4 18.62

R (%) E (%) @ DX eq 4 eq S
1 100.0

28.56 28.30 99.07 0.3 95.2 10.5

38.94 38.94 100.01 0.4 97.3 8.7

49.03 4891 99.76 0.5 98.1 9.2

PCM activity. However, most of the fabricated ss-PCMs did
not provide the energy storage efliciency value in the
literature,”™ " most likely because of the two different types
of equations and the outcomes being different. Using a
calculation for heat storage efficiency that is flawed affects the
findings and recommendations of the published paper. From a
scientific perspective, the question of which equation is
accurate must be resolved. Mitran et al.® and Qian et al.”
have reported two different equations for heat storage
efficiency, as shown below

heat storage efficiency(y) = oo X 100%
(xpep X AHm,PCM)
4)
[ref 6]
. HF,com
heat storage efficiency(y) = |1 — ——— [ X 100%
M, com (5)

[ref 7]

where Xpcy is the polymer weight fraction in PCMs.

Using the two equations presented above to calculate heat
storage efficiency, the first equation yields high values, while
the second equation yields low values. For the calculations of
the heat storage efficiency percentage (Tables 1 and 2), it
appears that eq 4 is acceptable and/or reasonable. For a new
PCM, the heat storage efficiency value should not be 0.2%
when it exhibits quite high latent heat values (Table 1). In fact,
it was proved in eq S that its source reference is not correct.
The detailed explanation is discussed below. Moreover, the
values derived from eq 5 were abysmal. Such a low value has
not previousl_?f been reported in the literature studies.

Qian et al.” made use of eq 5 for the first time. In this paper,
Qian et al. cited reference number 54, which indicates that eq 5
was derived from and/or the original source was reference
number 54. Reference 54 refers to “Yu et al. [54]” and his
article “Microencapsulation of n-octadecane phase change
material with calcium carbonate shell for enhancement of
thermal conductivity and serving durability,” was published in
2014 in the journal Appl. Energy, 114, 632—643. Nevertheless,
our cross-checking revealed that the aforementioned statement
was false because eq S was not discussed in the article of Appl.
Energy 2014, 114, which is cited as 54. In addition, the same
authors published PCM-related articles in the same year'
without including the heat storage efficiency value and without
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indicating that the equation they had previously employed was
incorrect.

Supercooling. The PCMs based on inorganic salts and salt
hydrates are among the most promising PCMs based on
organic, inorganic, and eutectic saltwater solutions because of
their low cost, widespread availability, and high energy storage
capacity. Inorganic PCMs are not suitable for practical
applications due to phase separation and supercooling issues
that have not yet been resolved. Suppressing the degree of
subcooling in PCMs is crucial for latent heat energy storage
because the thermal energy released during solidification is
used as useful energy for PCMs and the solidification
temperature controls the quality of the released heat.'"'* It
has been reported that the supercooling value can be calculated
using the equation T = T, — T}, which is dependent on the
peak temperature (Figure 1). On the other hand, Beaupere et
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Figure 1. DSC melting and freezing curves of the pure hexadecane at
a scanning rate of S °C/min and the characteristic temperatures T,

8
Tm peaks Tfl and Tf peak-

al.” measured the supercooling value using the onset
temperature (Figure 2). However, supercooling utilizes the
initial temperature to display relatively smaller values. To
compile a table of supercooling values, a note about the onset
and maximum temperatures must be included. Since the
supercooling value is 6.2 when measured using the onset
temperature (Figure 2), but it is 9.0 when measured using the
difference in peak temperature for the same material. Finally,
we can claim that the supercooling value based on the process
shown in Figure 1 is accurate.
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Figure 2. Differential scanning calorimetry thermogram of caprylic acid.”

B CONCLUSIONS

It is essential to evaluate the outcomes of egs 1, 2, 3, and S to
characterize newly generated ss-PCMs. Without the results of
these parameters derived from the correct equation, it will be
difficult to comprehend the capability and/or practical
applications. In addition to evaluating these equations, it is
also necessary to characterize supercooling. If the equation is
accurate, anyone can use it as a research tool, thereby reducing
confusion. By calculating the efficiency values of several PCMs
in this study, the correct equation was determined with
absolute certainty. The values of supercooling were also
calculated using Figures 1 and 2, and it was determined that
the method depicted in Figure 1 is adequate.

B AUTHOR INFORMATION

Corresponding Authors

Md. Hasan Zahir — Interdisciplinary Research Center for
Renewable Energy and Power Systems (IRC-REPS), Research
Institute, King Fahd University of Petroleum & Minerals
(KFUPM), Dhahran 31261, Saudi Arabia; ©® orcid.org/
0000-0002-6752-9318; Email: hzahir@kfupm.edu.sa

Mohammad Mominur Rahman — Department of Electrical &
Electronic Engineering, Ahsanullah University of Science &
Technology, Dhaka 1215, Bangladesh; © orcid.org/0000-
0002-9703-1748; Email: mominl28@gmail.com

Authors

Khaled Own Mohaisen — Interdisciplinary Research Center
for Renewable Energy and Power Systems (IRC-REPS),
Research Institute, King Fahd University of Petroleum &
Minerals (KFUPM), Dhahran 31261, Saudi Arabia

Aasif Helal — Interdisciplinary Research Center for Hydrogen
and Energy Storage, King Fahd University of Petroleum &
Minerals (KEUPM), Dhahran 31261, Saudi Arabig;

orcid.org/0000-0003-2013-5327

M. Nasiruzzaman Shaikh — Interdisciplinary Research Center
for Hydrogen and Energy Storage, King Fahd University of
Petroleum & Minerals (KFUPM), Dhahran 31261, Saudi
Arabia; ©® orcid.org/0000-0002-9549-6322

Mohammad Mizanur Rahman — Interdisciplinary Research
Center for Advanced Materials, King Fahd University of

41098

Petroleum & Minerals (KFUPM), Dhahran 31261, Saudi
Arabia; ® orcid.org/0000-0002-9302-3185

Complete contact information is available at:
https://pubs.acs.org/10.1021/acsomega.2c04594

Notes
The authors declare no competing financial interest.

B ACKNOWLEDGMENTS

The authors would like to acknowledge the support provided
by the Deanship of Scientific Research (DSR) at the King Fahd
University of Petroleum & Minerals (KFUPM) by funding this
work through the project number DF191049. Kashif Irshad
acknowledges the funding support provided by the King
Abdullah City for Atomic and Renewable Energy (KA.
CARE).

B REFERENCES

(1) Qian, T; Li, J; Min, X; Deng, Y; Guan, W,; Ma, H.
Polyethylene glycol/mesoporous calcium silicate shape-stabilized
composite phase change material: Preparation, characterization, and
adjustable thermal property. Energy 2015, 82, 333—340.

(2) Zhang, Y,; Wang, J; Qiu, J.; Jin, X; Umair, M. M,; Lu, R;;
Zhang, S.; Tang, B. Aggraphene/PEG composite phase change
materials for enhancing solar-thermal energy conversion and storage
capacity. Appl. Energy 2019, 237, 83—90.

(3) Ramakrishnan, S.; Sanjayan, J.; Wang, X,; Alam, M.; Wilson, J. A
novel paraffin/expanded perlite composite phase change material for
prevention of PCM leakage in cementitious composites. Appl. Energy
2018, 157, 85—94.

(4) Mohamed, S. A.; Al-Sulaiman, F. A.; Ibrahim, N. L; Zahir, M. H.;
Al-Ahmed, A.; Saidur, R.; Yilbag, B. S.; Sahin, A. Z. A review on
current status and challenges of inorganic phase change materials for
thermal energy storage systems. Renewable Sustainable Energy Rev.
2017, 70, 1072—1089.

(5) Mekaddem, N.; Ali, S. B,; Fois, M.; Hannachi, A. Paraffin/
expanded perlite/plaster as thermal energy storage composite. Energy
Procedia 2019, 157, 1118—1129.

(6) Mitran, R. A,; Berger, D.; Munteanu, C.; Matei, C. Evaluation of
Different Mesoporous Silica Supports for Energy Storage in Shape-
Stabilized Phase Change Materials with Dual Thermal Responses. J.
Phys. Chem. C 2015, 119, 15177—15184.

(7) Qian, T.; Li, J.; Min, X.; Guan, W.; Deng, Y.; Ning, L. Enhanced
thermal conductivity of PEG/diatomite shape-stabilized phase change

https://doi.org/10.1021/acsomega.2c04594
ACS Omega 2022, 7, 41096—41099


https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Md.+Hasan+Zahir"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-6752-9318
https://orcid.org/0000-0002-6752-9318
mailto:hzahir@kfupm.edu.sa
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Mohammad+Mominur+Rahman"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-9703-1748
https://orcid.org/0000-0002-9703-1748
mailto:momin128@gmail.com
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Khaled+Own+Mohaisen"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Aasif+Helal"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0003-2013-5327
https://orcid.org/0000-0003-2013-5327
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="M.+Nasiruzzaman+Shaikh"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-9549-6322
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Mohammad+Mizanur+Rahman"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-9302-3185
https://pubs.acs.org/doi/10.1021/acsomega.2c04594?ref=pdf
https://doi.org/10.1016/j.energy.2015.01.043
https://doi.org/10.1016/j.energy.2015.01.043
https://doi.org/10.1016/j.energy.2015.01.043
https://doi.org/10.1016/j.apenergy.2018.12.075
https://doi.org/10.1016/j.apenergy.2018.12.075
https://doi.org/10.1016/j.apenergy.2018.12.075
https://doi.org/10.1016/j.apenergy.2015.08.019
https://doi.org/10.1016/j.apenergy.2015.08.019
https://doi.org/10.1016/j.apenergy.2015.08.019
https://doi.org/10.1016/j.rser.2016.12.012
https://doi.org/10.1016/j.rser.2016.12.012
https://doi.org/10.1016/j.rser.2016.12.012
https://doi.org/10.1016/j.egypro.2018.11.279
https://doi.org/10.1016/j.egypro.2018.11.279
https://doi.org/10.1021/acs.jpcc.5b02608?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpcc.5b02608?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpcc.5b02608?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/C5TA00309A
https://doi.org/10.1039/C5TA00309A
https://pubs.acs.org/doi/10.1021/acsomega.2c04594?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c04594?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c04594?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c04594?fig=fig2&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.2c04594?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Omega http://pubs.acs.org/journal/acsodf

materials with Ag nanoparticles for thermal energy storage. J. Mater.
Chem. A 2015, 3, 8526—8536.

(8) Zhang, S.; Wu, J. Y.; Tse, C. T.; Niu, J. Effective dispersion of
multi-wall carbon nanotubes in hexadecane through physiochemical
modification and decrease of supercooling. Sol. Energy Mater. Sol. Cells
2012, 96, 124—130.

(9) Beaupere, N.; Soupremanien, U.; Zalewski, L. Nucleation
triggering methods in supercooled phase change materials (PCM), a
review. Thermochim. Acta 2018, 670, 184—201.

(10) Sarkar, J.; Bhattacharyya, S. Application of graphene and
graphene-based materials in clean energy-related devices Minghui.
Arch. Thermodyn. 2012, 33, 23—40.

(11) Yu, S.; Wang, X.; Wu, D. Microencapsulation of n-octadecane
phase change material with calcium carbonate shell for enhancement
of thermal conductivity and serving durability: Synthesis, micro-
structure, and performance evaluation. Appl. Energy 2014, 114, 632—
643.

(12) Zahir, M. H.; Mohamed, S. A.; Saidur, R.; Al-Sulaiman, F. A.
Supercooling of phase-change materials and the techniques used to
mitigate the phenomenon. Appl. Energy 2019, 240, 793—817.

41099

https://doi.org/10.1021/acsomega.2c04594
ACS Omega 2022, 7, 41096—41099


https://doi.org/10.1039/C5TA00309A
https://doi.org/10.1016/j.solmat.2011.09.032
https://doi.org/10.1016/j.solmat.2011.09.032
https://doi.org/10.1016/j.solmat.2011.09.032
https://doi.org/10.1016/j.tca.2018.10.009
https://doi.org/10.1016/j.tca.2018.10.009
https://doi.org/10.1016/j.tca.2018.10.009
https://doi.org/10.2478/v10173-012-0026-8
https://doi.org/10.2478/v10173-012-0026-8
https://doi.org/10.1016/j.apenergy.2013.10.029
https://doi.org/10.1016/j.apenergy.2013.10.029
https://doi.org/10.1016/j.apenergy.2013.10.029
https://doi.org/10.1016/j.apenergy.2013.10.029
https://doi.org/10.1016/j.apenergy.2019.02.045
https://doi.org/10.1016/j.apenergy.2019.02.045
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.2c04594?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

