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Today, the application of phase change materials (PCMs) has developed in different 
industries, including the solar cooling and solar power plants, photovoltaic electricity 

systems, the space industry, waste heat recovery systems, preservation of food and 
pharmaceutical products, and domestic hot water. PCMs use the principle of latent 

heat thermal storage to absorb energy in large quantities when there is a surplus 
and release it when there is a deficit. This promising technology has already been 
successfully implemented in many construction projects. The aim of this book is 

to assist the scientists and to provide the reader with a comprehensive overview of 
the properties that characterize the phase change materials from theoretical and 

experimental perspectives with a focus on their technological applications. The present 
status and future perspectives of phase change material are discussed.

Published in London, UK 

©  2018 IntechOpen 
©  mariakraynova / iStock

ISBN 978-1-78923-530-2

Phase C
hange M

aterials and Th
eir A

pplications



PHASE CHANGE
MATERIALS AND THEIR

APPLICATIONS

Edited by Mohsen Mhadhbi



PHASE CHANGE
MATERIALS AND THEIR

APPLICATIONS

Edited by Mohsen Mhadhbi



Phase Change Materials and Their Applications
http://dx.doi.org/10.5772/intechopen.71894
Edited by Mohsen Mhadhbi

Contributors

Cheng Wang, Ye Zhu, Quan Shi, Zhi-Cheng Tan, Xin Liu, Xuetong Zhang, Guangyong Li, Xiaohua Zhang, Jesumathy 
Jesumathy, Daolin Cai, Zhitang Song, Yifeng Chen, Manish K Rathod, Liping Wei, Guodong Jiang, Mohsen Mhadhbi

© The Editor(s) and the Author(s) 2018
The rights of the editor(s) and the author(s) have been asserted in accordance with the Copyright, Designs and 
Patents Act 1988. All rights to the book as a whole are reserved by INTECHOPEN LIMITED. The book as a whole 
(compilation) cannot be reproduced, distributed or used for commercial or non-commercial purposes without 
INTECHOPEN LIMITED’s written permission. Enquiries concerning the use of the book should be directed to 
INTECHOPEN LIMITED rights and permissions department (permissions@intechopen.com).
Violations are liable to prosecution under the governing Copyright Law.

Individual chapters of this publication are distributed under the terms of the Creative Commons Attribution 3.0 
Unported License which permits commercial use, distribution and reproduction of the individual chapters, provided 
the original author(s) and source publication are appropriately acknowledged. If so indicated, certain images may not 
be included under the Creative Commons license. In such cases users will need to obtain permission from the license 
holder to reproduce the material. More details and guidelines concerning content reuse and adaptation can be 
foundat http://www.intechopen.com/copyright-policy.html.

Notice

Statements and opinions expressed in the chapters are these of the individual contributors and not necessarily those 
of the editors or publisher. No responsibility is accepted for the accuracy of information contained in the published 
chapters. The publisher assumes no responsibility for any damage or injury to persons or property arising out of the 
use of any materials, instructions, methods or ideas contained in the book.

First published in London, United Kingdom, 2018 by IntechOpen
eBook (PDF) Published by IntechOpen, 2019
IntechOpen is the global imprint of INTECHOPEN LIMITED, registered in England and Wales, registration number: 
11086078, The Shard, 25th floor, 32 London Bridge Street  
London, SE19SG – United Kingdom
Printed in Croatia

British Library Cataloguing-in-Publication Data
A catalogue record for this book is available from the British Library

Additional hard and PDF copies can be obtained from orders@intechopen.com

Phase Change Materials and Their Applications
Edited by Mohsen Mhadhbi

p. cm.

Print ISBN 978-1-78923-530-2

Online ISBN 978-1-78923-531-9

eBook (PDF) ISBN 978-1-83881-623-0



Selection of our books indexed in the Book Citation Index 
in Web of Science™ Core Collection (BKCI)

Interested in publishing with us? 
Contact book.department@intechopen.com

Numbers displayed above are based on latest data collected. 
For more information visit www.intechopen.com

3,650+ 
Open access books available

151
Countries delivered to

12.2%
Contributors from top 500 universities

Our authors are among the

Top 1%
most cited scientists

114,000+
International  authors and editors

118M+ 
Downloads

We are IntechOpen,
the world’s leading publisher of 

Open Access books
Built by scientists, for scientists

 





Meet the editor

Dr. Mohsen Mhadhbi received his PhD degree in Chem-
istry from the Faculty of Sciences of Sfax, University 
of Sfax (Tunisia). Since 2011, he has been an Assistant 
Professor and a member of a research team at the Labo-
ratory of Useful Materials, National Institute of Research 
and Physical-Chemical Analysis, University of Carthage 
(Tunisia), focusing on the synthesis and characteriza-

tion of nanomaterials for industrial responders (hydrogen storage, cutting 
tools, and biomedical applications). He served as a teacher in Inorganic 
Chemistry at different institutes in Tunisia and supervised several re-
searchers in Materials Science. He has published works in national and 
international impacted journals and books. Dr. Mhadhbi is a member of 
different associations. He is also a reviewer and an editorial board member 
of different scientific journals and congresses.



Contents

Preface VII

Section 1 An Introduction to Phase Change Material    1

Chapter 1 Introductory Chapter: Phase Change Material   3
Mohsen Mhadhbi

Section 2 Experimental and Numerical Study of Phase Change
Material    7

Chapter 2 Experimental and Numerical Studies on Phase Change
Materials   9
Cheng Wang and Ye Zhu

Section 3 Thermal Stability of Phase Change Material    35

Chapter 3 Phase Change Materials and Their Applications   37
Manish K. Rathod

Section 4 Latent Heat Thermal Energy Storage System    59

Chapter 4 Latent Heat Thermal Energy Storage System   61
Ponnuraj Stella Jesumathy

Section 5 Applications of Phase Change Material    81

Chapter 5 Thermodynamic Properties of the Polyols as Phase Change
Materials for Thermal Energy Storage   83
Zhicheng Tan, Quan Shi and Xin Liu



Contents

Preface XI

Section 1 An Introduction to Phase Change Material    1

Chapter 1 Introductory Chapter: Phase Change Material   3
Mohsen Mhadhbi

Section 2 Experimental and Numerical Study of Phase Change
Material    7

Chapter 2 Experimental and Numerical Studies on Phase Change
Materials   9
Cheng Wang and Ye Zhu

Section 3 Thermal Stability of Phase Change Material    35

Chapter 3 Phase Change Materials and Their Applications   37
Manish K. Rathod

Section 4 Latent Heat Thermal Energy Storage System    59

Chapter 4 Latent Heat Thermal Energy Storage System   61
Ponnuraj Stella Jesumathy

Section 5 Applications of Phase Change Material    81

Chapter 5 Thermodynamic Properties of the Polyols as Phase Change
Materials for Thermal Energy Storage   83
Zhicheng Tan, Quan Shi and Xin Liu



Chapter 6 Graphene Aerogel-Directed Fabrication of Phase Change
Composites   103
Guangyong Li, Xiaohua Zhang and Xuetong Zhang

Chapter 7 Optimization of the Phase Change Random Access Memory
Employing Phase Change Materials   123
Daolin Cai, Zhitang Song and Yifeng Chen

Chapter 8 Analysis of Pyrolysis Kinetic Model for Processing of
Thermogravimetric Analysis Data   143
Guodong Jiang and Liping Wei

X Contents

Preface

Phase change materials (PCMs) have desirable electronic and optical properties that depend
on the structure of atoms (crystalline state or amorphous state). These materials use the la‐
tent heat of phase change to control temperatures in a specific range and are suitable for
building applications (by their incorporation into construction materials). They possess a
low environmental impact and are nonpolluting during service life.

This book is devoted to a detailed understanding of the phase change materials and their wider
applications in the industry; hence, the future perspectives of PCMs are discussed in this book.

Section 1 provides an introduction and the history of phase change materials. The experi‐
mental and numerical studies of PCMs are discussed in Section 2, while the thermal stability
of PCMs is the subject of Section 3. Section 4 discusses the latent heat thermal energy storage
system. Finally, the applications of PCMs are the focus of Section 5. This book provides the
reader with a more thorough understanding of the subject. It covers various aspects of the
subject and hence can be tailored for different audiences.

I would like to thank the publisher for taking a keen interest in bringing out this edition on
time.

Mohsen Mhadhbi
Laboratory of Useful Materials

National Institute of Research and Physical-chemical Analysis
Technopole, Sidi Thabet, Ariana, Tunisia
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1. Introduction

The discovery of phase change material (PCM) starts from the early 1900s in the work of Alan 
Tower Waterman of Yale University [1]. While studying thermionic emission of certain hot 
salts, Waterman noted some peculiarities in the conductivity of molybdenite (MoS2). It was 
found that the conductivity of the chalcogenide can be altered progressively.

Phase change material or latent heat storage material is the most efficient used method to 
store thermal energy. Energy per unit mass is stored during phase changes from solid to 
liquid, and released during freezing at a constant temperature. The energy absorbed by the 
material allows increasing the vibrational energy states of the constituent atoms or molecules 
[2]. During melting, the atomic bonds loosen and consequently the material changes its state 
from solid to liquid. However, during solidification, the material transfers energy and, conse-
quently, the molecules lose energy and order themselves in solid state.

There are several types of phase change material available, but the there are three main types: 
organic (paraffin and nonparaffin), inorganic (salt hydrates and metallic alloys), and eutectic 
(mixture of two or more PCM components: organic, inorganic, and both).

In the last decades, the researchers place emphasis on phase change material in which heat 
storage is carried out due to latent heat of fusion [3]. Application such PCM allows to lower 
the volume of heat storage units (HSUs), essentially. Low-temperature PCM became objects 
of prime investigations. However, the limited reserves of fossil fuel, the increase in green-
house gas emissions, and the rapid growth of energy consumption have shed the light on 
the importance of effectively utilizing energy. For these reasons, the development of new 
sources of energy has been the focus of several researches. The use of phase change material 
for thermal energy storage provides a suitable solution, cheap and efficient energy storage, 
for improving the performance of energy systems and therefore reducing peak demand and 

© 2018 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms of the Creative
Commons Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited.
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energy consumption. Thermal energy storage (TES) includes latent heat storage and thermo-
chemical heat storage. Sensible heat storage requires large volumes because of its low energy 
density and requires proper design to discharge thermal energy. Hence, latent heat storage 
systems are low coast and easier to work than those thermochemical heat storage systems.

In this context, PCM-based cooling is a very attractive process of thermal control, considering 
the advantages of the PCM, such as high latent heat storage capacity, small volume change in 
the phase transformation, high specific heat capacity to provide additional sensible heat stor-
age, chemical stability and no degradation for large number of cycles, phase transition occurs 
within the desired operating temperature range of the system high nucleation rate to avoid 
supercooling of the liquid phase, high thermal conductivity to assist the absorption and release 
of energy in the storage system, high density, noncorrosiveness, nonflammable, nontoxicity, 
relatively low cost, and high availability [4–6]. On the other hand, different solutions were then 
developed to improve the heat transfer in PCM-based thermal control units (TCUs), all related 
to the insertion of conducting paths or materials in the heat storage volume such as metal matri-
ces or foams, micro- and nanosized metal and metal oxide fillers, discrete elements such as pins 
and fins, graphite, carbon nanotubes or fibers, and exfoliated graphite or graphene [7, 8].

2. Applications of PCM

The application of PCM has grown incrementally in various industries, such as the solar 
cooling and solar power plants [9], photovoltaic electricity systems [10], electronic industry 
[11], waste heat recovery systems [12], solar dryers in agricultural industry [13], domestic 
hot water [14], pharmaceutical products and preservation of food [15], and space industry 
[16]. Apart from the preceding utilizations, PCM improves energy performance and thermal 
comfort in buildings [17]. Therefore, PCM applications could be a powerful tool in designing 
net zero energy buildings [18]. PCM must be put in specific containers that depend on the 
thermal storage application [19]. The content of PCM depends on the specific thermal storage 
application. For example, in the case of building integrated latent heat storage, PCM can be 
contained in a porous matrix (wood, concrete, plasterboard, etc.).

The aim of this book is to assist the scientists and to provide the reader with a comprehen-
sive overview of the properties of phase change material with a focus on their technological 
applications. The phase change characteristics by various investigators are reviewed with the 
applications of the phase change characteristics in information storage applications. The pres-
ent status and future perspectives of phase change material are discussed.

Author details

Mohsen Mhadhbi

Address all correspondence to: mhadhbi_mohsen@yahoo.fr

Laboratory of Useful Materials, National Institute of Research and Physical-Chemical 
Analysis, Technopole, Sidi Thabet, Ariana, Tunisia

Phase Change Materials and Their Applications4

References

[1] Waterman AT. Positive ionisation of certain hot salts, together with some observations on 
the electrical properties of molybdenite at high temperatures. Philosophical Magazine. 
1917;33:225

[2] Fleischer AS. Thermal Energy Storage Using Phase Change Materials: Fundamentals 
and Applications. SpringerBriefs in Thermal Engineering and Applied Science. Kulacki 
FA, Series editor. Minneapolis, MN, USA; 2015. 97 p. DOI: 10.1007/978-3-319-20922-7

[3] Kenisarin MM. High-temperature phase change materials for thermal energy stor-
age. Renewable and Sustainable Energy Reviews. 2010;14:955-970. DOI: 10.1016/j.rser. 
2009.11.011

[4] Heine D, Abhat A. Investigation of physical and chemical properties of phase change 
materials for space heating/cooling applications. In Sun: Mankind's Future Source of 
Energy. Proceedings of the International Solar Energy Congress, New Delhi, India 
(January 1978;1:16-21). (A79-17276 05-44). Elmsford, N.Y.: Pergamon Press, Inc; 1978. 
pp. 500-506

[5] Khudhair AM, Farid MM. A review on energy conservation in building applications 
with thermal storage by latent heat using phase change materials. Energy Conversion 
and Management. 2004;45(2):263-275. DOI: 10.1016/S0196-8904(03)00131-6

[6] Tyagi VV, Buddhi D. PCM thermal storage in buildings: A state of art. Renewable and 
Sustainable Energy Reviews. 2007;11(6):1146-1166. DOI: 10.1016/j.rser.2005.10.002

[7] Fan L, Khodadadi JM. Thermal conductivity enhancement of phase change materials 
for thermal energy storage: A review. Renewable and Sustainable Energy Reviews. 
2011;15:24-46. DOI: 10.1016/j.rser.2010.08.007

[8] Sarier N, Onder E. Organic phase change materials and their textile applications: An 
overview. Thermochimica Acta. 2012;540:7-60. DOI: 10.1016/j.tca.2012.04.013

[9] Aydin D, Casey SP, Riffat S. The latest advancements on thermochemical heat storage 
systems. Renewable and Sustainable Energy Reviews. 2015;41:356-367. DOI: 10.1016/j.
rser.2014.08.054

[10] Ma T, Yang H, Zhang Y, Lu L, Wang X. Using phase change materials in photovoltaic 
systems for thermal regulation and electrical efficiency improvement: A review and 
outlook. Renewable and Sustainable Energy Reviews. 2015;43:1273-1284. DOI: 10.1016/j.
rser.2014.12.003

[11] Dhaidan NS, Khodadadi JM. Melting and convection of phase change materials in 
different shape containers: A review. Renewable and Sustainable Energy Reviews. 
2015;43:449-477. DOI: 10.1016/j.rser.2014.11.017

[12] Fang G, Tang F, Cao L. Preparation, thermal properties and applications of shape-sta-
bilized thermal energy storage materials. Renewable and Sustainable Energy Reviews. 
2014;40:237-259. DOI: 10.1016/j.rser.2014.07.179

Introductory Chapter: Phase Change Material
http://dx.doi.org/10.5772/intechopen.79432

5



energy consumption. Thermal energy storage (TES) includes latent heat storage and thermo-
chemical heat storage. Sensible heat storage requires large volumes because of its low energy 
density and requires proper design to discharge thermal energy. Hence, latent heat storage 
systems are low coast and easier to work than those thermochemical heat storage systems.

In this context, PCM-based cooling is a very attractive process of thermal control, considering 
the advantages of the PCM, such as high latent heat storage capacity, small volume change in 
the phase transformation, high specific heat capacity to provide additional sensible heat stor-
age, chemical stability and no degradation for large number of cycles, phase transition occurs 
within the desired operating temperature range of the system high nucleation rate to avoid 
supercooling of the liquid phase, high thermal conductivity to assist the absorption and release 
of energy in the storage system, high density, noncorrosiveness, nonflammable, nontoxicity, 
relatively low cost, and high availability [4–6]. On the other hand, different solutions were then 
developed to improve the heat transfer in PCM-based thermal control units (TCUs), all related 
to the insertion of conducting paths or materials in the heat storage volume such as metal matri-
ces or foams, micro- and nanosized metal and metal oxide fillers, discrete elements such as pins 
and fins, graphite, carbon nanotubes or fibers, and exfoliated graphite or graphene [7, 8].

2. Applications of PCM

The application of PCM has grown incrementally in various industries, such as the solar 
cooling and solar power plants [9], photovoltaic electricity systems [10], electronic industry 
[11], waste heat recovery systems [12], solar dryers in agricultural industry [13], domestic 
hot water [14], pharmaceutical products and preservation of food [15], and space industry 
[16]. Apart from the preceding utilizations, PCM improves energy performance and thermal 
comfort in buildings [17]. Therefore, PCM applications could be a powerful tool in designing 
net zero energy buildings [18]. PCM must be put in specific containers that depend on the 
thermal storage application [19]. The content of PCM depends on the specific thermal storage 
application. For example, in the case of building integrated latent heat storage, PCM can be 
contained in a porous matrix (wood, concrete, plasterboard, etc.).

The aim of this book is to assist the scientists and to provide the reader with a comprehen-
sive overview of the properties of phase change material with a focus on their technological 
applications. The phase change characteristics by various investigators are reviewed with the 
applications of the phase change characteristics in information storage applications. The pres-
ent status and future perspectives of phase change material are discussed.

Author details

Mohsen Mhadhbi

Address all correspondence to: mhadhbi_mohsen@yahoo.fr

Laboratory of Useful Materials, National Institute of Research and Physical-Chemical 
Analysis, Technopole, Sidi Thabet, Ariana, Tunisia

Phase Change Materials and Their Applications4

References

[1] Waterman AT. Positive ionisation of certain hot salts, together with some observations on 
the electrical properties of molybdenite at high temperatures. Philosophical Magazine. 
1917;33:225

[2] Fleischer AS. Thermal Energy Storage Using Phase Change Materials: Fundamentals 
and Applications. SpringerBriefs in Thermal Engineering and Applied Science. Kulacki 
FA, Series editor. Minneapolis, MN, USA; 2015. 97 p. DOI: 10.1007/978-3-319-20922-7

[3] Kenisarin MM. High-temperature phase change materials for thermal energy stor-
age. Renewable and Sustainable Energy Reviews. 2010;14:955-970. DOI: 10.1016/j.rser. 
2009.11.011

[4] Heine D, Abhat A. Investigation of physical and chemical properties of phase change 
materials for space heating/cooling applications. In Sun: Mankind's Future Source of 
Energy. Proceedings of the International Solar Energy Congress, New Delhi, India 
(January 1978;1:16-21). (A79-17276 05-44). Elmsford, N.Y.: Pergamon Press, Inc; 1978. 
pp. 500-506

[5] Khudhair AM, Farid MM. A review on energy conservation in building applications 
with thermal storage by latent heat using phase change materials. Energy Conversion 
and Management. 2004;45(2):263-275. DOI: 10.1016/S0196-8904(03)00131-6

[6] Tyagi VV, Buddhi D. PCM thermal storage in buildings: A state of art. Renewable and 
Sustainable Energy Reviews. 2007;11(6):1146-1166. DOI: 10.1016/j.rser.2005.10.002

[7] Fan L, Khodadadi JM. Thermal conductivity enhancement of phase change materials 
for thermal energy storage: A review. Renewable and Sustainable Energy Reviews. 
2011;15:24-46. DOI: 10.1016/j.rser.2010.08.007

[8] Sarier N, Onder E. Organic phase change materials and their textile applications: An 
overview. Thermochimica Acta. 2012;540:7-60. DOI: 10.1016/j.tca.2012.04.013

[9] Aydin D, Casey SP, Riffat S. The latest advancements on thermochemical heat storage 
systems. Renewable and Sustainable Energy Reviews. 2015;41:356-367. DOI: 10.1016/j.
rser.2014.08.054

[10] Ma T, Yang H, Zhang Y, Lu L, Wang X. Using phase change materials in photovoltaic 
systems for thermal regulation and electrical efficiency improvement: A review and 
outlook. Renewable and Sustainable Energy Reviews. 2015;43:1273-1284. DOI: 10.1016/j.
rser.2014.12.003

[11] Dhaidan NS, Khodadadi JM. Melting and convection of phase change materials in 
different shape containers: A review. Renewable and Sustainable Energy Reviews. 
2015;43:449-477. DOI: 10.1016/j.rser.2014.11.017

[12] Fang G, Tang F, Cao L. Preparation, thermal properties and applications of shape-sta-
bilized thermal energy storage materials. Renewable and Sustainable Energy Reviews. 
2014;40:237-259. DOI: 10.1016/j.rser.2014.07.179

Introductory Chapter: Phase Change Material
http://dx.doi.org/10.5772/intechopen.79432

5



[13] Shalaby SM, Bek MA, El-Sebaii AA. Solar dryers with PCM as energy storage medium: 
A review. Renewable and Sustainable Energy Reviews. 2014;33:110-116. DOI: 10.1016/j.
rser.2014.01.073

[14] Seddegh S, Wang X, Henderson AD, Xing Z. Solar domestic hot water systems using 
latent heat energy storage medium: A review. Renewable and Sustainable Energy 
Reviews. 2015;48:517-533. DOI: 10.1016/j.rser.2015.04.147

[15] Belman-Flores JM, Barroso-Maldonado JM, Rodríguez-Muñoz AP, Camacho-Vázquez 
G. Enhancements in domestic refrigeration, approaching a sustainable refrigerator: A 
review. Renewable and Sustainable Energy Reviews. 2015;51:955-968. DOI: 10.1016/j.
rser.2015.07.003

[16] Zhou Z, Zhang Z, Zuo J, Huang K, Zhang L. Phase change materials for solar ther-
mal energy storage in residential buildings in cold climate. Renewable and Sustainable 
Energy Reviews. 2015;48:692-703. DOI: 10.1016/j.rser.2015.04.048

[17] AL-Saadi SN, Zhai Z. Modeling phase change materials embedded in building enclo-
sure: A review. Renewable and Sustainable Energy Reviews. 2013;21:659-673. DOI: 
10.1016/j.rser.2013.01.024

[18] Bastani A, Haghighat F, Kozinski J. Designing building envelope with PCM wallboards: 
Design tool development. Renewable and Sustainable Energy Reviews. 2014;31:554-562. 
DOI: 10.1016/j.rser.2013.12.031

[19] Konuklu Y, Ostry M, Paksoy HO, Charvat P. Review on using microencapsulated phase 
change materials (PCM) in building applications. Energy and Buildings. 2015;106:134-
155. DOI: 10.1016/j.enbuild.2015.07.019

Phase Change Materials and Their Applications6

Section 2

Experimental and Numerical Study of Phase
Change Material



[13] Shalaby SM, Bek MA, El-Sebaii AA. Solar dryers with PCM as energy storage medium: 
A review. Renewable and Sustainable Energy Reviews. 2014;33:110-116. DOI: 10.1016/j.
rser.2014.01.073

[14] Seddegh S, Wang X, Henderson AD, Xing Z. Solar domestic hot water systems using 
latent heat energy storage medium: A review. Renewable and Sustainable Energy 
Reviews. 2015;48:517-533. DOI: 10.1016/j.rser.2015.04.147

[15] Belman-Flores JM, Barroso-Maldonado JM, Rodríguez-Muñoz AP, Camacho-Vázquez 
G. Enhancements in domestic refrigeration, approaching a sustainable refrigerator: A 
review. Renewable and Sustainable Energy Reviews. 2015;51:955-968. DOI: 10.1016/j.
rser.2015.07.003

[16] Zhou Z, Zhang Z, Zuo J, Huang K, Zhang L. Phase change materials for solar ther-
mal energy storage in residential buildings in cold climate. Renewable and Sustainable 
Energy Reviews. 2015;48:692-703. DOI: 10.1016/j.rser.2015.04.048

[17] AL-Saadi SN, Zhai Z. Modeling phase change materials embedded in building enclo-
sure: A review. Renewable and Sustainable Energy Reviews. 2013;21:659-673. DOI: 
10.1016/j.rser.2013.01.024

[18] Bastani A, Haghighat F, Kozinski J. Designing building envelope with PCM wallboards: 
Design tool development. Renewable and Sustainable Energy Reviews. 2014;31:554-562. 
DOI: 10.1016/j.rser.2013.12.031

[19] Konuklu Y, Ostry M, Paksoy HO, Charvat P. Review on using microencapsulated phase 
change materials (PCM) in building applications. Energy and Buildings. 2015;106:134-
155. DOI: 10.1016/j.enbuild.2015.07.019

Phase Change Materials and Their Applications6

Section 2

Experimental and Numerical Study of Phase
Change Material



Chapter 2

Experimental and Numerical Studies on Phase Change
Materials

Cheng Wang and Ye Zhu

Additional information is available at the end of the chapter

http://dx.doi.org/10.5772/intechopen.76807

Provisional chapter

Experimental and Numerical Studies on Phase Change
Materials

Cheng Wang and Ye Zhu

Additional information is available at the end of the chapter

Abstract

Phase change materials (PCMs) are attracting significant attentions in research and appli-
cation, categorized into mainly three types, that is, organic (O), inorganic (IO) and eutectic
(E). This section introduces the experimental and numerical investigations conducted in
recent decades, mainly focused on the properties enhancement of PCMs and the perfor-
mance improvement of its application in latent heat storage (LHS) units, as well as the
evaluation and optimization of LHS units. It was concluded that lots of contribution have
been made to PCMs and LHS units analysis. However, there is still some weakness in
research, such as the lackness of detailed and systematic research on properties, the non-
uniform standard on testing method as well as the contradictory conclusions. The most
evaluation of LHS units is based on energy, instead of exergy, entropy and entransy. There
is another issue that most of the research is based on numerical analysis, while less
experimental research is conducted, especially in the case of LHS unit.

Keywords: phase change materials (PCMs), latent heat storage (LHS), numerical,
experimental

1. Introduction

Energy is the basis of modern society and is important for the survival of mankind as well as the
development of civilization. Non-renewable and renewable sources are two kinds of energy
source. Since the non-renewable energy source will be run out someday, the utilization of renew-
able energy source has been paidmore and more attention in research. However, in most cases of
renewable energy sources, such as solar and wind, intermittent nature is found. What is more,
there is always a gap between energy supply and energy demand, as far as power, space and time
in concern. Thus, energy storage technologies are proposed to solve or diminish this issue.
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Energy is usually stored in energy storage (ES) system, in the form of mechanical, chemical,
biological, magnetic and thermal. These energy storage forms can also be subsidized further in
details. For instance, mechanical energy can be stored in compressed air, flywheel or hydro-
pool, etc. and chemical energy can be stored in battery, reversible-reaction or hydrogen, etc.
Among these energy storage forms, the most commonly used is the thermal energy storage
(TES) with phase change materials (PCMs), due to its merits of low-cost, environmental-friend,
easy-to-operate and abundant sources of storage facilities.

As a matter of fact, we human being has used renewable energy and conducted thermal
energy storage, since quite a long time ago. For example, the ancient people utilized wind or
hydro power to drive wheels for irrigation and they collected ice or snow in winter for cooling
in summer. In modern society, we try to fully utilize the clean energy source, to deeply
understand the process involved in TES process and to seek nature materials or manufacture
artificial materials for TES. For the performance improvement of TES, the thermophysical
properties are important limitations. For instance, the limited thermal conductivity of PCMs
strongly constrains the conductive heat transfer process. The viscosity of PCMs at liquid phase
also constrains the convective heat transfer process. In this section, we will introduce some
progress of the research on PCMs and TES and discuss on the weak points.

2. Experimental studies of PCMs

Experiments studies were conducted on the properties of PCMs and the performance in LHS,
as well as the enhancement.

2.1. Types and properties of PCMs

The materials involved in LHS are called as phase change materials (PCMs). There are varieties
of PCMs under development, categorized as organic (O), inorganic (IO) and eutectic (E)
materials, available in a wide range of melting/solidification temperature (Figure 1).

Figure 1. Categories of PCMs.
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Desired property of PCMs includes thermodynamic, kinetic, physical and chemical properties,
as well as economic availability, as shown in Table 1.

Unfortunately, there is not a single kind of PCMs that satisfies all the properties listed above.
The most undesired character of PCMs property is its thermal conductivity, since it will limit
the heat transfer during energy storage/release process and correspondingly lead to deterio-
rated performance of LHS unit. This is often the case, except for some metallic PCMs. For
instance, several measures have been taken. The major technical method is to composite with
materials of high thermal conductivity.

2.2. Types of TES

TES can be categorized as three types, that is, sensible heat storage (SHS), latent heat storage
(LHS) and thermo-chemical storage (TCS). In the first type (SHS), thermal energy is stored as
the temperature increase of certain matters, usually with large thermal capacity. So, the
amount of energy storageQ can be easily estimated as the product of mass m, thermal capacity
C and temperature uplift ΔT, as shown:

ð1Þ

In the second type (LHS), thermal energy is stored as the phase change process of certain
materials, including the transformation of phase between solid and liquid (S-L) in melting/
solidification process, between solid and gas (S-G) in sublimation/desublimation process, from
liquid to gas (L-G) in condensation/evaporation process, as well as the transition from one
solid phase to another (S-S). The amount of energy storage Q is the sum of the sensible heat
stored in both phases and the latent heat involved in phase-transformation, which is the main
portion of energy storage amount.

Q ¼
ðTm

T1

m � Cphase_1 � dT þm � ΔHm þ
ðT2

Tm

m � Cphase_2 � dT (2)

Thermal properties Physical properties Kinetic properties Chemical
properties

Economic availability

High latent heat of transition Small volume change Sufficient
crystallization rate

Long-term
chemical stability

Abundant

High thermal conductivity Low vapor pressure No supercooling No toxicity Cost effective

Suitable melting/
solidification temperature

High density Non-flammable Available

Non-corrosive Commercially viable

Table 1. Properties of PCMs in demand.
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In the third type (TCS), thermal energy is stored in similar way as LHS. The major difference is
that thermal energy is mainly stored as the enthalpy change in thermo-chemical reaction,
instead of phase-transformation process.

Comparing with LHS and TCS, SHS technology often requires larger vessels. Comparing with
LHS, TCS is associated with larger energy storage density, but is still at pre-mature state in
terms of research and development. Therefore, latent heat storage (LHS) attracts the most
attention in research and is believed as the most promising technology.

The performance of heat storage/release in PCMs is realized in LHS unit. The major favored
characteristics of LHS unit includes faster rate of heat charging/discharging, higher efficiency
of heat release, based on thermodynamic evaluations, including the basis of energy, exergy,
entropy and entransy as well. Another important research field is the optimization of LHS unit.

It is widely accepted that performance of LHS unit is mainly constrained by heat transfer
process. Therefore, heat transfer enhancement is a major task for LHS unit performance
improvement in most research. Since heat transfer is generously expressed as:

Q ¼ K � A � ΔTm (3)

where K represents the heat transfer coefficient in conduction or convection process, A repre-
sents the surface area for heat transfer and ΔTm represents the temperature difference between
PCMs and HTF. The enhancement of heat transfer implies the increase of Q. So, it is obvious
that there are three major methods for heat transfer enhancement of LHS unit, that is, increase
of K, A and ΔTm.

The heat transfer coefficient should include both conductive and convective. The increase of
conductive heat transfer coefficient can be mainly traced back to the thermal conductivity
enhancement on PCMs. The only exception would be the encapsulation of PCMs. As far as the
increase of convective heat transfer coefficient, the theoretical basis is convective heat transfer.
Therefore, the progress on convective heat transfer can be applied directly in the performance
improvement of LHS unit, such as the influence of passage size and shape, the effects of faster
flow velocity and the disturbed flow pattern. More effective increase of convective heat transfer
coefficient should be attributed to the application of heat pipe (HP) technology.

2.3. Heat transfer enhancement techniques

Heat transfer for thermal energy storage applications with phase change materials is reviewed
by Ref. [1]. The major measures include conductive heat transfer enhancement and convective
heat transfer enhancement.

2.3.1. Composites with porous materials

Composite with porous materials is an effective method for thermal conductivity enhancement
of PCMs. Impregnation is a fast-growing technology. The porous material offers space for
PCMs and the high thermal conductivity of porous materials supports more effective heat
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transfer in composite. Expanded graphite and metal foam are the mostly adopted porous
materials.

Zhao and Wu [2] reported the considerable improvement of thermal conductivity of sodium
nitrate with porous expanded graphite matrix and metal foams. The experimental results of
embedding non-metallic PCMs in porous graphite showed tens or hundreds times of thermal
conductivity improvement. Siaphush et al. [3] reported the effective thermal conductivity
increased from 0.423 W/m/K to 3.06 W/m/K, when 95% porosity copper foam is adopted in
PCMs of eicosane. It is also reported that critical porosity value exists for enhancement with
porous carbon graphite foams. Yin et al. [4] reported in experiments that the critical mass
fraction of porous graphite is 6.25%. Exceeding this value, the reinforcement effect decreases.
Similar phenomenon is also found in our research on the effect of adoption expanded graphite
in octadecane for performance improvement of LHS unit. However, the critical value is found
at around 20%. Gao et al. [5] investigated the thermal performance of a direct contact thermal
energy storage container with erythritol and expanded graphite. The thermal conductivity is
reported as increased by about 2.5 times, with 4% mass fraction of EG, and the melting time is
reduced by 16.7%.

Comparing with the amount of porous materials in composite, it is also reported that the pore
structure is more important for composite. Lafdi et al. [6] investigated experimentally on the
effects of foam porosity and pore size on the melting rate of PCMs. Zhong et al. [7] reported
that small pore size and thick ligament in graphite foam leads to higher thermal diffusivity,
while large pore size and thin ligament leads to larger latent heat storage capacity. Since the
thermal diffusivity and latent heat storage density are both important factors, the pore size and
ligament should be optimized in the design of LHS unit. Wu and Zhao [8] reported that mixed
porous base is more effective than single porous base. Zhang et al. [9] studied the performance
of metal foam (copper) and paraffin composite. Gulfam et al. [10] investigated the enhance-
ment of thermal conductivity with expanded graphite in paraffin wax. Teppei et al. [11]
reported high thermal conductivity of erythritol enhanced with porous nickel. Similar works
are also reported by Nomura et al. with metal-stabilized carbon-fiber network [12] as well as
expanded perlite, diatom earth and gamma-alumina [13].

Besides expanded graphite and metal foams, ceramic is also adopted recently as enhancement
medium, as Li et al. [14] reported. With the development of material science, there should be
more materials with porous structure, such as graphene, aerogel, etc., under consideration for
the enhancement of thermal conductivity as well as other properties.

2.3.2. Dispersion of high conductive particles

The effect of addition of metal particles, especially with nano-size, on the enhancement of
thermal conductivity of PCMs is also reported widely. Different from the obvious and
established structure of compressed expanded graphite and metal foam, the distribution of
particles are more like to expanded graphite in composite. However, the effects are usually better
in the case of nano-particles addition. The reinforcement effect by the dispersion of nano-
particles in continuous PCMs should be attributed to the unique phenomenon at microscopic
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scale, for example, reduce the internal resistance for heat transfer, which is also reported for the
thermal conductivity enhancement of heat transfer fluid (HTF) in literatures.

Fan et al. [15], Qi et al. [16], Tao et al. [17], Kim et al. [18] and Shi et al. [19] investigated the effects
of several types of carbon-based nano-particles. It is found that disk carbon nano-particles can
improve the thermal conductivity by 10 times. Besides graphite or graphene, carbon nanotubes
(CNTs) are more typical nano-particles in composite. Zhang et al. [20] investigated on nanoscale
heat transfer in composite of sugar alcohol and carbon nanotubes. It is reported that specific
improvement of heat transfer depends on the material and the diameter of CNT. Carbon nano-
fibers (CNFs) are another common nano-particles in composite. Fereshteh et al. [21] analyses the
application of phase change material with carbon fibers for thermal management of a Li-ion
battery cell. It is concluded that the application of carbon fibers influences the temperature
distribution in cells. Higher concentration of carbon fibers leads to more uniform temperature
distribution. The maximum thermal conductivity enhancement degree is reported as 115% and
averaged at 105%. Nomura et al. [22] reported a significant reinforcement degree of thermal
conductivity for erythritol. Different CNFs groups and its mixture are adopted. It is found that
with the mixture of CNFs at different length, thermal conductivity is more enhanced, comparing
with the addition of single CNFs. To further construct the network for heat transfer inside
composite, low-melting metal, such as indium is added to help bridge CNFs nearby. In recent
studies, other carbon materials are under research.

Besides the carbon materials, the addition of nano-metal-particles, such as Cu, Ti and other
magnetic metals, in composite are also conducted by researchers Kibria et al. [23], Zhang et al.
[24], Luo et al. [25], etc. It is concluded that the thermal conductivity is enhanced, and some-
times the thermal capacity is also enhanced. Mettawee et al. [26] reported the effect of Al
powder on thermal conductivity enhancement of paraffin wax. Motahar et al. [27] reported
non-monotonic behavior of thermal conductivity, and optimum value of nano-particles occurs
in composite. Wang et al. [28] reported the increase of thermal conductivity with mass fraction
of CNTs. Similar result of MWCNTs is also reported by Zeng et al. [29] for palmitic acid. Oya
et al. [11] studied the thermal conductivity enhancement of erythritol with graphite and nickel
particles. The largest enhancement is reported as 6.4 times higher, comparing with the thermal
conductivity of pure phase change material, at 15% volume fraction of expanded graphite.
Khyad et al. [30] adopted 1% mass fraction of aluminum or copper to enhance thermal
conductivity of paraffin.

Since the nano-particle can enhance the thermal conductivity of PCMs with the similar mech-
anism, more research is expected on this scope, with the development of materials science on
materials as well as the manufacture method.

2.3.3. Using extended surface

Surface area for heat transfer is the most common method applied for the heat transfer enhance-
ment of LHS unit, mainly in the form of fin-structure. The adoption of fins increase the contact
surface between HTF and PCMs. Research is mainly focused on the selection of fin materials as
well as the configuration and number of fins in LHS unit. As far as fin materials are concerned,
thermal conductivity, density, cost and corrosion as well as mechanical performance are major
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concerns. Recently, mostly metal, such as copper, bronze, steel, stainless steel, aluminum alloy,
etc., and sometimes graphite or ceramic are used as fin materials.

The core of fin-structure is its configuration, including shapes and orientation. The perfor-
mance of single structured-fin will lead to the number of fins in demand is influential to the
configuration of fins in LHS unit. The investigation of fin configuration is similar to heat
exchanger (HE) with almost constant temperature boundary. The typical structure of LHS unit
is tube-and-shell. So, there will be two forms of PCMs arrangement, that is, inside of tube and
outside of tube as well as annual space between tubes.

As far as the orientation of fins is concerned, there are two mainly forms, that is, alongside and
perpendicular to the axial direction. The fins can be arranged inside and outside of tubes
(Figure 2).

Sparrow et al. [31] experimentally investigated the solidification process of PCMs in a finned
vertical tube. It was concluded that conduction controls the process, when liquid temperature
is lower and at melting temperature. While convection is the controlling mode for temperature
above melting temperature. Tao et al. [32] investigated numerically with the performance of
LHS unit in a photo-thermal (PT) application. Velraj et al. [33] reported with numerical and
experimental analysis on vertical finned tube. The results show the reversal decrease of solid-
ification period with number of fins. Zhao and Tan [34] investigated the effects of HTF
temperature and flowrate as well as fin height on the charging rate of LHS unit. It is concluded
that with the increase of HTF inlet temperature and mass flowrate, as well as the increase of fin
height, the charging period is shortened, implying enhanced heat transfer process. Erek et al.
[35] analyzed the effects of fin parameters, such as fin size and fin space, as well as the effects
of HTF on the dimensionless energy storage value. Liu et al. [36] conducted similar experimen-
tal research on the melting of stearic acid in annual space. It is concluded that heat conduction
and natural convection are both the factors for heat transfer enhancement in LHS unit.
Hosseini et al. [37] concluded that with the increase of fin’s height, the reduction of melting

Figure 2. Sketch of fin configurations. (a) Perpendicular to the axial direction and (b) alongside the axial direction.
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of several types of carbon-based nano-particles. It is found that disk carbon nano-particles can
improve the thermal conductivity by 10 times. Besides graphite or graphene, carbon nanotubes
(CNTs) are more typical nano-particles in composite. Zhang et al. [20] investigated on nanoscale
heat transfer in composite of sugar alcohol and carbon nanotubes. It is reported that specific
improvement of heat transfer depends on the material and the diameter of CNT. Carbon nano-
fibers (CNFs) are another common nano-particles in composite. Fereshteh et al. [21] analyses the
application of phase change material with carbon fibers for thermal management of a Li-ion
battery cell. It is concluded that the application of carbon fibers influences the temperature
distribution in cells. Higher concentration of carbon fibers leads to more uniform temperature
distribution. The maximum thermal conductivity enhancement degree is reported as 115% and
averaged at 105%. Nomura et al. [22] reported a significant reinforcement degree of thermal
conductivity for erythritol. Different CNFs groups and its mixture are adopted. It is found that
with the mixture of CNFs at different length, thermal conductivity is more enhanced, comparing
with the addition of single CNFs. To further construct the network for heat transfer inside
composite, low-melting metal, such as indium is added to help bridge CNFs nearby. In recent
studies, other carbon materials are under research.

Besides the carbon materials, the addition of nano-metal-particles, such as Cu, Ti and other
magnetic metals, in composite are also conducted by researchers Kibria et al. [23], Zhang et al.
[24], Luo et al. [25], etc. It is concluded that the thermal conductivity is enhanced, and some-
times the thermal capacity is also enhanced. Mettawee et al. [26] reported the effect of Al
powder on thermal conductivity enhancement of paraffin wax. Motahar et al. [27] reported
non-monotonic behavior of thermal conductivity, and optimum value of nano-particles occurs
in composite. Wang et al. [28] reported the increase of thermal conductivity with mass fraction
of CNTs. Similar result of MWCNTs is also reported by Zeng et al. [29] for palmitic acid. Oya
et al. [11] studied the thermal conductivity enhancement of erythritol with graphite and nickel
particles. The largest enhancement is reported as 6.4 times higher, comparing with the thermal
conductivity of pure phase change material, at 15% volume fraction of expanded graphite.
Khyad et al. [30] adopted 1% mass fraction of aluminum or copper to enhance thermal
conductivity of paraffin.

Since the nano-particle can enhance the thermal conductivity of PCMs with the similar mech-
anism, more research is expected on this scope, with the development of materials science on
materials as well as the manufacture method.

2.3.3. Using extended surface

Surface area for heat transfer is the most common method applied for the heat transfer enhance-
ment of LHS unit, mainly in the form of fin-structure. The adoption of fins increase the contact
surface between HTF and PCMs. Research is mainly focused on the selection of fin materials as
well as the configuration and number of fins in LHS unit. As far as fin materials are concerned,
thermal conductivity, density, cost and corrosion as well as mechanical performance are major
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concerns. Recently, mostly metal, such as copper, bronze, steel, stainless steel, aluminum alloy,
etc., and sometimes graphite or ceramic are used as fin materials.

The core of fin-structure is its configuration, including shapes and orientation. The perfor-
mance of single structured-fin will lead to the number of fins in demand is influential to the
configuration of fins in LHS unit. The investigation of fin configuration is similar to heat
exchanger (HE) with almost constant temperature boundary. The typical structure of LHS unit
is tube-and-shell. So, there will be two forms of PCMs arrangement, that is, inside of tube and
outside of tube as well as annual space between tubes.

As far as the orientation of fins is concerned, there are two mainly forms, that is, alongside and
perpendicular to the axial direction. The fins can be arranged inside and outside of tubes
(Figure 2).

Sparrow et al. [31] experimentally investigated the solidification process of PCMs in a finned
vertical tube. It was concluded that conduction controls the process, when liquid temperature
is lower and at melting temperature. While convection is the controlling mode for temperature
above melting temperature. Tao et al. [32] investigated numerically with the performance of
LHS unit in a photo-thermal (PT) application. Velraj et al. [33] reported with numerical and
experimental analysis on vertical finned tube. The results show the reversal decrease of solid-
ification period with number of fins. Zhao and Tan [34] investigated the effects of HTF
temperature and flowrate as well as fin height on the charging rate of LHS unit. It is concluded
that with the increase of HTF inlet temperature and mass flowrate, as well as the increase of fin
height, the charging period is shortened, implying enhanced heat transfer process. Erek et al.
[35] analyzed the effects of fin parameters, such as fin size and fin space, as well as the effects
of HTF on the dimensionless energy storage value. Liu et al. [36] conducted similar experimen-
tal research on the melting of stearic acid in annual space. It is concluded that heat conduction
and natural convection are both the factors for heat transfer enhancement in LHS unit.
Hosseini et al. [37] concluded that with the increase of fin’s height, the reduction of melting

Figure 2. Sketch of fin configurations. (a) Perpendicular to the axial direction and (b) alongside the axial direction.
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time exhibits a descending trend. Comparing with the melting process, effects of increasing
fin’s height is more significant in solidification process.

Besides the shell-and-tube configuration, numerical investigation on plate-type LHS is also
conducted by Gharebaghi and Sezai [38] for rectangular heat sink. Sharifi et al. [39] developed
an analytic model to predict the melting period of PCMs. Mahmoud et al. [40] conducted
different arrangements for heat sink with PCMs at different melting temperature. It is con-
cluded that increasing fin number is good for heat distribution in LHS unit and leading to
lower the peak temperature of heat sink. Arshad et al. [41] studied the effects of pin thickness
as well as the volume fraction of PCMs on the cooling performance of heat sinks for electronic
devices. The volume fraction of PCMs is kept at 9%. The heating boundary is assumed as
uniform heat flux. Heat sinks are finned or not finned. The thickness of fins is ranging from
1 mm to 3 mm, with the interval of 1 mm. The volume fraction of PCMs is ranging from 0 to 1,
with the interval of 0.33. Rahimi et al. [42] investigated with the charging and discharging
processes of PCMs in finned-tube heat exchanger in experiments. The utilization of fins
reduces the melting and solidification periods. It is also reported that the increase of inlet
temperature is more effective for melting time reduction in the bare tube heat exchangers.
The variation of flow rate of HTF is also more intensely influential on the solidification time for
the bare tube heat exchangers.

As reported in the review paper contributed by Nasiru et al. [1], the presence of fins improve
the heat transfer during the phase change process, regardless of the make-up and geometry of
the LHTES systems. However, few studies considered the effects of fin numbers on thermal
response of the LHS unit. Although the trend is easy to find, the quantitative analysis will help
the optimal design in practice.

2.3.4. Using multi-PCMs

The increase of ΔTm should be expressed more precisely as the uniform distribution of the
temperature difference between PCMs and HTF in LHS unit, during charging and discharging
process. The benefits can be not only evaluated with the energy basis, but also with the exergy/
entropy basis as well as the entransy basis, which is proposed in the recent decade.

According to the demand of uniform temperature difference between PCMs and HTF, the
melting temperature of PCMs should decrease alongside the flow direction of HTF in charging
process and increase alongside the flow direction of HTF in discharging process. This is
usually realized by the transverse of flow direction of HTF in two processes.

Fang and Chen [43] numerically investigated the effects of multiple PCMs on the performance
of LHS unit. It is concluded that difference of melting temperature between multiple PCMs is
crucial for performance improvement. Wang et al. [44] proposed a new concept of homoge-
neous phase change process using multiple PCMs to significantly decrease the melting/solid-
ification periods. Cui et al. [45] numerically analyzed the structure with three types of PCMs
for solar receiver. It is reported that the fluctuation of HTF outlet temperature is better con-
trolled, comparing with single PCMs. More energy flowrate is also expected. Hu et al. [46]
proposed a thermal storage system with frustum-shape. Along the flow direction of HTF,
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volume of PCMs change. Maximum five types of PCMs are adopted in the LHS unit. It is
found effective even at small temperature difference. However, there is also some report about
the asynchronous effects of multiple PCMs on the charging process and the discharging
process, by Kurnia et al. [47]. It is concluded that the arrangement of PCMs with high melting
temperature at the inlet of HTF would improve the heat transfer in discharging process, but
may slightly worsen the charging process.

Thus, the major factor for multiple PCMs design is the match of melting temperature of PCMs
in LHS unit. To better understand this issue and to provide guidance for the design of LHS
unit, optimization of multi-stage LHS unit with multiple PCMs is conducted. Since there is no
heat-and-work conversion during the operation of LHS unit, entransy theory is also adopted
for optimization, besides the traditional energy and exergy/entropy analysis.

Tao et al. [48] reported the melting temperature match for double-stage LHS unit in charging
process. Zhao et al. [49] reported the melting temperature match for multi-stage LHS unit in
charging process. Wang et al. [50–52] reported the optimized match of melting temperature
and surface for heat transfer of double- and multi-stage LHS unit in charging and cycle period.

However, less attention has been paid to the transient process optimization as well as other
factors influencing the operation of LHS unit. Moreover, the comparison between entransy
analysis and exergy analysis is important. Works are undergoing in our group. It is found that
the difference between optimum melting temperature of nearby PCMs is constant in entransy
analysis, while the ratio is constant in entropy analysis. The detailed discussion will be made.
However, still the reason lies there, not so easy to answer, although we know that is superfi-
cially due to the difference between the optimization goals.

2.3.5. Encapsulation

Encapsulation of PCMs is also an effectivemethod for heat transfer improvement in PCMs region.
The mechanism may be explained as the reduce of heat transfer path as well as the increase of
surface conducting heat transfer. Encapsulation of PCMs is to disperse PCMs in LHS unit into
groups of small-sized particles closed and surrounded by other materials or the derivatives of
PCMs itself after procedure of treatment. So, the direct property of PCMs is actually not changed,
and the benefits aremainly contributed to the performance improvement of LHS unit as discussed
later. The main research lies on the selection of raw-material and the method of encapsulation, as
reviewed by Jacob and Bruno [53], Liu et al. [54], Saman et al. [55], Liu et al. [56], etc.

Jamekhorshid et al. [57] and Su et al. [58] reviewed the microencapsulation methods of PCMs.
Milian et al. [59] reviewed on specific encapsulation techniques for inorganic phase change mate-
rials and the thermophysical properties. Sketch of encapsulatedPCMs is expressed inFigure3. The
shell can be single layered or multiple layered or linkedmatrix, and the core can be single zone or
several isolated zones. The shape could be regular, such as spherical, tubular or oval and irregular.

The methods of encapsulation are summarized in Table 2.

As far as the shell is concerned, Jacob and Bruno [53] reviewed on the shell materials in the
encapsulation for high temperature thermal energy storage. Steel, nickel, sodium silicate,
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time exhibits a descending trend. Comparing with the melting process, effects of increasing
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conducted by Gharebaghi and Sezai [38] for rectangular heat sink. Sharifi et al. [39] developed
an analytic model to predict the melting period of PCMs. Mahmoud et al. [40] conducted
different arrangements for heat sink with PCMs at different melting temperature. It is con-
cluded that increasing fin number is good for heat distribution in LHS unit and leading to
lower the peak temperature of heat sink. Arshad et al. [41] studied the effects of pin thickness
as well as the volume fraction of PCMs on the cooling performance of heat sinks for electronic
devices. The volume fraction of PCMs is kept at 9%. The heating boundary is assumed as
uniform heat flux. Heat sinks are finned or not finned. The thickness of fins is ranging from
1 mm to 3 mm, with the interval of 1 mm. The volume fraction of PCMs is ranging from 0 to 1,
with the interval of 0.33. Rahimi et al. [42] investigated with the charging and discharging
processes of PCMs in finned-tube heat exchanger in experiments. The utilization of fins
reduces the melting and solidification periods. It is also reported that the increase of inlet
temperature is more effective for melting time reduction in the bare tube heat exchangers.
The variation of flow rate of HTF is also more intensely influential on the solidification time for
the bare tube heat exchangers.

As reported in the review paper contributed by Nasiru et al. [1], the presence of fins improve
the heat transfer during the phase change process, regardless of the make-up and geometry of
the LHTES systems. However, few studies considered the effects of fin numbers on thermal
response of the LHS unit. Although the trend is easy to find, the quantitative analysis will help
the optimal design in practice.

2.3.4. Using multi-PCMs

The increase of ΔTm should be expressed more precisely as the uniform distribution of the
temperature difference between PCMs and HTF in LHS unit, during charging and discharging
process. The benefits can be not only evaluated with the energy basis, but also with the exergy/
entropy basis as well as the entransy basis, which is proposed in the recent decade.

According to the demand of uniform temperature difference between PCMs and HTF, the
melting temperature of PCMs should decrease alongside the flow direction of HTF in charging
process and increase alongside the flow direction of HTF in discharging process. This is
usually realized by the transverse of flow direction of HTF in two processes.

Fang and Chen [43] numerically investigated the effects of multiple PCMs on the performance
of LHS unit. It is concluded that difference of melting temperature between multiple PCMs is
crucial for performance improvement. Wang et al. [44] proposed a new concept of homoge-
neous phase change process using multiple PCMs to significantly decrease the melting/solid-
ification periods. Cui et al. [45] numerically analyzed the structure with three types of PCMs
for solar receiver. It is reported that the fluctuation of HTF outlet temperature is better con-
trolled, comparing with single PCMs. More energy flowrate is also expected. Hu et al. [46]
proposed a thermal storage system with frustum-shape. Along the flow direction of HTF,
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volume of PCMs change. Maximum five types of PCMs are adopted in the LHS unit. It is
found effective even at small temperature difference. However, there is also some report about
the asynchronous effects of multiple PCMs on the charging process and the discharging
process, by Kurnia et al. [47]. It is concluded that the arrangement of PCMs with high melting
temperature at the inlet of HTF would improve the heat transfer in discharging process, but
may slightly worsen the charging process.

Thus, the major factor for multiple PCMs design is the match of melting temperature of PCMs
in LHS unit. To better understand this issue and to provide guidance for the design of LHS
unit, optimization of multi-stage LHS unit with multiple PCMs is conducted. Since there is no
heat-and-work conversion during the operation of LHS unit, entransy theory is also adopted
for optimization, besides the traditional energy and exergy/entropy analysis.

Tao et al. [48] reported the melting temperature match for double-stage LHS unit in charging
process. Zhao et al. [49] reported the melting temperature match for multi-stage LHS unit in
charging process. Wang et al. [50–52] reported the optimized match of melting temperature
and surface for heat transfer of double- and multi-stage LHS unit in charging and cycle period.

However, less attention has been paid to the transient process optimization as well as other
factors influencing the operation of LHS unit. Moreover, the comparison between entransy
analysis and exergy analysis is important. Works are undergoing in our group. It is found that
the difference between optimum melting temperature of nearby PCMs is constant in entransy
analysis, while the ratio is constant in entropy analysis. The detailed discussion will be made.
However, still the reason lies there, not so easy to answer, although we know that is superfi-
cially due to the difference between the optimization goals.

2.3.5. Encapsulation

Encapsulation of PCMs is also an effectivemethod for heat transfer improvement in PCMs region.
The mechanism may be explained as the reduce of heat transfer path as well as the increase of
surface conducting heat transfer. Encapsulation of PCMs is to disperse PCMs in LHS unit into
groups of small-sized particles closed and surrounded by other materials or the derivatives of
PCMs itself after procedure of treatment. So, the direct property of PCMs is actually not changed,
and the benefits aremainly contributed to the performance improvement of LHS unit as discussed
later. The main research lies on the selection of raw-material and the method of encapsulation, as
reviewed by Jacob and Bruno [53], Liu et al. [54], Saman et al. [55], Liu et al. [56], etc.

Jamekhorshid et al. [57] and Su et al. [58] reviewed the microencapsulation methods of PCMs.
Milian et al. [59] reviewed on specific encapsulation techniques for inorganic phase change mate-
rials and the thermophysical properties. Sketch of encapsulatedPCMs is expressed inFigure3. The
shell can be single layered or multiple layered or linkedmatrix, and the core can be single zone or
several isolated zones. The shape could be regular, such as spherical, tubular or oval and irregular.

The methods of encapsulation are summarized in Table 2.

As far as the shell is concerned, Jacob and Bruno [53] reviewed on the shell materials in the
encapsulation for high temperature thermal energy storage. Steel, nickel, sodium silicate,
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Figure 3. Sketch of encapsulated PCMs shapes. (a) Mononuclear; (b) polynuclear; (c) multi-wall; (d) matrix.
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silicon dioxide, calcium carbonate and titanium dioxide are identified as shell materials. It is
better to further consider the corrosion between shell materials and PCMs encapsulated,
which is important for long-term stability as well as cost reduction. Ma et al. [60] reported
an encapsulated metallic phase change materials. The shell material is iron and the core
material is copper. The preparation is based on aerodynamic levitation method. It is con-
cluded that the morphology evolution is attributed to the combined effects of liquid phase
fraction of two not-miscible liquids, Stokes and Marangoni velocities of droplets, as well as
the rotation direction of particles in the solidification process. Chen et al. [61] reported the
preparation of nanocapsules. The core PCMs is n-dodecanol and the encapsulation method
is miniemulsion polymerization with polymerizable emulsifier. The diameter is measured as
150 nm and the phase change temperature is 18.2�C. Yang et al. [62] proposed a hybrid
elastomeric spherical structure. It is composed of foam core and solid shell. The performance
is predicted with numerical investigation.

2.3.6. Application of heat pipe

Heat pipe is a thermal carrier to transfer heat from hot medium to cold medium spatially
separated. Heat pipe has its own working fluid, flowing inside at closed or open mode. At the
end of hot medium, the liquid phase working fluid evaporates and flows to the end of cold
medium, where the gas phase working fluid condensates and flows back to the end of hot
medium and makes a cycle. Since phase change is involved, heat pipe usually can supply
better performance of heat transfer between hot medium and cold medium.

There are two operation modes of HP in LHS unit. The first is simultaneous heating for
discharging and cooling for charging, and the other is intermittent heating and cooling. To
some extent, the latter mode is easier to understand, and the former mode is better for the
power match and good for continuous operation. In the intermittent mode, PCMs operates as
the hot end of HP in discharging process of LHS unit and as the cold end of HP in charging
process.

Shabgard et al. [63] developed a thermal network model to investigate the performance of
cascaded PCMs and conducted exergy analysis. Shabgard et al. [64] considered the transient
response of HP-assisted LHTES system with a 2D model. It is concluded that HP spacing is the
key parameter for LHS unit design and controls the dynamic response of the system. Robak

Physical methods Chemical methods Physic-chemical methods

Pan coating Interfacial polymerization Ionic gelation

Air-suspension coating Suspension polymerization Coacervation

Centrifugal extrusion Emulsion polymerization Sol-gel

Vibration nozzle

Spray drying

Solvent evaporation

Table 2. Methods of encapsulation of PCMs.
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Figure 3. Sketch of encapsulated PCMs shapes. (a) Mononuclear; (b) polynuclear; (c) multi-wall; (d) matrix.
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silicon dioxide, calcium carbonate and titanium dioxide are identified as shell materials. It is
better to further consider the corrosion between shell materials and PCMs encapsulated,
which is important for long-term stability as well as cost reduction. Ma et al. [60] reported
an encapsulated metallic phase change materials. The shell material is iron and the core
material is copper. The preparation is based on aerodynamic levitation method. It is con-
cluded that the morphology evolution is attributed to the combined effects of liquid phase
fraction of two not-miscible liquids, Stokes and Marangoni velocities of droplets, as well as
the rotation direction of particles in the solidification process. Chen et al. [61] reported the
preparation of nanocapsules. The core PCMs is n-dodecanol and the encapsulation method
is miniemulsion polymerization with polymerizable emulsifier. The diameter is measured as
150 nm and the phase change temperature is 18.2�C. Yang et al. [62] proposed a hybrid
elastomeric spherical structure. It is composed of foam core and solid shell. The performance
is predicted with numerical investigation.

2.3.6. Application of heat pipe

Heat pipe is a thermal carrier to transfer heat from hot medium to cold medium spatially
separated. Heat pipe has its own working fluid, flowing inside at closed or open mode. At the
end of hot medium, the liquid phase working fluid evaporates and flows to the end of cold
medium, where the gas phase working fluid condensates and flows back to the end of hot
medium and makes a cycle. Since phase change is involved, heat pipe usually can supply
better performance of heat transfer between hot medium and cold medium.

There are two operation modes of HP in LHS unit. The first is simultaneous heating for
discharging and cooling for charging, and the other is intermittent heating and cooling. To
some extent, the latter mode is easier to understand, and the former mode is better for the
power match and good for continuous operation. In the intermittent mode, PCMs operates as
the hot end of HP in discharging process of LHS unit and as the cold end of HP in charging
process.

Shabgard et al. [63] developed a thermal network model to investigate the performance of
cascaded PCMs and conducted exergy analysis. Shabgard et al. [64] considered the transient
response of HP-assisted LHTES system with a 2D model. It is concluded that HP spacing is the
key parameter for LHS unit design and controls the dynamic response of the system. Robak
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et al. [65] experimentally investigated the performance of HP-assisted LHTES system. It is
concluded that with the assistance of HP, heat transfer during discharging process is almost
twice improved. Bergman et al. [66] numerically investigated the performance of LHTES with
HP in solar thermal power plant and reported increased charging/discharging rate of PCMs
for two kinds of HTF flow pattern. Nithyanandam and Pitchumani [67] conducted a similar
computational analysis on 3D physical model. In another work of Nithyanandam and
Pitchumani [68], dynamic performance behavior of HP-assisted LHTES system is investigation
with the consideration of cyclic operation.

However, most of the research is based on gravity-assisted HP. With the development of HP
technology, other kinds of HP should also be considered for application in LHS unit. More-
over, it is found that most of the HP-assisted LHTES system is analyzed numerically and less
attention has been paid to the experimental analysis. This will be an open field for research in
the future.

2.3.7. Combined heat transfer enhancement techniques

With two or more techniques, such as the combination of fin-structure and heat pipe, or the
combination of multiple PCMs and heat pipe, it is expected possible to further improve
performance of LHS unit. Jung and Boo [69] numerically investigated the transient behavior
of a LHS unit with fin-structured heat pipe. They used a row-by-row analysis method to
estimate the layer necessary for system design. It is concluded that the increase of pitch would
help increase heat transfer rate. Khalifa et al. [70] compared the performance of bare heat pipe
and finned heat pipe. It is concluded that with fin-structure, energy efficiency is improved
significantly. Nithyanandam and Pitchumani [71] conducted numerical analysis on LHSTES
system with metal foam and embedded heat pipe. It is reported that the augmentation in heat
transfer rate during charging decreased with pore-density of metal foam, due to the restriction
in the formation of buoyancy-induced convection.

3. Numerical studies of PCMs

Although the results of numerical analysis are not always the case in practice, it offers an
important way to investigate the process as well as the performance of phase change materials
as well as latent heat storage units, characterized with less cost and short time occupation as
well as convenience of parameter adjustment. The focus and the core in numerical analysis rely
on the model used as well as the verification and modification of numerical models with
experimental results.

3.1. Numerical models

Esen et al. [72] applied two models to describe the diurnal transient behavior of energy storage
tanks. In the first model, HTF is flowing outside of pipe, the inside of which is filled with
PCMs. In the second model, HTF is flowing inside of pipe, the outside of which is surrounded
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with PCMs. Two-dimensional analysis is conducted with enthalpy-based method, coupled
with convective heat transfer between HTF and PCMs. The effects of properties of PCMs,
parameters of geometry, such as the radius and height of cylinder or pipe, and characters of
HTF, such as velocity and inlet temperature, on the melting time are discussed (Figure 4).

The expression of Nu is listed as:

For heat transfer inside tube:

Nup ¼ 3:66 Re ≤ 2200ð Þ (4)

Nup ¼ 0:023 � Re0:8 � Pr0:4 Re > 2200ð Þ (5)

For heat transfer outside tube:

Figure 4. Configuration of HTF passage. (a) Outside of tube; (b) inside of tube; (c) annual between tubes.
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with PCMs. Two-dimensional analysis is conducted with enthalpy-based method, coupled
with convective heat transfer between HTF and PCMs. The effects of properties of PCMs,
parameters of geometry, such as the radius and height of cylinder or pipe, and characters of
HTF, such as velocity and inlet temperature, on the melting time are discussed (Figure 4).
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Xia et al. [73] analyzed the heat transfer of latent thermal energy storage (LTES) system based
on the effective packed bed model. The flow field is simplified as the flow through voids of a
bed packed with PCMs particles. The random packing model is proposed for better simula-
tion. The material properties and the thickness of encapsulation are two major factors for the
heat transfer performance of a LTES bed.

The porosity is listed as:
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Izquierdo-Barrientos et al. [74] presented a dimensionless numerical model for the evolution of
enthalpy with temperature, instead of constant phase change temperature assumption.

The dimensionless parameters include:

bT ¼ T � T0
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Modi and Perez-segarra [75] developed a one-dimensional numerical model for a single-tank
thermocline thermal storage system in the concentrated solar power plant. The influence of
types of heat transfer fluid, the temperature difference stored in HTF as well as the cycle cut-off
on system performance is investigated. Two aspects are taken as criterion for comparison, that
is, cyclic behavior of the system and the time required for equilibrium state attainment.
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The heat transfer coefficient is expressed as:

h ¼
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Opitz and Treffinger [76] developed a general heterogeneous model of heat transfer in packed
beds. Lumped element formulation is implemented. The results are verified with two different
experiments cited from references. No necessary to calibrate theoretical model with experi-
ment results is reported.

The pressure drop for one layer of the packed bed is expressed as:
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The heat transfer is summarized as:
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Amin et al. [77] developed an effectiveness-NTU model of a thermal storage system with
packed bed of encapsulated PCMs with the sphere shape. The two-dimensional representation
is proposed to predict the heat transfer during phase change, comparing with one-dimensional
phase change assumption in other configurations. A new definition of thermal resistance
between HTF and PCMs is developed, taking the phase change process into consideration.

The heat transfer is expressed as:
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Nu ¼ 7� 10 � ξþ 5 � ξ2� � � 1þ 0:7 � Re0:2 � Pr13
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þ 1:33� 2:4 � ξþ 1:2 � ξ2� � � Re0:7 � Pr13 (25)

Karthikeyan and Velraj [78] compared several mathematical models for numerical investiga-
tion of packed bed with encapsulated spherical PCMs. The enthalpy formulation technique is
used to accommodate the phase change behavior of paraffin. Fully explicit finite difference
method is adopted for solving numerical models. It is reported that the validity of model
depends on the kind of HTF.

The governing equations are listed as:

For model 1:

ε � rf � Ac � L � cf � ∂Tf

∂t
þ vmax � ∂Tf
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� �
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� �
(26)
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(27)

For model 2:
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(28)
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(29)

For model 3:
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r
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3.2. Numerical simulation

Pakrouh et al. [79] present a numerical investigation on geometric optimization of heat sinks.
Paraffin is selected as PCMs and aluminum is adopted as materials for heat sink and fins. The
optimization parameters include the number of fins, the height of fins and the thickness of fins
as well as the base. Natural convection is also taken into consideration. It reported a complex
relation between PCMs and the volume percentage of thermal conductivity enhancers (TCEs).
Shmueli et al. [80] investigated numerically with melting of PCMs in a vertical cylindrical tube
and compared with experiments. The model is based on enthalpy-porosity formulation. The
effects of parameters, such as the term describing the mushy zone in the momentum equation
and the pressure-velocity coupling as well as pressure discretization schemes, are examined.
No difference between PISO and SIMPLE schemes is found, while there is considerable
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difference between PRESTO and Body-Force-Weighted schemes. Local heat transfer and melt-
ing are compared and verified for numerical results. It is concluded that at the beginning of
melting process, the heat transfer is mainly in the form of conduction in solid phase; while at
the end of this process, the heat transfer is dominated by convection in liquid phase. Cascetta
et al. [81] utilized FLUENT software to simulate the flow and heat transfer in an axisymmetric
tank of cylindrical shape. Incompressible turbulent flow and fully developed forced convec-
tion is adopted in two-phase transient (LTNE-local thermal non-uniform) model to calculate
the temperatures of fluid and solid phases. The porosity of filled bed is also considered
variable in the radial direction and the thermal properties of both phases are related to
temperature. The results agree well with experiments. Sciacovelli et al. [82] used enthalpy
method to analyze the phase change phenomenon. Natural convection is neglected, due to
the fully resolved fluid flow in the liquid phase. The evaluation of melting front as well as the
temperature and velocity fields is studied in details. However, it is concluded that natural
convection significantly affects the phase change process. Also in this paper, the effects of
enhancement of thermal conductivity with the adoption of highly conductive nano-particles
in PCMs are considered. Augment of thermal performance is found, due to the application of
nano-particles. The melting time is reduced by 15% with 4% volume fraction of nano-particles.
Similar results are also found for the heat transfer performance.

4. Conclusions

For the properties of PCMs under research, besides thermal conductivity and phase equilib-
rium, others such as supercooling [83], corrosion [84] and transportation [85] are also charac-
terized and discussed. However, less attention has been paid on the systematic discussion.
This is partly due to the diverse results in different research groups, and sometimes the
conclusions are contradictory. For instance, Teng et al. [86] reported the advantage of multi-
wall carbon nanotubes (MWCNTs) over graphite for effective enhancement of thermal con-
ductivity. However, Choi et al. [87] reported the contrary conclusion. Another case is the
reported results of the same method and the same materials at different ages or by different
groups are sometimes at significant variations. For instance, the heat of fusion for Paraffin Wax
is reported as 173.6 kJ/kg [88] and 266 kJ/kg [89]; the melting temperature of myristic acid is
reported as 49–51�C [90] and 58�C [91].

One of the reasons lies on the lackness of uniform standard or detailed information of prepa-
ration, manufacture and raw materials as well as the diversified methods of properties mea-
surements. As far as thermal conductivity is concerned, researchers can utilize stationary and
non-stationary methods to measure. Even in detailed non-stationary measurement, point-,
linear- or surface- heating source is available for choice. Therefore, it seems difficult to collect
the results in reference to obtain the regular of physical properties for theoretical estimation or
analysis.

In this section, we mainly introduce the progress of property enhancement of PCMs and
performance improvement of LHS unit. The detailed information of reported results is referred
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performance improvement of LHS unit. The detailed information of reported results is referred
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to cited references. It is found that lots of work has been done in the past decades and great
progress has been made. However, there is still some weakness in research. For PCMs, most
research is based on experimental measurement of properties, and less attention has been paid
on the regular summary for theoretical estimation in the future or optimal design of composite
material as well as energy storage unit. As far as LHS unit is concerned, it is the opposite
condition, where most research is based on numerical analysis and less experimental research
is conducted. This may lead to the deviation of the performance of LHS unit in application
from the designed values, especially when the properties of PCMs as well as its composite are
still not clear in details. What is more, the lackness of uniform standard and detailed report on
information of preparation, manufacture and raw materials makes it difficult to collect the
results of different groups and different ages all together.
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Abstract

Along with the heat transfer mechanism for the development of a latent heat storage 
unit (LHSU), the choice of the phase change material (PCM) plays an important role. The 
enviable thermo-physical, kinetic, and chemical properties of PCM with the economy is 
an essential criterion for efficient thermo-economical LHSU. The most important criteria 
that have limited widespread use of LHSU are the useful life of phase change materials. 
For long term performance of LHSU, the PCM used in the system should be thermally 
stable and reliable. It does not deteriorate its own properties, especially latent heat and 
melting point after a repeated number of thermal cycles. Thus an exhaustive literature 
survey is carried out for different types of PCMs used. The primary objective of this 
chapter is to carry out a critical review of thermal stability of different group of PCM 
especially for low temperature applications. Further, an extensive list of different PCMs 
which are undergone thermal cyclic tests by different researchers is prepared. This infor-
mation is towards the selection of reliable PCM for latent heat storage unit.

Keywords: thermal stability, thermal cycles, differential scanning calorimeter,  
phase change material, latent heat

1. Introduction

Energy plays a major role in the economic prosperity and the technological competitiveness 
of the nation. Rapid development has led to huge demand for energy. The resource augmen-
tation and growth in energy supply have failed to meet the ever increasing demands exerted 
by the multiplying population, rapid urbanization and progressing economy. In order to 
conserve energy and reduce dependency on fossil fuels and also to reduce the greenhouse 
gas emission, it is essential to develop efficient and inexpensive energy storage system [1]. 
Energy storage systems eliminate shortage between supply and demand and also exhilarate 
energy system performance and reliability. The energy storage can substantially reduce the 
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total energy consumption when integrated to sustainable energy sources such as solar energy, 
wind energy, waste heat recovery, biogas etc. And hence, conserve indigenous conventional 
energy sources. The thermal energy storage (TES) is also popular now and acts as a crucial 
aspect in engineering applications. TES may comprise sensible storage systems (energy stor-
age by single phase heating and cooling), latent heat storage (energy storage by two phase 
melting and solidification) and thermochemical heat storage (energy storage by reversible 
chemical interactions between reactive components). The sensible heat storage (SHS) systems 
are widely used for low temperature solar thermal applications. However, SHS systems 
require a large storage volume for small temperature swing. The latent heat storage (LHS) 
systems stand out due to high storage density and nearly isothermal phase change [1–4].

The thermal energy storage materials used for LHS systems are also known as phase change 
materials (PCM). Telkes and Raymond [6] are pioneers to study PCM. A wide range of phase 
change materials with myriad melting points have been identified and studied exhaustively. 
These PCMs can be categorized as organic (paraffins and fatty acids), inorganics (salt hydrates 
and metallic) and eutectic combination of organic and/or inorganic materials. A detailed clas-
sification of PCM for latent heat storage applications is given in Figure 1.

Figure 2. Phase-change materials in their original states, (a) paraffin wax, (b) stearic acid, (c) sodium hydroxide.

Figure 1. Classification of PCMs [5].

Phase Change Materials and Their Applications38

Figure 2 shows a sample of paraffin wax (paraffin), stearic acid (fatty acid) and sodium 
hydroxide (salt hydrate) in their original states, respectively.

2. Properties of PCM

Successful utilization of the latent heat storage unit (LHSU) depends considerably on the 
selection of the PCM, which plays an important role in development of LHSU. The feasibility 
of using a particular PCM for an LHSU is based on some desirable thermo-physical, kinetic, 
and chemical properties of the PCM. These desirable thermal, physical, kinetic, chemical and 
economical properties of PCM are listed below in Table 1.

As no single material can have all the required properties for an ideal thermal storage media, 
one has to use the available material and try to make up for the poor physical properties 
by an appropriate system design. Thus, selection of appropriate PCM is a challenge to the 
researchers.

Thermal properties • Suitable melting point for particular application

• High latent heat of fusion per unit volume

• High thermal conductivity of solid and liquid phases for better heat transfer

• Higher specific heat for additional sensible heat storage

Physical properties • Favorable phase equilibrium

• High density for smaller container volume

• Small volume change during phase transition

• Low vapor pressure to reduce the containment problem

• Reproducibility in the congruent during entire thermal cycle

Kinetic properties • Little or no supercooling during freezing (Supercooling of more than a few degrees 
interferes with proper heat extraction)

• High rates of nucleation and high rate of crystal growth. i.e., the melt should crystallize at its 
thermodynamic freezing point.

• Effective heat transfer, especially at isothermal conditions

Chemical 
properties

• No degradation after a number of freeze/melt cycle

• Non-corrosiveness to the construction material

• No chemical decomposition

• No toxicity

• Nonpoisonous, non-flammable, non-polluting and non-explosive

Economic criteria • Available in plenty

• Inexpensive

• Ease recycling and treatment

Table 1. Desired properties of PCM [5, 7–10].
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3. Drawbacks of PCM

The commercialization of LHSU is found to be limited due to lack of desirable thermo-physical 
properties. The low thermal conductivity of PCM, variation in thermo-physical properties of 
PCMs under extended cycles, phase segregation, sub cooling, incongruent melting, volume 
change and high cost are primary factors to restrict efficient performance of LHSU. The major 
drawback of LHSU is the lower thermal conductivity and thermal stability of the PCM. This 
is typically between 0.15 and 0.3 W/mK for organic materials and between 0.4 and 0.7 W/mK  
for salt hydrates [11]. The effect of the lower value of conductivity is reflected during energy 
retrieval or withdrawal with an appreciable temperature drop during the process. As a result, 
the rate of phase change process (melting/solidification of PCM) has not been up to the 
expected level. In a nutshell, adequate amount of energy may be available, but the system may 
not be able to use it at the required rate.

Further, the selection of using phase change material in any latent energy storage system is 
based on desirable thermo-physical, kinetic, and chemical properties in addition to economic 
criteria. However, each class of PCM has its own characteristics, applications, advantages, 
and limitations. As no single material can have all the required properties for an ideal thermal 
storage media, one has to optimize between the desired thermal performances and the cost. 
The economic criterion for employing a PCM in a system depends on the life and cost of the 
storage material. Hence, in order to ensure long term performance and economic feasibility of 
latent heat storage systems a comprehensive knowledge of thermal stability of the PCMs as 
functions of the repeated number of thermal cycles is essential.

4. Thermal stability of PCM

The PCMs may degrade with repetition of storage cycles. A large degradation in terms of 
thermo-physical properties with time is not desirable for any PCM. If it is thermally, chemi-
cally and physically stable after a repeated number of thermal cycles of operation, then PCM 
is said to be reliable. It does not deteriorate its own properties, especially latent heat and 
melting point after a repeated number of thermal cycles. A PCM is thermally stable for latent 
heat storage applications if it ensures negligible change in the melting point and latent heat 
of fusion after a large number of thermal cycles of operation. The commercial grade PCMs 
are widely preferred for the latent heat storage system due to large scale availability and low 
cost. However, it has always been noted that the thermo-physical properties and behavior of 
commercial grade materials are found to be very different from those quoted in the literature 
for laboratory grade materials (purity more than 99%). The influence of number of thermal 
cycles on the melting temperature and latent heat of fusion for commercial grade PCMs is 
thus required to be evaluated before their selection for a particular application.

Thus, the thermal stability test of PCMs should be performed prior to its actual applications. 
The previous literature addresses preparation, leakage, thermal conductivity and thermal 
storage properties of PCMs exhaustively. However, the reports on the thermal stability and/or 
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reliability of PCMs are found to be relatively inadequate. Till now, two major review papers 
are found in the literatures which emphasize the importance of thermal stability. Rathod and 
Banerjee [5] presents lists of PCMs for which thermal cycling test was carried out by different 
researchers and reported in the literature. Ferrer et al. [12] also presents a list of different 
PCMs undergone thermal cycling test. They also focus on the methodologies used by the 
different researchers, along with the equipment used and the analytical conditions in which 
the tests were carried out. Thus a lucid review of different low temperature PCMs for which 
thermal stability tests were carried out and reported in the literature is presented here.

4.1. Thermal stability test

A LHSU integrated with solar thermal systems undergo at least one melt/freeze thermal cycle 
a day, also known as normal cycle. This thermal cycle test can be established using different 
equipment like thermostatic chamber/bath, thermal bath, electric hot plate, constant tempera-
ture oven, etc. Other more specific equipment for thermal cycle test is thermal cycler which is 
most commonly used in biomedical applications [12]. Such thermal cycle tests carried out under 
controlled conditions in the laboratory are also known as accelerated thermal cycle tests [13, 14].  
A small quantity sample of tested PCM is withdrawn after each specified number of ther-
mal cycles for measuring the thermo-physical properties i.e. melting point and latent heat of 
fusion of the PCM.

The differential scanning calorimeter (DSC) is widely used in the laboratory to measure the 
melting temperature and heat of fusion of PCM. DSC works on a thermo-analytical principle. 
In this technique, the difference in the amount of heat required to raise the temperature of 
a sample and a reference is obtained as a function of temperature. During this process, it 
is required to maintain nearly the same temperature of the sample and reference. The heat 
capacity over the range of temperatures of a reference sample should be well-defined in prior. 
The alumina (Al2O3) is most recommended reference material for DSC analysis of PCM [9].

During DSC analysis, heat is supplied to both the sample and reference material. The heat 
is provided in such a manner that the temperature of the sample and reference material is 
maintained constant. When the sample undergoes a physical transformation such as phase 
transitions, more or less amount of heat will be required by the sample than the reference mate-
rial for maintaining the same temperature. The requirement of less or more heat flow to the 
sample depends on whether the process is exothermic or endothermic [15–17]. By observing 
the difference in heat flow between the sample and reference, the amount of heat absorbed 
or released during such transitions is established by DSC. A plot between heat flow and tem-
perature, known as DSC curve, is then drawn. Latent heat of fusion is calculated using the area 
under the peak of that curve. The phase transition temperature is taken as the onset obtained by 
line fitting of the rising part of the peak. The phase transition range is calculated between onset 
temperature and temperature corresponding to the peak of the curve. This range is commonly 
known as the “mushy zone” during which the PCM first softens and then melts. In this way 
the melting point and latent heat of fusion can be obtained with the use of DSC. The observed 
changes in these properties after a number of repeated thermal cycles can establish the stability 
of the PCM.
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Figure 3 shows the DSC curve for a sample PCM, i.e. paraffin wax. The obtained temperature 
range of paraffin is 52.9–60.0°C. As area under the curve is 383.967 mJ and mass of sample 
is 3 mg, latent heat of fusion is 127.989 J/g. In order to analyze the changes in latent heat of 
fusion and phase transition temperature, a relative percentage difference is obtained after 
every specified thermal cycle, i.e. 50th or 100th. The relative percentage difference (RPD) of 
any property i of the PCM at any number of cycles n and the 0th cycle may be defined as [19]:

  RPD =   
 X  n,i   −  X  0,i   ______  X  0,i  

   × 100 (%)   (1)

where Xn,i denotes to the values of onset and peak temperatures and the latent heat of the 
PCM after n cycles and X0,i are the values of these quantities at 0th cycle. A critical review is 
carried out for thermal stability of different group of PCM with number of thermal cycles.

5. Thermal stability of PCM: a review

The thermal stability test carried out by various researchers on different groups of PCMs is 
discussed in this section.

5.1. Organic PCMs

This class of materials covers the wide range of melting temperature, i.e. between 0°C and 
about 200°C. The most of organic PCMs are not stable at higher temperatures because of the 

Figure 3. DSC measurement of the latent heat of fusion and the melting temperature of paraffin [18].
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covalent bonds. In most cases, the density of organic PCM is lesser than that of inorganic 
materials, i.e., less than 103 kg/m3 [10]. Therefore, organic materials usually have smaller 
latent heat of fusion per volume than inorganic materials. Merits and demerits of the organic 
PCMs are as follows [5, 8].

Merits

• Available in large temperature range

• High latent heat of fusion

• Less supercooling (also called self-nucleation)

• Melt and freeze repeatedly without phase segregation

• Congruent phase transition process

• High thermal stability

• Non-corrosive

Demerits

• Lower thermal conductivity inherently

• Lower density of material

• Least compatible with plastic containments

• Combustible

• Costly

Organic PCMs are further divided in the group of paraffins and non-paraffins.

5.1.1. Paraffins

The natural paraffins are a mixture of pure alkanes, which have quite a wide range of the 
phase change temperature. The chemical formula of normal paraffins is CnH2n + 2. They are 
straight chain saturated hydrocarbons with melting temperature range from 23 to 67°C. The 
chemical structure of paraffins is as shown in the Figure 4.

Paraffin wax is the most commonly used commercial organic heat storage PCM. Their vol-
ume increase upon melting is in the order of 10 vol.%. However, it is less critical because 
paraffins build up smaller forces upon expansion as they are softer. Paraffins are insoluble 
in water. They do not react with most common chemical reagents [10]. Many researchers 
have reported that paraffins are favorable because they are with the high heat of fusion, less 
supercooling and stable behavior. Paraffins are comparatively less costly and widely avail-
able. These PCMs are ecologically harmless and non-toxic [27, 28]. A list of paraffins studied 
by different researchers for stability test is given in Table 2. It can be observed that majority 
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This class of materials covers the wide range of melting temperature, i.e. between 0°C and 
about 200°C. The most of organic PCMs are not stable at higher temperatures because of the 

Figure 3. DSC measurement of the latent heat of fusion and the melting temperature of paraffin [18].
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covalent bonds. In most cases, the density of organic PCM is lesser than that of inorganic 
materials, i.e., less than 103 kg/m3 [10]. Therefore, organic materials usually have smaller 
latent heat of fusion per volume than inorganic materials. Merits and demerits of the organic 
PCMs are as follows [5, 8].

Merits

• Available in large temperature range

• High latent heat of fusion

• Less supercooling (also called self-nucleation)

• Melt and freeze repeatedly without phase segregation

• Congruent phase transition process

• High thermal stability

• Non-corrosive

Demerits

• Lower thermal conductivity inherently

• Lower density of material

• Least compatible with plastic containments

• Combustible

• Costly

Organic PCMs are further divided in the group of paraffins and non-paraffins.

5.1.1. Paraffins

The natural paraffins are a mixture of pure alkanes, which have quite a wide range of the 
phase change temperature. The chemical formula of normal paraffins is CnH2n + 2. They are 
straight chain saturated hydrocarbons with melting temperature range from 23 to 67°C. The 
chemical structure of paraffins is as shown in the Figure 4.

Paraffin wax is the most commonly used commercial organic heat storage PCM. Their vol-
ume increase upon melting is in the order of 10 vol.%. However, it is less critical because 
paraffins build up smaller forces upon expansion as they are softer. Paraffins are insoluble 
in water. They do not react with most common chemical reagents [10]. Many researchers 
have reported that paraffins are favorable because they are with the high heat of fusion, less 
supercooling and stable behavior. Paraffins are comparatively less costly and widely avail-
able. These PCMs are ecologically harmless and non-toxic [27, 28]. A list of paraffins studied 
by different researchers for stability test is given in Table 2. It can be observed that majority 
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of paraffins which is tested for thermal cycles are with melting temperature in the range of 
45–60°C. Further, it noticed from the literature that paraffins do not degrade in their thermal 
properties even after number of thermal cycles.

5.1.2. Non-paraffins

Non-paraffins are the most studied and favorable PCMs for the researchers. These organic 
materials can be further categorized in subgroups of fatty acids and other non-paraffin organ-
ics (i.e., esters, alcohol, glycols, etc.). Due to the availability in suitable phase change tempera-
ture and high heat of fusion, fatty acids are the most potential PCM among all non-paraffins. 
A fatty acid is characterized by the formula CH3(CH2)2nCOOH.The chemical structure of 
fatty acid is shown in Figure 5. Fatty acids are easily producible from common vegetable 
and animal oils and thus provide an assurance of continuous supply despite the shortage 
of fuel sources [29–33]. The fatty acids are thermally stable after repeated melting/freezing 
cycles because they consist of only one component there cannot be phase separation. Table 3 
provides a list of non-paraffins studied for thermal stability.

Sr. no. PCMs Thermal cycles Reference

1. Paraffin (70 wt%) + Polypropylene (30 wt%) 3000 Alkan et al. [20]

2. Paraffin (C22.2H44.1) (technical grade) 900 Hadjieva et al. [21]

3. Paraffin (C23.2H48.4) (technical grade) 900 Hadjieva et al. [21]

4. Paraffin wax 53 (commercial grade) 300 Sharma et al. [14]

1500 Sharma et al. [22]

1000 Silakhori et al. [23]

5. Paraffin wax 54 1500 Shukla et al. [24]

6. Paraffin wax 58–60 600 Shukla et al. [24]

7. Paraffin wax 60–62 600 Shukla et al. [24]

8. n-heptadecane/Poly methyl methacrylate (C17H36) 5000 Sari et al. [25]

9. n-eicosane (C20) 1000 Karaipekli et al. [26]

Table 2. Thermal cycled paraffins.

Figure 4. Chemical structure of paraffins.
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5.2. Thermal stability of inorganic PCMs

Inorganic materials are also available in a wide range of temperature. Inorganic materials 
usually have similar latent heat of fusion per mass compared to organic materials. However, 
latent heat of fusion per volume is higher due to their high density. Merits and demerits of the 
inorganic PCMs are as follows [5, 8].

Merits

• High volumetric latent heat storage capacity

• Sharp melting point

• Low vapor pressure in the melt state

• High thermal conductivity

• Relatively low volume change

• Noncorrosive, nonreactive and nonflammable

• Better compatibility with the conventional construction materials

• Low cost and readily available

Demerits

• Supercooling

• Low degree of nucleation

• Dehydration occurs during the phase change process

• Compatibility with some building materials is limited

• Corrosive with some metals

• Slightly toxic in nature

The family of inorganic materials includes salt hydrates and metallic PCMs.

Figure 5. Chemical structure of fatty acid.

Phase Change Materials and Their Applications
http://dx.doi.org/10.5772/intechopen.75923

45



of paraffins which is tested for thermal cycles are with melting temperature in the range of 
45–60°C. Further, it noticed from the literature that paraffins do not degrade in their thermal 
properties even after number of thermal cycles.

5.1.2. Non-paraffins

Non-paraffins are the most studied and favorable PCMs for the researchers. These organic 
materials can be further categorized in subgroups of fatty acids and other non-paraffin organ-
ics (i.e., esters, alcohol, glycols, etc.). Due to the availability in suitable phase change tempera-
ture and high heat of fusion, fatty acids are the most potential PCM among all non-paraffins. 
A fatty acid is characterized by the formula CH3(CH2)2nCOOH.The chemical structure of 
fatty acid is shown in Figure 5. Fatty acids are easily producible from common vegetable 
and animal oils and thus provide an assurance of continuous supply despite the shortage 
of fuel sources [29–33]. The fatty acids are thermally stable after repeated melting/freezing 
cycles because they consist of only one component there cannot be phase separation. Table 3 
provides a list of non-paraffins studied for thermal stability.

Sr. no. PCMs Thermal cycles Reference

1. Paraffin (70 wt%) + Polypropylene (30 wt%) 3000 Alkan et al. [20]

2. Paraffin (C22.2H44.1) (technical grade) 900 Hadjieva et al. [21]

3. Paraffin (C23.2H48.4) (technical grade) 900 Hadjieva et al. [21]

4. Paraffin wax 53 (commercial grade) 300 Sharma et al. [14]

1500 Sharma et al. [22]

1000 Silakhori et al. [23]

5. Paraffin wax 54 1500 Shukla et al. [24]

6. Paraffin wax 58–60 600 Shukla et al. [24]

7. Paraffin wax 60–62 600 Shukla et al. [24]

8. n-heptadecane/Poly methyl methacrylate (C17H36) 5000 Sari et al. [25]

9. n-eicosane (C20) 1000 Karaipekli et al. [26]

Table 2. Thermal cycled paraffins.

Figure 4. Chemical structure of paraffins.

Phase Change Materials and Their Applications44

5.2. Thermal stability of inorganic PCMs

Inorganic materials are also available in a wide range of temperature. Inorganic materials 
usually have similar latent heat of fusion per mass compared to organic materials. However, 
latent heat of fusion per volume is higher due to their high density. Merits and demerits of the 
inorganic PCMs are as follows [5, 8].

Merits

• High volumetric latent heat storage capacity

• Sharp melting point

• Low vapor pressure in the melt state

• High thermal conductivity

• Relatively low volume change

• Noncorrosive, nonreactive and nonflammable

• Better compatibility with the conventional construction materials

• Low cost and readily available

Demerits

• Supercooling

• Low degree of nucleation

• Dehydration occurs during the phase change process

• Compatibility with some building materials is limited

• Corrosive with some metals

• Slightly toxic in nature

The family of inorganic materials includes salt hydrates and metallic PCMs.

Figure 5. Chemical structure of fatty acid.

Phase Change Materials and Their Applications
http://dx.doi.org/10.5772/intechopen.75923

45



Sr. 
no.

PCM Thermal 
cycles

Reference

1. Acetamide

(CH3CONH2)

300 Sharma et al. [14]

1500 Sharma et al. [22]

2. Acetanilide

(C8H9NO)

500 El-Sebaii et al. [34]

3. Benzamide 1000 Dheep and Shreekumar [35]

4. Capric acid (55 wt%) + Expanded perlite (45 wt%) 5000 Sarı and Karaipekli [31]

5. Erythritol 1000 Shukla et al. [24]

6. Lauric acid

(C11H23COOH)

120 Abhat and Malatidis [36]

1200 Sarı [37]

910 Sari and Kaygusuz [30]

7. Methyl palmitate 50 Nikolic et al. [38]

8. Methyl stearate 50 Nikolic et al. [38]

9. Myristic acid

(C13H27COOH)

450 Hasan and Sayigh [39]

1200 Sarı [37]

910 Sari and Kaygusuz [30]

10. Palmitic acid

(C15H31COOH)

120 Abhat and Malatidis [36]

450 Hasan [40]

1200 Sarı [37]

910 Sari and Kaygusuz [30]

11. Palmitic acid (80 wt%) + Expanded graphite (20 wt%) 3000 Sarı and Karaipekli [32]

12. Palmitic acid-TiO2 composite 1500 Sharma et al. [41]

13. Stearic acid

(C17H35COOH)

450 Hasan [42]

300 Sharma et al. [14]

1200 Sarı [37]

910 Sari and Kaygusuz [30]

1500 Sharma et al. [22]

14. Sebacic acid 1000 Dheep and Shreekumar [35]

15. Urea 50 Sharma et al. [43]

16. D-mannitol 99% 50 Sole et al. [44]

17. Myo-inositol 98% 100 Sole et al. [44]

18. Galactitol 97% 50 Sole et al. [44]

Table 3. Thermal cycled non-paraffins.

Phase Change Materials and Their Applications46

5.2.1. Salt hydrates

The oldest group of PCMs is salt hydrates. Salt hydrates are alloys of members of the inorganic 
salt family (oxides, carbonates, sulfates, and nitrates) with water molecules with a specific 
ratio. The chemical formula for salt hydrates is AB (salt compound).nH2O. The salt hydrates 
show a three dimensional structure which is open enough to absorb and adjust water mol-
ecules inside the crystal lattice. Figure 6 shows the crystal lattice of calcium chloride, which 
easily attracts H2O molecules and forms calcium chloride hexahydrate.

The bonds are usually hydrogen bonds. The location and orientation of water molecules are 
well-defined in the structure. These types of PCMs have sharp transitions at the melt point, 
higher latent heats, smaller density change and have higher thermal conductivities than 
the organics. They have higher densities than the organics. Though these advantages, wide 
spread utilization are limited due to some negative attributes. The most significant issue with 
salt hydrates is their chemical instability. As salt hydrates consist of salt and water, there is a 
tendency to separate it into different phases. They lose some water content after every heating 
cycle. During the melting of salt hydrates dehydrated salts tend to settle out. It is called phase 
separation. The problem of phase separation can be eliminated to a certain extent with the use 
of gelled or thickened mixtures. High degree of supercooling is another major problem. They 
do not start to crystallize at the specified freezing point. The problem of supercooling can be 
eliminated with the use of suitable nucleating agents to start the crystal growth in the storage 
media. Regarding the compatibility with other materials, salts can be corrosive to metals. 
Their safety differs strongly between different salts. The volume change of salt hydrates is 
up to 10 vol.%. They have high thermal conductivity and low cost. Furthermore, some salts 
are chemically aggressive towards structural materials. Due to sharp melting point, higher 

Figure 6. Crystal lattice of calcium chloride [10].

Phase Change Materials and Their Applications
http://dx.doi.org/10.5772/intechopen.75923

47



Sr. 
no.

PCM Thermal 
cycles

Reference
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Table 3. Thermal cycled non-paraffins.
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5.2.1. Salt hydrates

The oldest group of PCMs is salt hydrates. Salt hydrates are alloys of members of the inorganic 
salt family (oxides, carbonates, sulfates, and nitrates) with water molecules with a specific 
ratio. The chemical formula for salt hydrates is AB (salt compound).nH2O. The salt hydrates 
show a three dimensional structure which is open enough to absorb and adjust water mol-
ecules inside the crystal lattice. Figure 6 shows the crystal lattice of calcium chloride, which 
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well-defined in the structure. These types of PCMs have sharp transitions at the melt point, 
higher latent heats, smaller density change and have higher thermal conductivities than 
the organics. They have higher densities than the organics. Though these advantages, wide 
spread utilization are limited due to some negative attributes. The most significant issue with 
salt hydrates is their chemical instability. As salt hydrates consist of salt and water, there is a 
tendency to separate it into different phases. They lose some water content after every heating 
cycle. During the melting of salt hydrates dehydrated salts tend to settle out. It is called phase 
separation. The problem of phase separation can be eliminated to a certain extent with the use 
of gelled or thickened mixtures. High degree of supercooling is another major problem. They 
do not start to crystallize at the specified freezing point. The problem of supercooling can be 
eliminated with the use of suitable nucleating agents to start the crystal growth in the storage 
media. Regarding the compatibility with other materials, salts can be corrosive to metals. 
Their safety differs strongly between different salts. The volume change of salt hydrates is 
up to 10 vol.%. They have high thermal conductivity and low cost. Furthermore, some salts 
are chemically aggressive towards structural materials. Due to sharp melting point, higher 

Figure 6. Crystal lattice of calcium chloride [10].
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thermal conductivity, low cost and abundant in nature, salt hydrates have potential for heat 
storage applications [28]. However, less consideration has given by the researchers due to 
the major issues of it i.e. phase separation and supercooling. A list of salt hydrates tested by 
various researchers for stability along with their melting point and latent heat of fusion is 
shown in Table 4.

The latent heat of fusion of paraffins, fatty acids and salt hydrates whose melting tempera-
tures are within 0–120°C is observed in Figure 7. It is noted that the melting temperature 
range of almost all PCMs is 20–60°C except acetamide, acetanilide, trichlorofluoromethane 
heptadecahydrate, MgCl2·6H2O. Further, it is observed that the latent heat of fusion of these 
PCMs are in the range of 120–225 kJ/kg.

5.2.2. Metal alloy PCMs

This group consists of the low melting metals and metal alloys. This category of PCMs 
is the most underused of all the common PCM categories, perhaps due to the low latent 
heat and weight penalties. However, despite this, the metals exhibit the potential in certain 
applications where the compactness is important. This is due to the fact that it has high 
heat of fusion per unit volume. The metals that can be used in low temperature applica-
tions are cesium, gallium, indium, tin and bismuth, while the metals for high temperature 
applications include zinc, magnesium, aluminum and their alloys [10]. The researchers are 
attracted to these PCMs at some extend because of higher thermal conductivities and high 

Sr. 
no.

PCMs Thermal 
cycles

Reference

1. Calcium chloride hexahydrate

(CaCl2·6H2O)

1000 Kimura and Kai [45]

1000 Fellchenfeld et al. [46]

5650 Porisini [47]

1000 Tyagi et al. [48]

2. Glauber’s salt (Na2SO4·10H2O) 320 Marks [49]

5650 Porisini [47]

3. Magnesium chloride hexahydrate (MgCl2·6H2O) 500 El-Sebaii et al. [34]

1000 El-Sebaii et al. [19]

4. Na2SO4·nH2O 1000 Ting et al. [50]

5. Na2SO4·1/2NaCl.10H2O 5650 Porisini [47]

6. NaOH·3.5H2O 5650 Porisini [47]

7. Sodium acetate trihydrate

(NaCH3COO·3H2O)

500 Wada et al. [51]

100 Kimura and Kai [52]

8. Trichlorofluoromethane heptadecahydrate (CCl3F·17H2O) 100 Kimura and Kai [53]

Table 4. Thermal cycled salt hydrates.
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physical and chemical stability. Sun et al. [54] established the thermal stability and corro-
sion characteristics of the PCM, i.e. Al–34% Mg–6% Zn alloy. The melting temperature is 
454°C and latent heat of fusion is 314.4 kJ/kg. Thermal stability test was carried out for 1000 
thermal cycles. The change in melting temperature of this alloy was observed in the range of 
3.06–5.3°C after 1000 thermal cycles. The latent heat of fusion is also decreased only 10.98% 
after 1000 thermal cycles.

Figure 7. Latent heat of fusion of paraffins, fatty acids and salt hydrates undergoing a phase transition within the 
temperature range 0–120°C [5].

Sr. 
no.

PCM Thermal 
cycles

Reference

1. CaCl2·6H2O (80 mol%) + CaBr2·6H2O (20 mol%) 1000 Kimura and Kai [56]

2. CaCl2·6H2O (93 wt%) + Ca(NO3)2 ·4H2O (5 wt%) + Mg(NO3)2 ·6H2O 
(2 wt%)

1000 Kimura and Kai [56]

3. CaCl2·6H2O (96 wt%) + KNO3 (2 wt%) + KBr (2 wt%) 1000 Kimura and Kai [56]

4. CaCl2·6H2O (96 wt%) + NH4NO3 (2 wt%) + NH4Br (2 wt%) 1000 Kimura and Kai [56]

5. NaCH3COO·3H2O (90 wt%) + NaBr·2H2O (10 wt%) 1000 Kimura and Kai [52]

6. NaCH3COO·3H2O (85 wt%) + NaHCOO·3H2O (15 wt%) 1000 Kimura and Kai [52]

7. Mg(NO3)2·6H2O (93 wt%) + MgCl2·6H2O (7 wt%) 1000 Nagano et al. [57]

Table 5. Thermal cycled inorganic eutectics.
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5.3. Thermal stability of eutectics

A eutectic is a congruent composition of two or more components, each of which melts and 
freezes as a single compound. The eutectic PCM can be a mixture of two or more compounds 
of either organic materials, inorganic materials or both. The mixture of these compound forms 

Sr. 
no.

PCM Thermal 
cycles

Reference

1. Ammonium alum (NH4Al(SO4)2·12H2O)(15%) + ammonium nitrate 
(NH4NO3)(85%)

1100 Jotshi et al. [58]

2. Butyl stearate (49 wt%) + Butyl palmitate (48 wt%) + Other (3 wt%) 100 Feldman et al. [59]

3. Capric acid (65 mol%) + Lauric acid (35 mol%) 120 Dimaano and Escoto 
[60]

360 Shilei et al. [61]

4. Capric acid (73.5 wt%) +

Myristic acid (26.5 wt%)

5000 Karaipekli et al. [62]

5. Capric acid (83 wt%) +

Stearic acid (17 wt%)

5000 Karaipekli et al. [63]

6. Caprylic acid (70 wt%) + 1-dodecanol (30 wt%) 120 Zuo et al. [64]

7. Lauric acid (66 wt%) +

Myristic acid (34 wt%)

1460 Sari [65]

8. Lauric acid (69 wt%) +

Palmitic acid (31 wt%)

1460 Sari [37]

9. Lauric acid (75.5 wt%) +

Stearic acid (24.5 wt%) +

360 Sarı et al. [66]

10. Lauric acid (77.05 wt%) + Palmitic acid (22.95 wt%) 100 Zhang et al. [29]

11. Methyl stearate (86 wt%) + Methyl palmitate (14 wt%) 50 Nikolic et al. [38]

12. Methyl stearate (91 wt%) + Cetyl palmitate (9 wt%) 50 Nikolic et al. [38]

13. Methyl stearate (91 wt%) + Cetyl stearate (9 wt%) 50 Nikolic et al. [38]

14. Myristic acid (58 wt%) + Palmitic acid (42 wt%) 360 Sarı et al. [66]

15. Myristic acid (64 wt%) +

Stearic acid (36 wt%)

1460 Sari [65]

16. Myristic acid + Glycerol 1000 Sarı et al. [67]

17. Palmitic acid (64.2 wt%) + Stearic acid (35.8 wt%) 360 Sarı et al. [66]

18. Palmitic acid + Glycerol 1000 Sarı et al. [67]

19. Stearic acid + Glycerol 1000 Sarı et al. [67]

20. Tetradodecanol (53.60 wt%) + Lauric acid (46.40 wt%) 1000 Jingyu et al. [68]

21. Tetradodecanol (71.84 wt%) + Myristic acid (28.16 wt%) 1000 Jingyu et al. [68]

Table 6. Thermal cycled organic eutectics.
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a crystal during crystallization. They melt and freeze to an intimate mixture of crystals simul-
taneously without separation [55]. The primary issue with these compounds is the cost. They 
are two or three times costlier than organic or inorganic PCMs.

Myriad eutectics can be produced for any preferred melting point for thermal energy stor-
age systems. However, only limited data are available on their thermo-physical properties of 
these eutectics as the use of these materials is very new to thermal storage applications. Some 
of the inorganic and organic eutectics which were produced and studied for thermal stability 
by earlier investigators are listed in Tables 5 and 6 respectively.

It can be noted that the most developed eutectics proposed as PCM were tailored from fatty 
acids and salt hydrates respectively. The recent research is more focused to organic eutectics, 
considering the phase separation and super cooling issues of the salt hydrates. It is observed that 
the thermal stability test was carried out for most of the eutectics for at least 1000 thermal cycles.

Figure 8 shows the latent heat of fusion of eutectics having melting temperature within a 
temperature range of 0–80°C. The most of the organic eutectics have melting point and latent 
heat of fusion are in the range of 20–60°C and 150–200 kJ/kg respectively. Also, the inorganic 
eutectics developed from calcium chloride hexahydrate has melting point near 20°C and 
latent heat of fusion below 150 kJ/kg. It can be noted that the eutectic developed from methyl 
stearate and methyl palmitate has higher latent heat of fusion out of all eutectics.

Figure 8. Latent heat of fusion per unit mass of eutectics undergoing a phase transition within the temperature range 
0–100°C [5].
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5.3. Thermal stability of eutectics

A eutectic is a congruent composition of two or more components, each of which melts and 
freezes as a single compound. The eutectic PCM can be a mixture of two or more compounds 
of either organic materials, inorganic materials or both. The mixture of these compound forms 

Sr. 
no.

PCM Thermal 
cycles

Reference

1. Ammonium alum (NH4Al(SO4)2·12H2O)(15%) + ammonium nitrate 
(NH4NO3)(85%)

1100 Jotshi et al. [58]

2. Butyl stearate (49 wt%) + Butyl palmitate (48 wt%) + Other (3 wt%) 100 Feldman et al. [59]

3. Capric acid (65 mol%) + Lauric acid (35 mol%) 120 Dimaano and Escoto 
[60]

360 Shilei et al. [61]

4. Capric acid (73.5 wt%) +

Myristic acid (26.5 wt%)

5000 Karaipekli et al. [62]

5. Capric acid (83 wt%) +

Stearic acid (17 wt%)

5000 Karaipekli et al. [63]

6. Caprylic acid (70 wt%) + 1-dodecanol (30 wt%) 120 Zuo et al. [64]

7. Lauric acid (66 wt%) +

Myristic acid (34 wt%)

1460 Sari [65]

8. Lauric acid (69 wt%) +

Palmitic acid (31 wt%)

1460 Sari [37]

9. Lauric acid (75.5 wt%) +

Stearic acid (24.5 wt%) +

360 Sarı et al. [66]

10. Lauric acid (77.05 wt%) + Palmitic acid (22.95 wt%) 100 Zhang et al. [29]

11. Methyl stearate (86 wt%) + Methyl palmitate (14 wt%) 50 Nikolic et al. [38]

12. Methyl stearate (91 wt%) + Cetyl palmitate (9 wt%) 50 Nikolic et al. [38]

13. Methyl stearate (91 wt%) + Cetyl stearate (9 wt%) 50 Nikolic et al. [38]

14. Myristic acid (58 wt%) + Palmitic acid (42 wt%) 360 Sarı et al. [66]

15. Myristic acid (64 wt%) +

Stearic acid (36 wt%)

1460 Sari [65]

16. Myristic acid + Glycerol 1000 Sarı et al. [67]

17. Palmitic acid (64.2 wt%) + Stearic acid (35.8 wt%) 360 Sarı et al. [66]

18. Palmitic acid + Glycerol 1000 Sarı et al. [67]

19. Stearic acid + Glycerol 1000 Sarı et al. [67]

20. Tetradodecanol (53.60 wt%) + Lauric acid (46.40 wt%) 1000 Jingyu et al. [68]

21. Tetradodecanol (71.84 wt%) + Myristic acid (28.16 wt%) 1000 Jingyu et al. [68]

Table 6. Thermal cycled organic eutectics.
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The equipment used to carry out thermal cycle test for different sample of PCMs are ther-
mostatic chamber, thermal bath, electric hot plate, thermal box with heater and cooler, two 
thermostatic bath, etc. Most researchers have used have used thermostatic chamber setup to 
cycle the sample. However, there are vast varieties of equipments through which thermal 
cycle test will be carried out. There is no standard rule or format for selection of the equip-
ment to conduct thermal cycles. The selection of the equipment is based on its availability, 
cost and rapidity of thermal cycles required.

6. Concluding remarks

It is required to make sure thermal stability of PCM after repeated number of thermal 
cycles for long term performance of latent heat energy storage unit. The PCM is most 
thermally stable and reliable, if the change in its thermo-physical properties, especially 
latent heat and melting point PCM is negligible after repeated number of thermal cycles. 
The following conclusions are drawn from the analysis of literature related to thermal 
stability of PCMs.

1. The differential scanning calorimetry (DSC) technique is the most common method to 
measure thermal properties of PCM i.e. melting point and latent heat of fusion. It is also 
noted that baring a few exception, no measurements were performed to establish the tem-
perature dependent properties like specific heat, thermal conductivity etc. of PCMs. The 
thermal stability with respect to these temperature dependence parameters should also be 
observed after repeated number of thermal cycles.

2. It is found that most studied PCMs are those whose melting temperature and latent heat 
of fusion are in the range of 40–60°C and 150–225 kJ/kg respectively. However, most of the 
salt hydrates analyzed by the researchers has melting point near 20–30°C.

3. Paraffins are perhaps the most popular type of PCM as they are available in wide range 
of phase transition temperature. As paraffin melts more slowly over a wide range of tem-
peratures, it is preferable to speak of a melt range instead of melting temperature. Fatty 
acids are prospective PCMs as they are produced from common vegetable and animal oils 
which ensure continuous supply even during shortage of fuel sources. The most analyzed 
fatty acids are stearic acid, lauric acid, myristic acid, capric acid and palmitic acid. It is also 
observed that organic PCM have better thermal stability after number of thermal cycles.

4. The major issues with the salt hydrates are phase separation and subcooling. In most cases 
phase separation can be overcome using a gelling additive. In order to suppress subcool-
ing, a suitable nucleating material has to be added to the PCM to ensure that the solid 
phase is formed with little subcooling.

5. Many researchers focus on development of new eutectic type PCMs in spite of pure com-
pounds since last decade. It is also observed here that almost all eutectic PCMs analyzed 
for thermal cycling test are made from fatty acids which give the melting temperature 
range and latent heat of fusion between 20 and 60°C and 150–200 kJ/kg respectively.
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Abstract

Latent heat thermal energy storage systems (LHTESS) are versatile due to their heat 
source at constant temperature and heat recovery with small temperature drop. In this 
context, latent heat thermal energy storage system employing phase change material 
(PCM) is the attractive one due to high-energy storage density with smaller temperature 
difference between storing and releasing functions. PCMs are generally possessed with 
low thermal conductivity, which leads to decreased rates of heat storage and extraction 
during melting and crystallization process. However, the low thermal conductivity of 
paraffin limits its use as a thermal energy storage material. In this chapter, experiments 
are conducted to investigate the enhancement of thermal conductivity of paraffin wax by 
adding alumina nanoparticles. Stable composites containing 5 and 10 vol% nanoparticles 
in paraffin were prepared by intense sonification. The thermophysical properties of the 
alumina nanoparticle enhanced paraffin (ANEP) specifically the melting and freezing 
temperature, latent heat, thermal conductivity, and dynamic viscosity were measured 
and compared with paraffin wax. These results as well as the thermal conductivity and 
dynamic viscosity variations with respect to temperature and nanoparticle volume con-
centration are discussed. Comparison of predicted Maxwell’s model of a recent study 
shows higher enhancement than the Arasu predicted Maxwell’s model.

Keywords: melting, solidification, latent heat, thermal conductivity, nanoparticle, phase 
change material

1. Introduction

Thermal energy storage technology has been garnering tremendous attention during the past 
two decades. In general, the thermal energy storage techniques exploit latent heat, sensible 
heat, and thermo-chemical. Among the aforementioned three types, latent heat thermal energy 
storage which employs phase change material is praiseworthy owing to its advantageous 
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characteristics, such as high storage density and nearly isothermal operating characteristics 
during the phase change process [1–5]. Consequently, it owns versatile applications in the 
fields of solar energy utilization, waste heat recovery, and active and passive cooling of elec-
tronic devices. Among the investigated PCMs, paraffin wax is regarded as the most promising 
phase change material because of its desirable characteristics such as large latent heat, minimal 
volume change, chemical stability, no phase segregation, nontoxicity, and commercial avail-
ability at low cost [6]. Inspite of these desirable properties of paraffin wax, the low thermal 
conductivity (0.21–0.24 W/m K) is its major drawback. Different approaches have been used 
to enhance the thermal conductivity of PCM, such as dispersion of high thermal conductive 
materials into PCMs, encasing the PCM within finned tubes, and impregnation of porous 
materials like carbon and metal foams [7]. Dispersing nanoparticles in paraffin has the poten-
tial to improve the thermal conductivity, thereby significantly improving its thermal energy 
storage characteristics. Zeng et al. [8] investigated the effect of copper nano wires (Cu NWs) 
dispersed in tetradecanol (TD). The thermal conductivity of the composite PCMs improved 
nine times better than that of pure PCM, when the composite PCM was containing 11.9 vol% 
Cu NWs. In this chapter, emulsion of alumina nanoparticles into melting paraffin wax in differ-
ent volume fractions was prepared to study the thermophysical properties like melting/freez-
ing point, latent heat, thermal conductivity, and dynamic viscosity. Stable composites were 
prepared, and a significant thermal conductivity enhancement is reported in this chapter. The 
distinguishing feature of this chapter is to compare the present thermal conductivity results of 
various volume fractions with the predicted Maxwell model as reported in the literature [9].

2. Preparation of nanocomposite PCMs

In the present study, paraffin wax (Tm = 58–60°C) is employed as PCM owing to its desirable 
properties like chemical stability, nontoxic, high latent heat capacity, etc. Al2O3 nanoparticles 
were purchased from Royal Scientific Suppliers Co. Ltd. The purity of the Al2O3 is 99.5%, and 
the particle size lies in the range of 20–50 nm. Table 1 depicts the physical properties of paraf-
fin wax, alumina nanoparticle [10], and nanocomposite PCM.

Nanocomposite PCMs were prepared by adding different volume fractions of Al2O3 nanopar-
ticles into paraffin wax; however, no surfactant was used. Figure 1 illustrates the steps 
involved in the preparation of composite PCMs with the addition of alumina nanoparticle in 
volume fractions of 5 and 10%. Initially, paraffin wax was heated to a temperature of 80°C, and 
the Al2O3 nanoparticles were then dispersed into the liquid paraffin wax. Suspensions were 
prepared by strong shear mixing at 1000 rpm for 20 min using a magnetic stirrer. The mixture 
was sonicated using an ultrasonic vibrator (Toshiba, India), generating ultrasonic pulses of 
100 W at 36 ± 3 kHz. However, to ensure stability and homogeneity, intense sonication was 
done for a period of 6 hours. The mixture was kept in the liquid state throughout the process 
by maintaining a constant temperature of 65°C. There was no settling observed thereafter, and 
thus, the prepared composites were stable.
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Parameter Alumina nanoparticles Paraffin wax, ϕ = 0 Nanocomposite, ϕ = 10 vol%

Latent heat of fusion, λ

Melting Temperature, Tm

121.9 J/g*

58.9°C*

119.9 J/g*

58.6°C*

Solid density, ρ 3600 kg/m3 860 kg/m3 930.692 kg/m3

Liquid density, ρ — 780 kg/m3

Thermal conductivity, k 40 W/m K 0.24 (s) W/m K

0.15 (l) W/m K

0.42 W/mK @ 59°C

Specific heat, Cp 765 J/kg K 2.9 kJ/kg K (s)

2.1 kJ/kg K (l)

2686 J/kg K

Dynamic Viscosity,μ — 0.205 Ns/m2 0.2188 Ns/m2

*Measured values (DSC)

Table 1. Physical properties of paraffin, alumina nanoparticles, and nanocomposite.

Figure 1. Preparation procedure of latent heat storage nanocomposite made of paraffin wax and alumina.
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3. Thermal stability of nanocomposite PCMs

3.1. Differential scanning calorimetry

The phase change behavior of paraffin and paraffin/alumina composite involves two parameters: 
the latent heat and the phase change temperature, which can be measured by DSC (NETZSCH 
DSC 204) analysis. DSC thermogram of the paraffin and paraffin/alumina composite with 5 and 
10 vol% of alumina nanoparticle is shown in Figure 2a, b, and c. The test results infer that nano-
composite exhibited only a single peak confirming to the solid-liquid transition, and no traces 
of solid-solid secondary peak were observed. These aspects are especially good for PCMs to 
maximize their heat storage and release capabilities at one stretch during melting and freezing 
cycles [11]. In DSC, the main peak represents the phase-change behavior of paraffin and paraf-
fin/alumina composite. Phase change temperature is taken as onset temperature in DSC curve. 
With an increase in the volume fraction of alumina nanoparticle, the phase change temperature 
of paraffin/alumina composite increases and latent heat capacity of paraffin/alumina composite 
reduces compared to paraffin wax (heating curve) as shown in Figure 2b and c. The DSC results 
of paraffin, 5 vol%, and 10 vol% of alumina nanoparticle are presented in Table 2.

The melting temperature of 10 vol% of alumina shifted to 58.6°C, whereas paraffin was 
58.9°C. On the other hand, the freezing temperature of 10 vol% of alumina shifted to 47°C, 
whereas paraffin wax was 44.4°C. The latent solid-liquid phase change for the composites are 
around 121 J/g, which is very close to the value of 124.4 J/g for pure paraffin. This is because 
no chemical reaction takes place between paraffin and nanoparticles in the preparation of 
nanocomposites. This is consistent with observations made by Ho and Gao [12] and Kim and 
Drzal [13]. Nanoparticle dispersions neither agree to affect the melting/freezing behavior nor 
the phase change temperature. The measured and calculated latent heat of paraffin/alumina 
composite is shown in Table 3. Using a simple mixture theory, the latent heat of fusion of the 
composite PCMs is calculated by:

   𝛥𝛥H  eff   =  𝛥𝛥H  m    (1 −  ϕ  v  )   (1)

where ΔHeff and ΔHm stand for the calculated effective latent heat of fusion of composite PCMs 
and the measured latent heat of the fusion of the pure paraffin is 124.4 J/g (obtained by DSC 
at a scan rate of 1°C/min), respectively, and ϕv is the equivalent volume fraction of alumina. 
From Table 3, it is observed that latent heat of composite decreases with increase in volume 
fraction of alumina nanoparticle.

3.2. Comparison of DSC thermograms based on latent heat of nanoparticle 
embedded PCM with present study

3.2.1. Comparison of latent heat of Al2O3 nanoparticles in n-octadecane emulsion with present 
study

DSC thermograms of pure paraffin (C18H38) and Al2O3 nanoparticles in paraffin emulsion in 
various mass fractions 5 and 10 wt% are shown in Figure 3. The latent heat and phase change 
temperature are significantly different for paraffin-alumina emulsion composites.
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Figure 2. (a) DSC thermogram of paraffin wax, (b) DSC thermogram of composite with 5 vol% of alumina nanoparticle, 
and (c) DSC thermogram of composite with 10 vol% of alumina nanoparticle.
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Figure 2. (a) DSC thermogram of paraffin wax, (b) DSC thermogram of composite with 5 vol% of alumina nanoparticle, 
and (c) DSC thermogram of composite with 10 vol% of alumina nanoparticle.
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Volume fraction of alumina, ϕ (%) Phase change latent heat

Calculated value (J/g) Experimental value (J/g)

5 122.85 121

10 121.90 119.9

Table 3. Experimental and calculated values of latent heat of fusion.

PCM/Composite Melting 
temperature, Tm (°C)

Freezing 
temperature, Tf (°C)

Latent heat of 
fusion on heating 
curve (J/g)

Latent heat of fusion 
on cooling curve (J/g)

0 (paraffin wax) 58.9 44.4 121.9 −110.2

5 vol% 56.8 45.8 121 −102

10 vol% 58.6 47 119.9 −111.2

Table 2. Melting/freezing temperatures and latent heat of fusion of paraffin and composite.

Figure 3. DSC thermograms of heating and cooling curves for Al2O3 in paraffin emulsions and pure paraffin (C18H38) in 
the range of 20–40°C [12].
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Table 4 compares the latent heat of fusion of alumina nanoparticles in the n-octadecane emulsion 
with paraffin/alumina composites (scan rate @ 1°C/min). Latent heat of alumina-in-octadecane 
emulsion (HSolid-liquid = 212.3 kJ/kg) decreases with the increase in the mass fraction of alumina 
nanoparticles compared with that of the pure paraffin (HSolid-liquid = 243.1 kJ/kg), and the same 
trend is observed in our present study (Table 2). The measured values of the latent heat capacity 
of composites with 5 and 10 wt% are lower than that of pure paraffin (C18H38) by 7 and 13%, 
whereas the present study of latent heat of fusion of paraffin/alumina nanocomposites is nearly 
8 and 14% for paraffin containing 5 and 10 vol% of alumina nanoparticles.

3.2.2. Comparison of latent heat of 10 wt% CNEP with present study

Figure 4 shows the DSC heating and cooling curve of 10 wt% copper oxide nanoparticle-
enhanced paraffin (CNEP). The heating and cooling curve indicate two phase transition peaks. 

Nanoparticle mass 
fraction (Wp)

Latent heat of fusion on 
heating curve (kJ/kg)

Nanoparticle volume 
fraction (ϕ)

Latent heat of fusion on 
heating curve (J/g)

0 243.1 0 124.4

5 wt% 225.6 5 vol% 114.3

10 wt% 212.3 10 vol% 107.2

Table 4. Comparison of latent heat of fusion of Al2O3—in octadecane emulsion with present study.

Figure 4. DSC thermograms of 10 wt% copper oxide nanoparticle enhanced paraffin [5].
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The primary peak at around 35°C corresponds to the solid-solid phase change in paraffin, and 
the secondary peak at around 55°C corresponds to the solid-liquid phase change. The latent 
heat solid-liquid of 10 wt% copper oxide nanoparticle-enhanced paraffin is 119.3 J/g, which 
is very close to the value of 119.9 J/g for 10 vol% of alumina nanoparticle-enhanced paraffin.

4. Thermophysical properties of nanocomposite PCMs

4.1. Specific heat capacity

The specific heat is one of the important properties and plays an important role in influencing 
heat transfer rate in nanocomposite. Predicted specific heat values (Cp) of the nanocomposite 
for various volume fraction can be calculated using mixture formula Eq. (2), and it is shown 
in Table 5. This formula is valid for homogenous mixtures.

   C  p nanocomposite   =   
 (1 − φ)  (𝜌𝜌C  p       )   bf   +    φ (𝜌𝜌C  p       )   np         ____________________   ρ  ANEP      (2)

As the thermal conductivity of nanocomposites is expected to be higher due to high thermal 
conductivity of Al2O3 particles, the nanocomposites show higher ability to conduct heat. This 
obviously results in lower heat storage capacity. From Table 5, it is depicted that the specific 
heat of nanocomposites decreases, the volume fraction of nanoparticle will be increased.

4.2. Improvement in thermal conductivity of nanocomposite

4.2.1. Thermal conductivity measurement

Thermal conductivity is measured by the procedure given in the literature [14]. However, 
a constant temperature hot water bath was also incorporated to maintain the composite at 
constant temperature to avoid solidification of the samples during the measurement. Thermal 
conductivity measurement of nanocomposite was made by KD2 Pro thermal property ana-
lyzer (Decagon Devices, Inc.; USA). Schematic view of KD2 Pro thermal property analyzer is 
shown in Figure 5. The KD2 Pro analyzer consists of a handheld microcontroller along with 
sensor needles. The sensor needle is composed of a heating element and thermistor. The con-
troller module consists of three sets of batteries, a 16 bit microcontroller/AD converter, and 
power control circuit. The sensor needle (KS-1) made of stainless steel is 60 mm long and has a 
diameter of 1.3 mm and closely approximates an infinite line heat source. Each measurement 
cycle lasts for 90 s and consists of three stages. The instrument will equilibrate during the first 

Volume fraction (ϕ) (vol%) Specific heat capacity of nanocomposite (J/kg K)

5 2793

10 2686

Table 5. Specific heat capacity of nanocomposite.
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30 seconds, which is followed by heating and cooling of the sensor needles for 30 seconds 
each. At the end of the reading, the controller computes the thermal conductivity using the 
change in temperature (ΔT)-time data as per Eq. (3).

  k =   
q (lnT  2   −     lnT  1  )  __________ 4π (ΔT  2   −    Δ  T  1  ) 

    (3)

where q is the constant heat rate applied to an infinitely long and small “line” source, ΔT1 and 
ΔT2 are the changes in the temperature at times t1 and t2, respectively.

Thermal conductivity is the most important property of phase change materials and need 
detailed investigation. The thermal conductivity was measured as a function of temperature 
with respect to nanoparticle loading. Figure 6 depicts the thermal conductivities of paraf-
fin and composite assessed at various temperatures. It is explicit from the Figure 6 that the 
influence of temperature on the thermal conductivity of paraffin as well as composites is less 
significant in solid and liquid states.

However, an atypical rise in thermal conductivity was observed near the solid - liquid phase 
change temperature, and the same suddenly falls down when the paraffin wax and nanocom-
posite PCM turned completely into liquid state. Thermal conductivity of paraffin wax and 
composites of various volume concentration is summarized in Table 6. The increase in thermal 
conductivity near the phase change is attributed to the accelerated molecular vibrations in the 
matrix of ordered solid structure when the temperature was increased [15]. The thermal con-
ductivity of the composite with 5 vol% of alumina is 0.2677 W/mK at 45°C in the solid state and 
0.24 W/mK at 65°C in the liquid state. After phase change, there is a breakage of the orderly 
solid structure into a disorderly liquid structure, and therefore, the thermal conductivity of  

Figure 5. Schematic sketch of KD2 pro thermal property analyzer. 1-Microcontroller, 2-Sensor, 3-Septum, 4-Hot water 
bath, 5-Vial, 6-Cable.
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paraffin wax and composite has become less than that in the solid state. The thermal conduc-
tivity of the paraffin wax is 0.2375 W/mK (45°C) in solid state and 0.1590 W/mK (65°C) in the 
liquid state. Thermal conductivity of composite with 10 vol% of alumina is higher than paraffin 
wax by 0.2834 W/mK at 45°C and 0.2560 W/mK at 65°C. However, higher thermal conductiv-
ity measured, i.e., k = 0.42 W/mK for 10 vol% of alumina at 59°C (close to the phase change 
temperature), is desirable for LHTES applications.

Thermal conductivity enhancement ratio was calculated by Ψ = (kc – kp)/kp with kc being the 
thermal conductivity of composite and kp thermal conductivity of paraffin wax, respectively. 
The thermal conductivity ratio of composites assessed at different temperatures for various 
volume concentration is depicted in Figure 7. The thermal conductivity enhancement of 

Temperature (°C) Thermal Conductivity (W/mK)

Paraffin wax ϕ = 5 vol% ϕ = 10 vol%

30 0.2450

36 0.2390 0.2620 0.2760

37.5 0.2380

43 0.2344

45 0.2375 0.2677 0.2834

48 0.2427

50 0.2406 0.2729 0.2906

59 0.3200 0.4000 0.4200

65 0.1590 0.2400 0.2560

Note: Show the temperature values in solid and liquid state (Bold).

Table 6. Thermal conductivity of paraffin and various volume fraction of alumina at different temperature.

Figure 6. Thermal conductivity of paraffin wax and composite versus temperature.
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composite (5 vol% of alumina) is 12.71% at 45°C in solid state and 50.94% at 65°C in liquid 
state. For example, in 10 vol% of alumina, the enhancement ratio of composite is 19.32% at 
45°C and 61% at 65°C in solid and liquid state, respectively. The thermal conductivity of the 
composite increased with an increase in the volume fraction of Al2O3, and also, the enhance-
ment in liquid state (at 65°C) was higher than that in the solid state. The higher enhancement 
of the composite is attributed to more alumina addition. However, in the present study, the 
enhancement ratio of paraffin/alumina composite has improved from 9.62 to 61% for 5 and 
10 vol% of alumina, respectively. Thermal conductivity of alumina is (k = 36 W/mK); the com-
posites are expected to have considerable higher thermal conductivity than that of the paraf-
fin wax. The higher enhancement in liquid state was primarily due to the enhanced Brownian 
motion of nanoparticles within the base fluid having considerably reduced viscosity due to 
increase in temperature, and it is discussed in detail in Section 4.5.1. Enhancement of thermal 
conductivity is due to deposition of nanoparticles in melting interface and agglomeration of 
the nanoparticle.

The liquid molecule close to particle surfaces is known to form layered structures and behave 
much like a solid. The results also showed that the thermal conductivity of paraffin could 
be achieved further by the addition of alumina more than 10 vol% of alumina nanoparticle. 
However, this volume fraction is adequate to obtain form-stable composite PCM, and further 
increase in alumina over 10 vol% of alumina nanoparticle will result in an increase in a latent 
heat capacity of the composite.

4.2.2. Comparison of thermal conductivity with Maxwell model

The theoretical thermal conductivity of solid phase paraffin/alumina composite PCMs was 
calculated using Maxwell’s model [16].

Figure 7. Thermal conductivity of composite as a function of temperature.
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where kp is the thermal conductivity of the dispersed nanoparticles, thermal conductivity of 
alumina nanoparticle (kp) is 36 W/mK, kbf is the thermal conductivity of the base fluid in liquid 
medium, and ϕv is the equivalent volume fraction of the nanoparticles.

Table 7 shows the measured and predicted thermal conductivity of various ANEP samples at 
45°C, and it is compared with Arasu [9] predicted Maxwell model at 47°C. Enhancement of 
thermal conductivity measurement is slightly higher than the theoretical predicted result. This 
is attributed to the fact that the interaction between the high-conductive alumina nanoparti-
cles and the matrix molecule affecting the relative thermal conductivity of NEPCMs [17]. The 
predicted thermal conductivity values of Arasu (@ 47°C) were 1ower than our recent study.

4.3. Comparison of thermal conductivity enhancement of various nanocomposite-
based PCMs with present study

4.3.1. Thermal conductivity enhancement of Al2O3 nanoparticle-in-octadecane emulsion

Table 8 compares the increase in thermal conductivity of pure paraffin(C18H38)-nanoparticle 
composites of various phases with the present study. Relative thermal conductivity enhance-
ment of more than 2 and 6% for the paraffin containing 5 and 10 wt% of alumina nanopar-
ticle at temperature 30°C. The enhancement of thermal conductivity in a liquid state of Al2O3 
nanoparticle in n-octadecane (Wp = 10 wt%) was found to be more than 17% as the tempera-
ture is increased up to 60°C. Thermal conductivity enhancement of Ho and Gao [12] was 
lower than our present study (Table 8). Ho and Gao used n-octadecane with the melting point 
of 25.1–26.5°C, whereas in the recent study, paraffin wax was used as a phase change material 
with a melting point of 58–60°C.

State Temperature (°C) 10 vol% ANEP Temperature (°C) 10 wt%(n-octadecane-alumina emulsion)

Solid 45 19.32% 30 6%

Liquid 65 61% 60 17%

Table 8. Percentage increase in thermal conductivity during solid and liquid phases.

Volume fraction (ϕ) kmeas (W/mK) kpred (W/mK) Predicted Maxwell model with Arasu (W/mK)

0 0.2375 0.2375 0.12

5 vol% 0.2677 0.2462 0.17

10 vol% 0.2834 0.2559 0.22

Table 7. Measured and calculated ANEP samples at 45°C (solid state).
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4.3.2. Comparison of thermal conductivity enhancement of 10 wt% CuO nanoparticle 
enhanced paraffin of different phases with present study (10 vol% of ANEP)

Figure 8 compares the percentage increase in thermal conductivity of 10 wt% CNEP with the 
present study. Enhancement in thermal conductivity in the liquid state was more pronounced 
than in the solid state or during phase change.

A maximum of 61% (0.2560 W/mK for ANEP as compared to 0.1590 W/mK for pure paraffin) 
and 16.35% (0.185 W/mK for CNEP as compared to 0.1590 W/mK for pure paraffin) enhance-
ment of thermal conductivity in the liquid state at 65°C have been achieved in 10 vol% ANEP 
and 10 wt% CNEP respectively. A maximum of 31.25% (0.42 W/mK for ANEP as compared to 
0.32 W/mK for pure paraffin) and 14.37% (0.35 W/mK for CNEP as compared to 0.3060 W/mK for 
pure paraffin) enhancement of thermal conductivity during phase change (59°C) was achieved 
in 10 vol% ANEP and 10 wt% CNEP, respectively. A maximum of 19.32% (0.2834 W/mK for 
ANEP as compared to 0.2375 W/mK for pure paraffin) and 13.04% (0.26 W/mK for CNEP as 
compared to 0.23 W/mK for pure paraffin) enhancement of thermal conductivity in the solid state 
at 45°C was found in 10 vol% ANEP and 10 wt% CNEP, respectively. It can be clearly seen that 
aluminum oxide nanoparticles lead to a higher thermal conductivity enhancement than copper 
oxide nanoparticles, even though the size of the copper nanoparticles was less than that of the 
alumina nanoparticles.

4.4. Density of the nanocomposite PCMs

The density of nanocomposite is determined using density-correlation equation developed 
by Pak and Cho [18].

Figure 8. Comparison of percentage increase in thermal conductivity during different phases.
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medium, and ϕv is the equivalent volume fraction of the nanoparticles.

Table 7 shows the measured and predicted thermal conductivity of various ANEP samples at 
45°C, and it is compared with Arasu [9] predicted Maxwell model at 47°C. Enhancement of 
thermal conductivity measurement is slightly higher than the theoretical predicted result. This 
is attributed to the fact that the interaction between the high-conductive alumina nanoparti-
cles and the matrix molecule affecting the relative thermal conductivity of NEPCMs [17]. The 
predicted thermal conductivity values of Arasu (@ 47°C) were 1ower than our recent study.

4.3. Comparison of thermal conductivity enhancement of various nanocomposite-
based PCMs with present study

4.3.1. Thermal conductivity enhancement of Al2O3 nanoparticle-in-octadecane emulsion

Table 8 compares the increase in thermal conductivity of pure paraffin(C18H38)-nanoparticle 
composites of various phases with the present study. Relative thermal conductivity enhance-
ment of more than 2 and 6% for the paraffin containing 5 and 10 wt% of alumina nanopar-
ticle at temperature 30°C. The enhancement of thermal conductivity in a liquid state of Al2O3 
nanoparticle in n-octadecane (Wp = 10 wt%) was found to be more than 17% as the tempera-
ture is increased up to 60°C. Thermal conductivity enhancement of Ho and Gao [12] was 
lower than our present study (Table 8). Ho and Gao used n-octadecane with the melting point 
of 25.1–26.5°C, whereas in the recent study, paraffin wax was used as a phase change material 
with a melting point of 58–60°C.

State Temperature (°C) 10 vol% ANEP Temperature (°C) 10 wt%(n-octadecane-alumina emulsion)

Solid 45 19.32% 30 6%

Liquid 65 61% 60 17%

Table 8. Percentage increase in thermal conductivity during solid and liquid phases.

Volume fraction (ϕ) kmeas (W/mK) kpred (W/mK) Predicted Maxwell model with Arasu (W/mK)

0 0.2375 0.2375 0.12

5 vol% 0.2677 0.2462 0.17

10 vol% 0.2834 0.2559 0.22

Table 7. Measured and calculated ANEP samples at 45°C (solid state).

Phase Change Materials and Their Applications72

4.3.2. Comparison of thermal conductivity enhancement of 10 wt% CuO nanoparticle 
enhanced paraffin of different phases with present study (10 vol% of ANEP)

Figure 8 compares the percentage increase in thermal conductivity of 10 wt% CNEP with the 
present study. Enhancement in thermal conductivity in the liquid state was more pronounced 
than in the solid state or during phase change.

A maximum of 61% (0.2560 W/mK for ANEP as compared to 0.1590 W/mK for pure paraffin) 
and 16.35% (0.185 W/mK for CNEP as compared to 0.1590 W/mK for pure paraffin) enhance-
ment of thermal conductivity in the liquid state at 65°C have been achieved in 10 vol% ANEP 
and 10 wt% CNEP respectively. A maximum of 31.25% (0.42 W/mK for ANEP as compared to 
0.32 W/mK for pure paraffin) and 14.37% (0.35 W/mK for CNEP as compared to 0.3060 W/mK for 
pure paraffin) enhancement of thermal conductivity during phase change (59°C) was achieved 
in 10 vol% ANEP and 10 wt% CNEP, respectively. A maximum of 19.32% (0.2834 W/mK for 
ANEP as compared to 0.2375 W/mK for pure paraffin) and 13.04% (0.26 W/mK for CNEP as 
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Figure 8. Comparison of percentage increase in thermal conductivity during different phases.

Latent Heat Thermal Energy Storage System
http://dx.doi.org/10.5772/intechopen.77177

73



   ρ  Nanocomposite   = 𝜑𝜑𝜑𝜑  np   +    (1 − φ) ρ  bf         (5)

where

ρnp—Density of Al2O3 nanoparticle, kg/m3.

ϕv—Equivalent volume concentration of alumina nanoparticle.

ρbf—Density of the base fluid, kg/m3.

The density of the nanocomposites is calculated using the correlation and is presented in 
Table 9.

Since the density of Al2O3 particles is much higher than paraffin wax, the quantity of nano 
particles replacing equivalent volume of paraffin wax in the composite would add more mass. 
Hence, the density of nanocomposites increases with increase in volume fraction of nano 
particles.

4.5. Viscosity measurement

The viscosity of the composite was measured by using Brookfield cone and plate viscometer 
(LVDV-I PRIME C/P) equipped with a 2.4 cm 0.8°cone supplied by Brookfield Engineering 
Laboratories, USA, is shown in Figure 9. In Brookfield cone and plate viscometer, the cone is 
connected to the spindle drive, whereas the plate is mounted in the sample cup. Water at a 
constant temperature of 60°C, 65°C, and 70°C was circulated to the outer surface of the sample 
cup from a constant temperature hot water bath to prevent the solidification of the samples in 
the cup, maintain the temperature constant, and measure the viscosity. Measurements were 
done at three different temperatures for each sample. To measure viscosity in the range of 
0.3–1028 cP, spindle CPE-40 was used. Between the plate and cone, a gap of 0.013 is main-
tained. An adjusting feature of the cone and plate Viscometer is an electronic gap, which is 
used to place the test fluid in the gap. To rotate the spindle, the viscous drag of the fluid is 
measured by spring deflection. To attain the temperature equilibrium quickly within a min-
ute, the sample volume required is 0.5–2 ml. To obtain adequate results in spindle/speed 
combination when applied torque is between 10 and 100% of maximum permissible torque. 
Measurement can be taken as superfluous if the applied torque does not fall within the pos-
sible range. Readings were discarded if the applied torque did not fall within this prescribed 
range. In cone and plate viscometer, the spindle speed is in the range of 0–100 rpm, and the 
shear rate is 0–750 s−1.

Volume fraction (ϕ) (vol%) Equivalent volume fraction (ϕv) Density of nanocomposite (kg/m3)

5 0.0124 893.976

10 0.0258 930.692

Table 9. Density of nanocomposite.
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4.5.1. Experimental measurement on dynamic viscosity

Figure 10 shows the measured dynamic viscosity of paraffin and volume fraction of alumina 
at various temperatures, respectively. The dynamic viscosity decreases with temperature and 
increases with an increasing volume fraction of alumina nanoparticles is shown in Figure 10. 
This shows that the addition of nanoparticles makes paraffin more viscous. Table 10 pres-
ents the dynamic viscosity of paraffin and various volume fractions of alumina at different 
temperatures, respectively. Figure 10 indicates that the dynamic viscosity has a nonlinear 
increase with nanoparticle concentration for paraffin-nanoparticle composites. In the liquid 
state, dynamic viscosity decreases sharply with temperature, while the thermal conductiv-
ity has a weak dependence on temperature. For a particular concentration of nanoparticles, 

Figure 9. Cone and plate assembly. 1. Cone; 2. Plate.

Figure 10. Measured dynamic viscosity for various volume fraction of alumina from 60 to 70°C.
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the increase in dynamic viscosity is almost the same at different temperatures, while the 
enhancement of thermal conductivity increases with increase in temperature. So, at higher 
temperatures, the thermal conductivity enhancement will shoot over the percentage increase 
in dynamic viscosity.

4.5.2. Comparison of viscosity with Brinkman’s correlation

The viscosity of the ANEP samples is predicted using the Brinkman’s correlation [19] and is 
given by:

   μ  Pred   =  μ  bf   ×   1 ________   (1 − φ  v       )    2.5     (6)

where μPred is predicted viscosity, μbf is viscosity of the base fluid, and ϕv is the eqivalent 
volume fraction of particles in base fluid. The dynamic viscosity of the composites is shown 
in Table 11. From Table 11, it is depicted that dynamic viscosity increases with increase in 
volume concentration of the nanoparticle.

5. Conclusion(s)

1. Nanoparticle enhanced paraffin composites were then prepared by dispersing the alu-
minum oxide nanoparticles in liquid paraffin under the intense signification to make the 
mixture stable.

2. The effect of nanoparticle volume concentration and the temperature was also investi-
gated. Differential scanning calorimetry reveals that there is only one peak during meting/
freezing cycle in paraffin/alumina composites and latent heat decreased with the addition 
of alumina nanoparticles compared to paraffin wax. There is no significant difference in 
latent heat value between the 10 vol% ANEP and 10 wt% CNEP.

Temperature (°C) Dynamic viscosity (Cp)

Paraffin wax 5 vol% 10 vol%

60 2.14 2.55 2.63

65 2.07 2.401 2.492

70 1.98 2.35 2.44

Table 10. Dynamic viscosity of paraffin and various volume fractions of alumina at different temperature.

Volume fraction (ϕ) (vol%) Dynamic viscosity of nanocomposite (Ns/m2)

5 0.2114

10 0.2188

Table 11. Dynamic viscosity of nanocomposite.
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3. Relative thermal conductivity enhancement of Ho and Gao (17%) was lower than our pre-
sent study. Compared to Ho and Gao, the latent heat of paraffin/alumina composites was 
nearly 8 and 14%.

4. It was found that increase in thermal conductivity of ANEP is consistently higher than that 
of CNEP. The maximum increase in thermal conductivity (61%) was observed for 10 vol% 
ANEP in the liquid state at 65°C. The maximum increase in dynamic viscosity (23%) was 
observed for 10 vol% ANEP at 70°C.

5. Maxwell’s model of the predicted result (k = 0.22 W/mK @ 47°) in Arasu was higher than 
that of recent studies (k = 0.2559 W/mK @ 45°)

6. Final suggestion

This chapter is presented to be only a baseline study to study the charging and discharging 
characteristics of horizontal double pipe latent heat energy storage system. This is a very 
important topic and will be addressed in later chapter.

Nomenclature

A external surface area of heat transfer fluid pipe (m2)

Cp specific heat of PCM/alumina (kJ/kg°C)

H latent heat of paraffin/composite (J/g or kJ/kg)

M mass of PCM (kg)

T temperature (°C)

t time (min)

Greek symbols

μ dynamic viscosity of paraffin wax(kg/m s)

ρ density (kg/m3)

W weight

ϕ volume fraction

Ψ thermal conductivity enhancement ratio

Subscripts

eff effective

bf base fluid

m melting temperature/composite
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v volume fraction or volume

l liquid

s solid

w water

f freezing temperature

c nanocomposite

p paraffin wax/copper oxide nanoparticle/alumina nanoparticle

k thermal conductivity (W/m K)

Abbreviations

DSC differential scanning calorimetry

LHTESS latent heat thermal energy storage system

ANEP alumina nanoparticle enhanced paraffin

CNEP copper-oxide nanoparticle enhanced paraffin

PCM phase change material
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Abstract

In this chapter, four natural polyhydroxy alcohols (polyols), including xylitol, sorbitol,
adonitol, and erythritol were selected as the subject of study on phase change materials for
thermal energy storage application. The thermodynamic study on these polyols was
performed by adiabatic calorimetry (AC), differential scanning calorimetry (DSC), and
thermogravimetric analysis (TG). The heat capacities of these polyols were measured in
the temperature range from 80 to 400 K by a fully automated high-precision adiabatic
calorimeter. The experimental heat capacities of these polyols were fitted to the polyno-
mial equations of heat capacities as a function of temperatures. The thermodynamic
property data, such as temperatures, enthalpies, and entropies of the phase transitions,
were obtained based on the experimental heat capacities in the phase transition tempera-
ture range. According to the thermodynamic relation equations, the standard thermody-
namic functions of these polyols, relative to the standard reference temperature 298.15 K,
[HT–H298.15] and [ST–S298.15], were calculated with the interval of 5 K. The thermal stability
and heat storage capacity of the polyols were also investigated by thermal analysis.

Keywords: phase change material (PCM), polyhydroxy alcohol (polyol), natural polyol,
thermodynamic properties, heat capacity, temperature of phase transition, enthalpy and
entropy of phase transition, adiabatic calorimetry (AC), thermal analysis, DSC, TG

1. Introduction

In recent two decades, the phase change materials (PCMs) have attracted much attention due
to their remarkable effects to thermal energy storage applications. It has been demonstrated
that the research of PCMs is becoming one of the most hot research topic in the world. The
basic theory of PCMs application is utilizing the heat energy being absorbed or released when
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the phase transition processes take place at a constant temperature. Consequently, the thermo-
dynamic properties of PCMs, especially the heat capacity, phase transition temperature, and
enthalpy would play a crucial role in both theoretically and technically investigating the
thermal energy storage unit and its performance by using PCMs [1].

Thermal energy storage technology has wide application prospects in solar energy utilization,
power generation, waste heat recovery, and utilization. Phase change material is the prerequi-
site for the development of thermal energy storage system, so the study of phase change
materials for latent thermal energy storage application is the core subject in this field.

The polyhydroxy alcohols (polyols) have multiple hydroxyl structures, so hydrogen bonds can
be formed between the molecules, and then the enthalpy of phase transition is larger. Polyols
as heat storage material have many advantages, such as high phase change enthalpy, wide
phase change temperature range, high mass heat storage capacity, lower super cooling degree,
long service life, nontoxic, noncorrosive, etc. [2]. Therefore, as a new kind of PCMs for energy
storage, polyols have been paid more and more attention. The research on basic theory and
practical application of polyols has been widely carried out in the world [3–25].

The thermodynamic properties are significant for practical application of PCMs in thermal
energy storage. Hence, the thermodynamic studies of PCMs have been performed in our ther-
mochemistry laboratory for nearly 20 years long [1]. In the last decade, we have carried out the
thermodynamic study of polyol as phase change materials [2]. A series of polyols, which are
easily obtained and have great technical and economic potential for application, were selected as
PCMs for energy storage application. The thermodynamic properties of these polyols were
studied in detail using high-precision automatic adiabatic calorimeter (AC), differential scanning
calorimeter (DSC), and thermogravimetric analyzer (TG), respectively [2, 16–23].

In this chapter, we report our research results on thermodynamic properties of four natural
polyols: xylitol, sorbitol, adonitol, and erythritol, and introduce the modern advanced experi-
mental calorimetric techniques used for thermodynamic studies of phase change materials.

2. Experimental

2.1. Adiabatic calorimetry and heat capacity measurements

Adiabatic calorimetry is the most accurate approach to obtain the heat capacity data. In the
present study, heat capacity measurements were carried out by a high-precision automatic
adiabatic calorimeter over the temperature range 80–400 K. The adiabatic calorimeter was
established by Thermochemistry Laboratory of Dalian Institute of Chemical Physics, Chinese
Academy of Sciences in PR China. The structure and principle of the adiabatic calorimeter
have been described in detail elsewhere [26, 27]. The schematic diagram of the adiabatic
calorimeter is shown in Figure 1. Briefly, the automatic adiabatic calorimeter is mainly com-
posed of a sample cell, a miniature platinum resistance thermometer, an electric heater, the
inner and outer adiabatic shields, two sets of six-junction chromel-constantan thermopiles
installed between the calorimetric cell and the inner shield and between the inner and the
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outer shields, respectively, and a high vacuum can. The working temperature range is
78–400 K and, if necessary, it can be cooled by liquid nitrogen. The heat capacity measurements
were conducted by the standard procedure of intermittently heating the sample and alter-
nately measuring the temperature. The heating rate and the temperature increments of the
experimental points were generally controlled at 0.1–0.4 K�min�1 and at 1–4 K, respectively,
during the whole experimental process. The heating duration was 10 min, and the tempe-
rature drift rates of the sample cell measured in an equilibrium period were kept within
10�3–10�4 K�min�1 during the acquisition of heat capacity data.

In order to verify the reliability of the adiabatic calorimeter, the molar heat capacities Cp,m of
the Standard Reference Material (SRM-720) (α-Al2O3) were measured in the range from 78 to
400 K. The deviation of our calibration data from those of NIST [28] was within �0.1%
(standard uncertainty).

In the present study, the heat capacity measurements were conducted by means of the stan-
dard method of intermittently heating the sample and alternately measuring the temperature.
The temperature difference between the sample and adiabatic shield was automatically kept to
be about 10�3 K during the whole experiment. The temperature increment for a heating period
was about 3 K, and temperature drift was maintained about 10�4 K�min�1 during each equi-
librium period. The data were automatically collected through a Data Acquisition/Switch Unit
(Model: 34420, Agilent USA) and processed online by a personal computer according to the
program developed in our thermochemistry laboratory [26].

2.2. DSC and TG analysis

A differential scanning calorimeter (Model: DSC141, SETARAM, France) was used to perform
the thermal analysis of the natural polyols under high-purity nitrogen (99.999%) with a flow
rate of 40 ml�min�1 and heating rate of 10 K�min�1. The DSC141 was calibrated with indium
and zinc standards.

Figure 1. Schematic diagram of main body of the adiabatic calorimeter (left); schematic diagram of sample cell of the
adiabatic calorimeter (right).
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during the whole experimental process. The heating duration was 10 min, and the tempe-
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400 K. The deviation of our calibration data from those of NIST [28] was within �0.1%
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the thermal analysis of the natural polyols under high-purity nitrogen (99.999%) with a flow
rate of 40 ml�min�1 and heating rate of 10 K�min�1. The DSC141 was calibrated with indium
and zinc standards.
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The thermogravimetric measurements of the natural polyols were carried out by a TG analyzer
(Model: Setaram setsys 16/18, SETARAM, France) under high-purity nitrogen (99.999%) with a
flow rate of 40 ml�min�1 and heating rate of 10 K�min�1. The TG analyzer was calibrated by
calcium oxalate standards.

3. Thermodynamic properties of nature xylitol: C5H12O5 [(CH2 OH)
(CHOH)3 (CH2OH), CAS No. 87-99-0]

3.1. Sample

The xylitol sample was purchased from ACROS ORGANICS company with labeled purity
>99% mass fraction. The sample was recrystallized and then purified by sublimation. It was
handled in a dry N2 atmosphere to avoid possible contamination by moisture. The chemical
structure of xylitol is as follows:

The mass of the xylitol sample, used for heat capacity measurement was 4.87213 g, which is
equivalent to 32.022 m mol based on its molar mass of 152.1457 g�mol�1.

The mass of the xylitol sample used in the DSC experiment was 3.48 mg, and in the TG
analysis was 8.35 mg, respectively.

3.2. Results and discussion

3.2.1. Heat capacity

Experimental molar heat capacities of xylitol measured by the adiabatic calorimeter over the
temperature range from 80 to 390 K are plotted in Figure 2. From Figure 2, a phase transition
was observed in the range of 360–375 K with the peak heat capacity at 369.04 K. According to
its melting point 365.7 K [7], this transition corresponds to a solid-liquid phase change.

The values of experimental heat capacities can be fitted to the following polynomial equations
with least square method:

For the solid phase over the temperature range 80–360 K:

C0
p,m=J � K�1 �mol�1 ¼ 165:87þ 105:19xþ 1:8011x2 � 41:445x3 � 41:851x4

þ 65:152x5 þ 66:744x6
(1)
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where X is the reduced temperature x = [T � (Tmax + Tmin)/2]/[(Tmax � Tmin)/2], T is the
experimental temperature, thus, in the solid state (80–360 K), x = [(T/K) � 220]/140, Tmax is the
upper limit (360 K) and Tmin is the lower limit (80 K) of the above temperature region. The
correlation coefficient of the fitting R2 = 0.9947.

For the liquid phase over the temperature range 370–390 K:

C0
p,m=J � K�1 �mol�1 ¼ 426:19þ 5:6366x (2)

where x is the reduced temperature, x = [(T/K) � 380]/10, T is the experimental temperature,
380 is obtained from polynomial Tmax þ Tminð Þ=2, 10 is obtained from polynomial
Tmax � Tminð Þ=2. Tmax and Tmin are the upper (390 K) and lower (370 K) limit temperatures,
respectively. The correlation coefficient of the fitting R2 = 0.993.

3.2.2. The temperature, enthalpy, and entropy of solid-liquid phase transition

The standard molar enthalpy and entropy of the solid-liquid transition ΔfusH0
m and ΔfusS0m of

the compound were derived according to Eqs. (3) and (4):

ΔfusH0
m ¼ Q� n

Ð Tm

Ti
C0
p,m sð ÞdT � n

Ð Tf

Tm
C0
p,m lð ÞdT � Ð Tf

Ti
H0dT

n
(3)

ΔfusS0m ¼ ΔfusH0
m

Tm
(4)

Figure 2. Experimental molar heat capacity of xylitol as a function of temperature.
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where X is the reduced temperature x = [T � (Tmax + Tmin)/2]/[(Tmax � Tmin)/2], T is the
experimental temperature, thus, in the solid state (80–360 K), x = [(T/K) � 220]/140, Tmax is the
upper limit (360 K) and Tmin is the lower limit (80 K) of the above temperature region. The
correlation coefficient of the fitting R2 = 0.9947.
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Figure 2. Experimental molar heat capacity of xylitol as a function of temperature.
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where Ti is the temperature that is somewhat lower than the temperature of the onset of a
solid-liquid transition and Tf is the temperature slightly higher than that of the transition
completion. Q is the total energy introduced into the sample cell from Ti to Tf, H

0, the standard
heat capacity of the sample cell from Ti to Tf, C0

p,m (s), the standard heat capacity of the sample

in solid phase from Ti to Tm, C0
p,m (l), the standard heat capacity of the sample in liquid phase

from Tm to Tf, and n is the molar amount of the sample. The heat capacity polynomials
mentioned above were used to calculate the smoothed heat capacities, and were numerically
integrated to obtain the values of the standard thermodynamic functions above T = 298.15 K.
The calculated results can be found in our previous publication [17].

The thermodynamic functions of the xylitol relative to the reference temperature 298.15 K were
calculated in the temperature range 80–390 K with an interval of 5 K, using the polynomial
equation of heat capacity and thermodynamic relationships as follows:

Before melting,

H0
T
�H0

298:15
¼

ðT
298:15

C0
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S0
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�dT (8)

where Ti is the temperature at which the solid-liquid phase transition started; Tf is the temperature
at which the solid-liquid phase transition ended; Δf usH0

m
is the standardmolar enthalpy of fusion;

Tm is the temperature of solid-liquid phase transition. The standard thermodynamic functions,
H0

T �H0
298:15 and S0T � S0298:15 can be consequently calculated based on the equations [17].

3.2.3. The result of TG and DSC analysis

From the DSC curve in Figure 3, a sharply endothermic peak corresponding to melting process
was observed, with the peak temperature of 367.52 K and the enthalpy of 33.68 � 0.34
kJ�mol�1, which are consistent with the values 369.04 K, 33.26 � 0.17 kJ�mol�1 observed from
the adiabatic calorimetric measurements. The results were listed in Ref. [17], from which, it can
be seen that the standard thermodynamic parameters obtained from adiabatic calorimetry and
DSC in the present research are in accordance with each other and slightly lower than those
reported in literature [4].
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From the TG curve in Figure 4, it can be seen that the mass loss of the sample was completed in
a single step. The sample keeps thermostable below 400 K. It begins to lose weight at 451.20 K,
reaches the maximum rate of weight loss at 617.13 K, and completely loses its weight when the
temperature reaches 675.30 K.

Figure 3. DSC curve of xylitol under high-purity nitrogen.

Figure 4. TG-DTG curve of xylitol under high-purity nitrogen.
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completion. Q is the total energy introduced into the sample cell from Ti to Tf, H

0, the standard
heat capacity of the sample cell from Ti to Tf, C0

p,m (s), the standard heat capacity of the sample

in solid phase from Ti to Tm, C0
p,m (l), the standard heat capacity of the sample in liquid phase

from Tm to Tf, and n is the molar amount of the sample. The heat capacity polynomials
mentioned above were used to calculate the smoothed heat capacities, and were numerically
integrated to obtain the values of the standard thermodynamic functions above T = 298.15 K.
The calculated results can be found in our previous publication [17].

The thermodynamic functions of the xylitol relative to the reference temperature 298.15 K were
calculated in the temperature range 80–390 K with an interval of 5 K, using the polynomial
equation of heat capacity and thermodynamic relationships as follows:

Before melting,

H0
T
�H0

298:15
¼

ðT
298:15

C0
p,mðsÞdT (5)

S0
T
� S0

298:15
¼

ðT
298:15

C0
p,mðsÞ
T

dT (6)

After melting,

H0
T
�H0

298:15
¼

ðTi

298:15
C0

p,mðsÞdT þ Δf usH0
m
þ
ðT
Tf

C0
p,mðlÞdT (7)

S0
T
� S0

298:15
¼

ðT
298:15

½
C0

p,mðsÞ
T

�dT þ Δf usH0
m

Tm
þ
ðT
Tf

½
C0

p,mðlÞ
T

�dT (8)

where Ti is the temperature at which the solid-liquid phase transition started; Tf is the temperature
at which the solid-liquid phase transition ended; Δf usH0

m
is the standardmolar enthalpy of fusion;

Tm is the temperature of solid-liquid phase transition. The standard thermodynamic functions,
H0

T �H0
298:15 and S0T � S0298:15 can be consequently calculated based on the equations [17].

3.2.3. The result of TG and DSC analysis

From the DSC curve in Figure 3, a sharply endothermic peak corresponding to melting process
was observed, with the peak temperature of 367.52 K and the enthalpy of 33.68 � 0.34
kJ�mol�1, which are consistent with the values 369.04 K, 33.26 � 0.17 kJ�mol�1 observed from
the adiabatic calorimetric measurements. The results were listed in Ref. [17], from which, it can
be seen that the standard thermodynamic parameters obtained from adiabatic calorimetry and
DSC in the present research are in accordance with each other and slightly lower than those
reported in literature [4].

Phase Change Materials and Their Applications88

From the TG curve in Figure 4, it can be seen that the mass loss of the sample was completed in
a single step. The sample keeps thermostable below 400 K. It begins to lose weight at 451.20 K,
reaches the maximum rate of weight loss at 617.13 K, and completely loses its weight when the
temperature reaches 675.30 K.

Figure 3. DSC curve of xylitol under high-purity nitrogen.

Figure 4. TG-DTG curve of xylitol under high-purity nitrogen.

Thermodynamic Properties of the Polyols as Phase Change Materials for Thermal Energy Storage
http://dx.doi.org/10.5772/intechopen.78800

89



4. Thermodynamic properties of nature sorbitol: C6H14O6 [(CH2OH)
(CHOH)4 (CH2OH), CAS No. 50-70-4]

4.1. Sample

The sorbitol sample was purchased from YuanJu Bio-Tech Co. Ltd. Shanghai, in PR China with
batch number 040603 and labeled purity >99.0% mass fraction. The sample was recrystallized
and then purified by sublimation. It was handled in a dry N2 atmosphere to avoid possible
contamination by moisture.

The chemical structure of sorbitol is as follows:

The mass of the sorbitol sample used for the heat capacity measurement is 3.71682 g, which is
equivalent to 20.403 m mol based on its molar mass of 182.17165 g�mol�1.

The mass of the sorbitol sample used in the DSC and TG experiment is 3.01 mg and 13.15 mg,
respectively.

4.2. Results and discussion

4.2.1. Heat capacity

Experimental molar heat capacities of sorbitol measured by the adiabatic calorimeter over the
temperature range from 80 to 390 K are listed in Ref. [18] and plotted in Figure 5. From
Figure 5, a phase transition was observed in the range of 360–375 K with a peak temperature
of 369.157 K. According to its melting point 366.5 K [7], this transition corresponds to a solid-
liquid phase change.

The values of experimental heat capacities can be fitted to the following polynomial equations
with least square method:

For the solid phase over the temperature range 80–355 K:

Cp,m=J � K�1 �mol�1 ¼ 170:17þ 157:75xþ 128:03x2 � 146:44x3 � 335:66x4 þ 177:71x5 þ 306:15x6 (9)

where X is the reduced temperature x = [T � (Tmax + Tmin)/2]/[(Tmax � Tmin)/2], T is the
experimental temperature, thus, in the solid state (80–355 K), x = [(T/K) � 217.5]/137.5, Tmax is
the upper limit (355 K) and Tmin is the lower limit (80 K) of the above temperature region. The
correlation coefficient of the fitting R2 = 0.9966.

For the liquid phase over the temperature range 375–390 K:
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Cp,m=J � K�1 �mol�1 ¼ 518:13þ 3:2819 x (10)

where x is the reduced temperature, x = [(T/K)�382.5]/7.5, T is the experimental temperature,
382.5 is obtained from polynomial Tmax þ Tminð Þ=2, 7.5 is obtained from polynomial Tmax�ð
TminÞ=2. Tmax and Tmin are the upper (390 K) and lower (375 K) limit temperatures, respec-
tively. The correlation coefficient of the fitting R2 = 0.9968.

The heat capacity polynomials (9), (10) were used to calculate the smoothed heat capacities,
and were numerically integrated to obtain the values of the standard thermodynamic func-
tions above T = 298.15 K. The calculated results are listed in Ref. [18].

4.2.2. The temperature, enthalpy, and entropy of solid-liquid phase transition

The molar enthalpies and entropies of the solid-liquid phase transition ΔfusHm and ΔfusSm of
sorbitol were derived according to the thermodynamic equations (see Section 4.2.2 in this
chapter). The derived thermodynamic parameters were listed in Ref. [18].

4.2.3. Thermodynamic functions of sorbitol

The thermodynamic functions of the sorbitol relative to the reference temperature 298.15 K
were calculated in the temperature range 80–390 K with an interval of 5 K, using the polyno-
mial equations of heat capacity (9), (10) and thermodynamic relationships (see Section 2.2.2. in
this chapter).

The calculated thermodynamic functions, HT–H298.15, ST–S298.15, are listed in Ref. [18].

Figure 5. Experimental molar heat capacity of sorbitol as a function of temperature.
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tions above T = 298.15 K. The calculated results are listed in Ref. [18].

4.2.2. The temperature, enthalpy, and entropy of solid-liquid phase transition

The molar enthalpies and entropies of the solid-liquid phase transition ΔfusHm and ΔfusSm of
sorbitol were derived according to the thermodynamic equations (see Section 4.2.2 in this
chapter). The derived thermodynamic parameters were listed in Ref. [18].

4.2.3. Thermodynamic functions of sorbitol

The thermodynamic functions of the sorbitol relative to the reference temperature 298.15 K
were calculated in the temperature range 80–390 K with an interval of 5 K, using the polyno-
mial equations of heat capacity (9), (10) and thermodynamic relationships (see Section 2.2.2. in
this chapter).

The calculated thermodynamic functions, HT–H298.15, ST–S298.15, are listed in Ref. [18].

Figure 5. Experimental molar heat capacity of sorbitol as a function of temperature.
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4.2.4. The result of TG and DSC analysis

From the DSC curve in Figure 6, a sharply endothermic peak corresponding to melting process
was observed, with the peak temperature of 372.39 K and the enthalpy of 30.66 � 0.31
kJ�mol�1, which are consistent with the values (369.157 K, 30.35 � 0.15 kJ�mol�1) observed
from the adiabatic calorimetric measurements. The results were listed in Ref. [18], from which
it can be seen that the thermodynamic parameters obtained from adiabatic calorimetry and
DSC in the present research are in accordance with each other and slightly higher than those
reported in literature [7].

Figure 6. DSC curve of sorbitol under high-purity nitrogen.

Figure 7. TG-DTG curve of sorbitol under high-purity nitrogen.
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From the TG-DTG curve in Figure 7, it can be seen that the mass loss of the sample was
completed in a single step. The sample keeps thermostable below 500 K. It begins to lose
weight at 529.50 K, reaches the maximum rate of weight loss at 647.56 K, and completely loses
its weight when the temperature reaches 764.50 K.

5. Thermodynamic properties of nature adonitol: C5H12O5 [(CH2OH)
(CHOH)3 (CH2OH), CAS No. 488-81-3]

5.1. Sample

The adonitol sample was purchased from ACROS ORGANICS Company with labeled purity
of 99.0% mass fraction and was handled in a dry N2 atmosphere to avoid possible contamina-
tion by moisture. GC analyses of the samples gave purities >99.0% in agreement with their
specifications. The sample was used without additional purification. The chemical structure of
adonitol is as follows:

The sample amount used for the heat capacity measurement is 2.27977 g, which is equivalent
to 14.984 mmol based on its molar mass of 152.1457 g�mol�1.

The mass of the sample used in the DSC experiment was 6–8 mg.

The mass of the sample used in the TG experiment was 11.72 mg.

5.2. Results and discussion

5.2.1. Heat capacity

Experimental molar heat capacities of adonitol measured by the adiabatic calorimeter over the
temperature range from 78 to 400 K are listed in Ref. [21] and plotted in Figure 8. From
Figure 8, a phase transition was observed at the peak temperature of 369.08 K. According to
its melting point 374.7 K [7], this transition corresponds to a solid-liquid phase change. The
values of experimental heat capacities can be fitted to the following polynomial equations with
least square method: For the solid phase over the temperature range 78–360 K:

C0
p,m=J � K�1 �mol�1 ¼ 170:000þ 98:817xþ 23:846x2 � 56:366x3 � 92:259x4

þ 71:865x5 þ 82:678x6
(11)

where x is the reduced temperature x = [T � (Tmax + Tmin)/2]/[(Tmax � Tmin)/2], T is the exp-
erimental temperature, thus, in the solid state (78–360 K), x = [(T/K) � 219]/141, Tmax is the
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upper limit (360 K), and Tmin is the lower limit (78 K) of the above temperature region. The
correlation coefficient of the fitting R2 = 0.9986.

For the liquid phase over the temperature range 375–400 K:

C0
p,m=J � K�1 �mol�1 ¼ 428:460þ 3:821x (12)

where x is the reduced temperature, x = [(T/K)� 387.5]/12.5, T is the experimental temperature,
387.5 is obtained from polynomial Tmax þ Tminð Þ=2, 12.5 is obtained from polynomial Tmax�ð
TminÞ=2. Tmax and Tmin are the upper (400 K) and lower (375 K) limit temperatures, respec-
tively. The correlation coefficient of the fitting R2 = 0.9954.

5.2.2. The temperature, enthalpy, and entropy of solid-liquid phase transition

The molar enthalpies and entropies of the solid-liquid phase transition ΔfusHm and ΔfusSm of
adonitol were derived according to the thermodynamic equations (see Section 2.2.2 in this
chapter). The derived thermodynamic parameters were listed in Ref. [21].

5.2.3. Thermodynamic functions of adonitol

The thermodynamic functions of the adonitol relative to the reference temperature 298.15 K
were calculated in the temperature range 80–400 K with an interval of 5 K, using the polyno-
mial equations of heat capacity (11), (12) and thermodynamic relationships (see Section 3.2.2.
in this chapter).

The calculated thermodynamic functions, HT – H298.15 and ST – S298.15, are listed in Ref. [21].

Figure 8. Experimental molar heat capacity of adonitol as a function of temperature.
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5.2.4. The result of TG and DSC analysis

From the DSC curve in Figure 9, a sharply endothermic peak corresponding to melting process
was observed, with the melting temperature of 373.61 � 0.55 K and the enthalpy of
38.89 � 1.17 kJ�mol�1, which are slightly higher than the values 369.08 K, 36.42� 0.18 kJ�mol�1

observed from the adiabatic calorimetric measurements and slightly lower than the values

Figure 9. DSC curve of adonitol under high-purity nitrogen.

Figure 10. TG-DTG curve of adonitol under high-purity nitrogen.
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observed from DSC (374.7 K, 37.6 kJ�mol�1) from G. Barone et al. in literature [7]. The results
were listed in Ref. [21]. The data from DSC are obtained at a 10 K�min�1 scanning rate, in
which the sample could not reach thermal balance. However, the data of adiabatic calorimetry
are obtained by means of the standard method of intermittently heating the sample and
alternately measuring the temperature. The temperature difference between the sample and
adiabatic shield was automatically kept to be about 10�3 K during the whole experiment. The
temperature increment for a heating period was about 3 K, and temperature drift was
maintained about 10�4 Kmin�1 during each equilibrium period. Therefore, this process is
much more near to “adiabatic” and “balanced” than DSCmethod. Generally, the phase change
temperature obtained from AC is lower than that from DSC.

From the TG-DTG curve in Figure 10, it can be seen that the mass loss of the sample was
completed in a single step. The sample keeps thermostable below 550 K. It begins to lose
weight at 551.55 K, reaches the maximum rate of weight loss at 577.38 K, and completely loses
its weight when the temperature reaches 601.82 K.

6. Thermodynamic properties of nature erythritol: C4H10O4 [(CH2OH)
(CHOH)2 (CH2OH), CAS No. 149-32-6]

6.1. Sample

The erythritol sample was purchased from Shandong Baolingbao Biotechnology Co. Ltd. in PR
China with batch number 060715 and labeled purity >99.0% mass fraction. The sample was
recrystallized and then purified by sublimation. It was handled in a dry N2 atmosphere to
avoid possible contamination by moisture. Erythritol’s molecular formula is C4H10O4 with
molar mass of 122.11975 g�mol�1 and structural formula as follows:

The mass of the erythritol sample used for the heat capacity measurement is 4.76575 g, which
is equivalent to 39.025 m mol based on its molar mass of 122.11975 g�mol�1. The mass of the
erythritol sample used in the DSC experiment was 9.70 mg. The mass of the erythritol sample
used in the TG measurements was 18.35 mg.

6.2. Results and discussion

6.2.1. Heat capacity

Experimental molar heat capacities of erythritol measured by the adiabatic calorimeter over
the temperature range from 80 to 410 K are listed in Ref. [20] and plotted in Figure 11. From
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Figure 11, a phase transition was observed in the temperature range of 385–395 K with a peak
temperature of 390.254 K.

The values of experimental heat capacities can be fitted to the following polynomial equations
with least square method:

For the solid phase over the temperature range 80–385 K:

Cp,m=J � K�1 �mol�1 ¼ 118:22þ 72:424Xþ 4:6835X2 � 4:7788X3 � 8:1937X4

þ 11:476X5 þ 4:48X6
(13)

where X is the reduced temperature X = [T � (Tmax + Tmin)/2]/[(Tmax � Tmin)/2], T is the
experimental temperature, thus, in the solid state (80–385 K), X = [(T/K) � 232.5]/152.5, Tmax is
the upper limit (385 K) and Tmin is the lower limit (80 K) in the above temperature region. The
correlation coefficient of the fitting R2 = 0.9998.

For the liquid phase over the temperature range 395–410 K:

Cp,m=J � K�1 �mol�1 ¼ 322:1þ 0:7507X (14)

where X is the reduced temperature, X = [(T/K) � 402.5]/7.5, T is the experimental temperature,
402.5 is obtained from polynomial Tmax þ Tminð Þ=2, 7.5 is obtained from polynomial
Tmax � Tminð Þ=2. Tmax and Tmin are the upper (410 K) and lower (395 K) limit temperatures,
respectively. The correlation coefficient of the fitting R2 = 0.9985.

Figure 11. Experimental molar heat capacity of erythritol as a function of temperature.
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6.2.2. The temperature, enthalpy, and entropy of solid-liquid phase transition

The molar enthalpies and entropies of the solid-liquid phase transition ΔfusHm and ΔfusSm of
erythritol were derived according to the thermodynamic equations (see Section 3.2.2 in this
chapter). The derived thermodynamic parameters were listed in Ref. [20].

6.2.3. Thermodynamic functions of erythritol

The thermodynamic functions of erythritol relative to the reference temperature 298.15 K were
calculated in the temperature range 80–411 K with an interval of 5 K, using the polynomial
equations of heat capacity (13), (14) and thermodynamic relationships (see Section 3.2.3. in this
chapter).

The calculated thermodynamic functions, HT – H298.15 and ST – S298.15, are listed in Ref. [20].

6.2.4. The result of TG and DSC analysis

From the DSC curve in Figure 12, a sharply endothermic peak corresponding to melting
process was observed, with the peak temperature of 397.33 K and the enthalpy of
34.89 � 0.35 kJ�mol�1, which are slightly lower than the values (390.254 K, 39.92 � 0.20
kJ�mol�1) observed from the adiabatic calorimetric measurements. The results were listed in
Ref. [20], from which it can be seen that the thermodynamic parameters obtained from adia-
batic calorimetry and DSC in the present research are in accordance with each other and
slightly lower than those reported in literature [7].

Figure 12. DSC curve of erythritol under high-purity nitrogen.
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From the TG-DTG curve in Figure 13, it can be seen that the mass loss of the sample was
completed in a single step. The sample keeps thermostable below 450 K. It begins to lose
weight at 476.75 K, reaches the maximum rate of weight loss at 557.44 K, and completely loses
its weight when the temperature reaches 582.35 K.

7. Conclusion

In this chapter, the heat capacities of four kind of natural polyols, including xylitol, sorbitol,
adonitol, and erythritol were measured in the temperature range from 80 to 400 K using a fully
automated and high-precision adiabatic calorimeter constructed in our thermochemistry labo-
ratory. The thermal stabilities of these polyos were also determined by thermal analysis tech-
niques, differential scanning calorimeter (DSC), and thermogravimetric analyzer (TG). The
heat capacity and thermodynamic property data presented in this chapter would provide a
significant thermodynamic basis for understanding the thermal characteristics in both theory
and practical designing of thermal energy storage units by using these polyols as PCMs.
According to the above research results, the following conclusions can be drawn:

1. As the temperature of the polyols gradually increases, the solid-liquid phase change takes
place, and the enthalpies of phase change are relatively large, hence, the polyols can be
used as solid-liquid PCMs for thermal energy storage.

2. The phase change and thermostable temperature zone of the natural polyols covers 300 �
400 K, which is suitable for temperature control of human life and industrial production.

Figure 13. TG curve of erythritol under high-purity nitrogen.
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3. In the solid-liquid phase transition process, the thermodynamic properties of the natural
polyols are stable, so their service life is long and convenient for practical application.

4. The natural polyols do not form plastic crystals, they are not volatile, are nontoxic,
noncorrosive, so they can be used as a green and environment-friendly PCMs for thermal
energy storage.

5. The key thermodynamic property data reported in this chapter for practical application of
the four natural polyols as PCMs are finally summarized in Table 1.
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3. In the solid-liquid phase transition process, the thermodynamic properties of the natural
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Abstract

Although phase change materials have been extensively used for thermal energy storage,
various shortcomings such as low thermal conductivity, leakage during work, and short-
age of multiple driving ways greatly hinder their practical applications. Among the new
materials that can overcome these problems, graphene aerogel has attracted special inter-
est owing to its 3D conductive network and extraordinary capillary force. In this chapter,
we review recent progress of graphene-aerogel-based phase change composites (PCCs)
and provide a brief introduction on the following topics: 1) why graphene aerogels can be
used for PCCs, 2) the sol-gel transition synthesis of graphene aerogels, 3) the fabrication of
graphene-aerogel-based PCCs, and 4) their applications in thermal energy storage,
electric-thermal conversion and storage, solar-thermal conversion and storage, and ther-
mal buffer. Finally, we also discuss the limitation and future development of these
graphene-based materials.
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1. Introduction

Thermal energy storage technologies have played a broad and critical role in sustainable
utilization of energy in heating and cooling apparatus, including vehicles and buildings, smart
textiles with thermal comfort, electrochemical and electronic devices [1–3]. Phase change
materials (PCMs) have been widely used in thermal energy storage technologies because they
can absorb or release a great amount of energy as latent heat during the solid-solid or solid-
liquid phase transitions over a narrow temperature range. In general, PCMs can be classified
into organic (e.g., paraffin, fatty acids, and polyethylene oxide) and inorganic types (inorganic
salts and their hydrates). The organic PCMs have attracted great attention in phase change
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materials (PCMs) have been widely used in thermal energy storage technologies because they
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system as they exhibit high phase change enthalpy, wide melting temperature for convenient
use, chemical stability and abundance in natural resources, besides the common properties of
the inorganic ones. However, their practical applications are still hindered by various short-
comings of PCMs [4], such as the low thermal conductivity, leakage during melting process,
and weak responsiveness to optical or electrical stimuli.

To resolve these disadvantages, scientists have tried to embed various PCMs into a lot of
matrices, such as microcapsules and 3D porous materials (aerogel, foam, and sponge) with
interconnected network [5–10]. The matrices can give the PCMs improved thermal conductiv-
ity, shape stability during melting process, and high absorption of sunlight or sufficient elec-
trical conductivity for multiple driving ways. In principle, the ideal matrix should possess
excellent thermal conductivity to improve the power capacity, extensive capillary force and
high mechanical property to avoid leakage during working, lightweight framework to main-
tain high latent heat, and dark color and high electrical conductivity to store thermal energy
via multi-driven ways (sunlight absorbing or Joule heating).

Graphene, a novel nanomaterial with two-dimensional (2D) planar crystal consisting of a
single carbon atom layer, has many extraordinary properties including superior flexibility,
strong mechanical strength, and excellent electrical and thermal conductivities [11]. However,
graphene sheets usually tend to irreversibly aggregate or even re-stack back to graphite due to
their intrinsic 2D conjugated structure, making it difficult to efficiently exploit the inherent
properties of graphene [12]. There are several ways to resolve such problem by designing
porous assemblies of graphene with a 3D interconnected network, namely, assembling into
aerogel microspheres by a micro-droplet technology, into aerogel fiber with the help of spin-
ning technology, and even into aerogel film and monolith. These different forms of graphene
aerogel have the following common characters: low mass density, high porosity, robust
mechanical performance, blackbody-like absorptive performance, electrically and thermally
conducting, and extraordinary capillarity [12–14]. Therefore, multifunctional phase change
composites (PCCs) can be developed based on these graphene aerogels, and are expected to
exhibit superior performances including excellent conductivity, high latent heat, multiple
driving ways (thermal, electrical, and optical), and no leakage for melt PCMs.

This chapter reviews recent and rapid progress on graphene-aerogel-based PCCs and dis-
cusses their future development. First, the fabrication of graphene aerogels based on sol-gel
transition is described in Section 2. Then, Section 3 discusses in detail the synthesis of
graphene-aerogel-based PCCs including microspheres, fiber, film, and monolith. Finally, the
typical applications of PCCs are introduced in Section 4. This chapter may inspire many new
explorations surrounding the PCM-based thermal energy storage.

2. Fabrication of graphene aerogel

Graphene aerogels can be prepared via both solution assembly and chemical vapor deposition
(CVD) growth. The solution assembly technology is based on a sol-gel reduction process of
graphene oxide (GO) solution and a subsequent specific drying [12, 14]. GO sheets are rich in
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oxygen-containing functional groups that allow excellent dispersibility in water and polar
organic solvent, promising the possibility to operate graphene sheets into aerogels. The CVD
growth technology is usually performed on specific template (e.g., Ni foam or SiO2 aerogel)
during high temperature atmosphere that contains carbon source (e.g., CH4 and ethanol), and
the aerogel is obtained after removing the template [15, 16].

The solution assembly has become the most popular method to prepare graphene aerogels due to
its cost-effective progress, high yield from cheap graphite, amenability to operation, and efficient
utilization of the inherent properties of graphene [12]. The solution fabricationmainly involves the
synthesis of graphene hydrogel, the aerogel precursor, and the subsequent drying process.

2.1. Synthesis of graphene hydrogel

The graphene hydrogel can be synthesized via a sol-gel transition of GO solution, together with a
reduction process. After the reduction, the oxygen-containing functional groups on GO sheets
can be removed, resulting in the recovery of strong π-π interaction and a transition from
hydrophilicity to hydrophobicity [12]. It can also promote the gelation process to form a uniform
graphene hydrogel, based on the partial overlapping and π-π stacking between the reduced GO
(rGO) sheets [12]. Such sol-gel transition can be realized via a variety of reduced routes, such as
chemical reduction [17], hydrothermal reduction [18], and electrochemical reduction [19].

Chemical reduction is a versatile and mild method, and can be performed in acidic or alkaline
media by using different reducing agents, such as L-ascorbic acid (L-AA), HI, NaHSO3, NaI/
oxalic acid, dopamine, ethane diamine, and even metals (Zn) [14]. Notably, the agents used here
should be mild and green, and can promote the formation of uniform graphene hydrogel
without generating any gas. For example, by introducing L-AA into GO solution, mixing them
uniformly, and then heating the mixture for a period of time without stirring, a uniform
graphene hydrogel was obtained (Figure 1a-b) [17]. To understand the sol-gel transition, various
factors like GO concentration, GO/L-AA mass ratio, temperature, time, and pH of the sol-gel
reaction were investigated systematically [20]. For the GO/L-AAmixed solution, the GO concen-
tration and L-AA/GOmass ratio are two key factors; the optimal GO concentration was found to
be 1.0–6.0 mg/mL and the mass ratio could be in a very wide range 1:2–832:1. When the amount
of GO was too small (<1.0 mg/mL) or L-AA was insufficient (L-AA/GO <1:2), it was difficult to
induce the partial stacking and overlapping; on the contrary (GO >6 mg/mL or L-AA/GO
>832:1), the uniform dispersion of GO or L-AA became difficult. Other parameters like a pH
value of 7.0-3.0, a high temperature of 25–80�C, and a long aging time were also found to benefit
the gelation rate and the hydrogel quality. Besides L-AA, other reducing agents have also been
investigated. By using a similar sol-gel treatment, ethane diamine was dissolved in a GO solution
to reduce the GO during the formation of graphene hydrogel, after being aged in 95�C for 6 h
[21]. Such hydrogel was electrically conducting and mechanically robust, and exhibited a uni-
form gel network, being able to serve as an ideal precursor for aerogel.

However, under a low GO concentration, such as the aforementioned optimal 1.0–6.0 mg/mL,
the obtained graphene aerogel usually exhibited a disordered porous network. For a better
performance, is it possible to assemble GO sheets to an anisotropic graphene hydrogel with a
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system as they exhibit high phase change enthalpy, wide melting temperature for convenient
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graphene sheets usually tend to irreversibly aggregate or even re-stack back to graphite due to
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oxygen-containing functional groups that allow excellent dispersibility in water and polar
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of GO was too small (<1.0 mg/mL) or L-AA was insufficient (L-AA/GO <1:2), it was difficult to
induce the partial stacking and overlapping; on the contrary (GO >6 mg/mL or L-AA/GO
>832:1), the uniform dispersion of GO or L-AA became difficult. Other parameters like a pH
value of 7.0-3.0, a high temperature of 25–80�C, and a long aging time were also found to benefit
the gelation rate and the hydrogel quality. Besides L-AA, other reducing agents have also been
investigated. By using a similar sol-gel treatment, ethane diamine was dissolved in a GO solution
to reduce the GO during the formation of graphene hydrogel, after being aged in 95�C for 6 h
[21]. Such hydrogel was electrically conducting and mechanically robust, and exhibited a uni-
form gel network, being able to serve as an ideal precursor for aerogel.

However, under a low GO concentration, such as the aforementioned optimal 1.0–6.0 mg/mL,
the obtained graphene aerogel usually exhibited a disordered porous network. For a better
performance, is it possible to assemble GO sheets to an anisotropic graphene hydrogel with a

Graphene Aerogel-Directed Fabrication of Phase Change Composites
http://dx.doi.org/10.5772/intechopen.74616

105



certain alignment or orientation of the pore or graphene sheets? As a successful demonstration,
under a high-speed centrifugation, a highly concentrated GO dispersion exhibited a novel
fluid crystal phase, namely, a GO liquid crystal (GO-LC). The GO sheets tended to orient
parallel with each other, resulting in the ordered arrangement of GO sheets [22, 23]. However,
the high viscosity of GO-LC brought new problems toward the uniform sol-gel transition,
making the application of the conventional reduction routes no longer suitable for the prepa-
ration of graphene hydrogel.

Very recently, a novel sol-gel strategy was proposed to synthesize the anisotropic graphene
hydrogel, by an in situ gelation of GO-LC using the gaseous hydrogen chloride (HCl (g)), and a
subsequent chemical reduction as well (Figure 2) [24]. When a GO-LC is placed in HCl
atmosphere, the HCl molecule can dissolve and diffuse slowly into the GO-LC, together with
an immediate ionization, which promised the “in situ freezing” of dynamic hydrogen-bonding
network and resulted in the generation of GO-LC hydrogel (Figure 2). Interestingly, the HCl
treatment can also induce a typical colorful texture between crossed polarizers, due to the
directional arrangement of GO sheets. Then, the GO-LC hydrogel can be immersed into HI
(aq) to obtain an anisotropic graphene hydrogel with different macro-sizes and shapes. As no
stirring and mixing operations are involved, the original arrangement of GO sheets can be well
maintained in the final graphene hydrogel.

Importantly, the shape of graphene hydrogel can simply be controlled by changing the reactor
or introducing a certain confinement effect. From the former way, graphene hydrogels with
various shapes including cylinder, sphere, and rectangular solid have been reported. For the

Figure 1. Digital photos of the aqueous suspension of graphene oxide (a), the graphene hydrogel in a vial (b), the
graphene aerogels obtained by supercritical CO2 drying and freeze-drying (c), and a graphene aerogel supporting a
counterpoise (d) [17].
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latter, the micro-droplet, filming, and spinning techniques have been used to obtain the
graphene hydrogel microsphere, film, and fibers.

2.2. Drying process

The obtained graphene hydrogel can be dried via some specific drying treatment to form a
graphene aerogel. During the normal drying method, the graphene hydrogel undergoes a
direct liquid-gas transition, where the remarkable change in capillary force causes the shrink
and collapse of the porous network [25]. Therefore, in order to maintain the porous network,
supercritical fluid drying or freeze-drying is suggested to replace the liquid solvent of
graphene hydrogel with air, rather than by the direct liquid-gas transition [17, 25].

The supercritical fluid drying is realized in a supercritical state where the temperature and
pressure are beyond the critical point. Supercritical CO2 (Sc CO2) has become the most widely
used method due to its low critical temperature (31.1�C), no risk of combustion and toxic gas,
and a moderate critical pressure (7.38 MPa). By the Sc CO2 drying, graphene hydrogel can be
converted into graphene aerogel successfully [17, 24]: 1) the liquid component of the original
graphene hydrogel is replaced by an organic solvent (ethanol, acetone, methanol, etc.); 2) the
obtained organogel is placed in a pressure vessel and then soaked in a flowing Sc CO2 for a
period time, until all the solvent in the porous network was replaced by Sc CO2; and 3) a
graphene aerogel is finally obtained after recovering the pressure vessel to ambient pressure.

For example, as shown in Figure 1c, a graphene aerogel with Sc CO2 drying was obtained,
which exhibited a certain darkness, high porosity, high specific surface area (512 m2/g), large
pore volume (2.48 cm3/g), high electrical conductivity (~102 S/m), and high mechanical prop-
erty; it could support at least 14,000 times its own weight (Figure 1d) [17].

The freeze-drying mainly involves the freezing and sublimate processes, and this drying can
induce a solid-gas transition [25]. To prepare a graphene aerogel, a graphene hydrogel that
contains plenty of water is first frozen at a low temperature (liquid N2 or freezer), and then the

Figure 2. Schematic description of the synthesis of anisotropic graphene aerogels, derived from liquid crystals under the
assistance of the solid hydrogen-bonded network, based on a vapor diffusion and sol-gel process [24].
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latter, the micro-droplet, filming, and spinning techniques have been used to obtain the
graphene hydrogel microsphere, film, and fibers.

2.2. Drying process

The obtained graphene hydrogel can be dried via some specific drying treatment to form a
graphene aerogel. During the normal drying method, the graphene hydrogel undergoes a
direct liquid-gas transition, where the remarkable change in capillary force causes the shrink
and collapse of the porous network [25]. Therefore, in order to maintain the porous network,
supercritical fluid drying or freeze-drying is suggested to replace the liquid solvent of
graphene hydrogel with air, rather than by the direct liquid-gas transition [17, 25].

The supercritical fluid drying is realized in a supercritical state where the temperature and
pressure are beyond the critical point. Supercritical CO2 (Sc CO2) has become the most widely
used method due to its low critical temperature (31.1�C), no risk of combustion and toxic gas,
and a moderate critical pressure (7.38 MPa). By the Sc CO2 drying, graphene hydrogel can be
converted into graphene aerogel successfully [17, 24]: 1) the liquid component of the original
graphene hydrogel is replaced by an organic solvent (ethanol, acetone, methanol, etc.); 2) the
obtained organogel is placed in a pressure vessel and then soaked in a flowing Sc CO2 for a
period time, until all the solvent in the porous network was replaced by Sc CO2; and 3) a
graphene aerogel is finally obtained after recovering the pressure vessel to ambient pressure.

For example, as shown in Figure 1c, a graphene aerogel with Sc CO2 drying was obtained,
which exhibited a certain darkness, high porosity, high specific surface area (512 m2/g), large
pore volume (2.48 cm3/g), high electrical conductivity (~102 S/m), and high mechanical prop-
erty; it could support at least 14,000 times its own weight (Figure 1d) [17].

The freeze-drying mainly involves the freezing and sublimate processes, and this drying can
induce a solid-gas transition [25]. To prepare a graphene aerogel, a graphene hydrogel that
contains plenty of water is first frozen at a low temperature (liquid N2 or freezer), and then the

Figure 2. Schematic description of the synthesis of anisotropic graphene aerogels, derived from liquid crystals under the
assistance of the solid hydrogen-bonded network, based on a vapor diffusion and sol-gel process [24].
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ice inside the pore starts to sublimate directly under vacuum, with the pore being filled by air
[17, 26–28]. During the freeze-drying process, the growth of ice crystal usually causes reconstruc-
tion of the original network of hydrogel, together with an aggregation of the mesopores into a
macropore. Then the resulting graphene aerogel usually shows a poor mechanical strength, high
brittleness, low specific surface area, and little mesopore volume. As shown in Figure 1c, the
graphene aerogel by freeze-drying showed ametal luster, but it could only support 3300 times its
own weight [17]. Based on a N2 adsorption/desorption test, the pore volume was 0.04 cm3/g in
the size range of 1.5–55 nm, which was much lower than that of the graphene aerogel by Sc CO2

drying (2.48 cm3/g), corresponding to the disappearance of mesopores.

3. The fabrication of graphene-aerogel-based PCCs

According to the different macroscopic architectures of graphene aerogels, the graphene-
aerogel-based PCCs can be developed in forms of 0D microspheres, 1D fibers, 2D films, and
3D monoliths. The two widely used strategies for the fabrication of aerogel-based PCCs (e.g.,
carbon aerogel, carbon nanotube sponge, carbon nanotube array, graphene aerogel, and other
aerogel matrices) are the melted filling and solvent-assisted filling [7–9, 24].

Above the melting point, the conventional PCMs will become liquid state. The melted PCMs
can be infiltrated directly into the porous network of aerogel owing to aerogel’s extraordinary
capillary force, similar to the simple process of “sponge absorbing water”. Thus, graphene
aerogel could direct the fabrication of PCCs [24, 29]: immerse a graphene aerogel into a melted
PCM, allow the pore space of aerogel be filled by the PCM, promise the melted PCM to be
cooled inside the aerogel network, and then by removing the residue paraffin on the surface of
composite, the relevant graphene aerogel-directed PCC could be obtained.

The solvent-assisted filling strategy can be performed by introducing a PCM solution into the
internal space of aerogel. This method could avoid the limitation of temperature and high
viscosity of the melted PCM [7]. First, a graphene aerogel is immersed into a PCM solution
such as polyethylene glycol (PEG)/water, wax/CH2Cl2, stearic acid/C2H5OH. Then the PCM
solution will flow into the porous network of aerogel, and then stay in the pores or get
absorbed on the walls. After removing the solvent via natural volatilization, a PCC can be
obtained. Notice that the densification and solidification effects from the solvent evaporation
process may bring many fascinating properties.

Both the melted filling and solvent-assisted filling are based on the similar driving force—the
capillary force of aerogel. There are also slight differences between these two methods, and
they have their own scope of application. In the following sections, more detailed introduction
is provided according to the shapes of microspheres, fibers, films, and monoliths.

3.1. 0D composite microsphere

To prepare graphene-aerogel-based PCC microspheres, the mono-dispersed graphene aerogel
microspheres (GAMs) with 3D interconnected porous network should be produced first.
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Unfortunately, the traditional strategies, including injection prilling, emulsion polymerization,
and spray granulation, are not suitable for the fabrication of mono-dispersed GAMs [30–32],
because the gelation should be realized in microdroplets and a long aging process is necessary.

Herein, based on the original sol-gel principle, a novel and programmable strategy has been
developed, namely, an ink jetting-liquid marbling-supercritical fluid drying coupling tech-
nique, to produce mono-dispersed GAMs (Figure 3a) [33]. Typically, the valve ink jetting was
used to synthesis the GO/L-AA droplets because it had a much wider size window and could
precisely control the droplet size. The obtained mixed microdroplets were then dropped into a
specific container fully filled with hydrophobic nanoparticles to form liquid marble. The liquid
marbling technology could keep individual droplets separated from each other and maintain
spherical structure without amalgamation. Once the injection was completed, the container

Figure 3. Schematic and results of the “ink jetting�liquid marbling�supercritical drying” coupling approach to make
graphene aerogel microspheres and phase change microspheres [33]. (a) the ink jetting of sol droplet precursor. (b) the
preparation of GAMs and phase change microspheres. (c-f) SEM images of a GAM (c,d) and a PCC microsphere (e,f).
(g) Cyclic DSC curves of the paraffin and GAM-based PCC microspheres. (h,i) DSC curves and the corresponding
latent heats of the PCC microspheres tested in 50 cycles.
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solution will flow into the porous network of aerogel, and then stay in the pores or get
absorbed on the walls. After removing the solvent via natural volatilization, a PCC can be
obtained. Notice that the densification and solidification effects from the solvent evaporation
process may bring many fascinating properties.

Both the melted filling and solvent-assisted filling are based on the similar driving force—the
capillary force of aerogel. There are also slight differences between these two methods, and
they have their own scope of application. In the following sections, more detailed introduction
is provided according to the shapes of microspheres, fibers, films, and monoliths.
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microspheres (GAMs) with 3D interconnected porous network should be produced first.
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developed, namely, an ink jetting-liquid marbling-supercritical fluid drying coupling tech-
nique, to produce mono-dispersed GAMs (Figure 3a) [33]. Typically, the valve ink jetting was
used to synthesis the GO/L-AA droplets because it had a much wider size window and could
precisely control the droplet size. The obtained mixed microdroplets were then dropped into a
specific container fully filled with hydrophobic nanoparticles to form liquid marble. The liquid
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was sealed and a sol-gel transition was triggered. Thus, GAMs with 3D interconnected
graphene porous network could be fabricated by supercritical drying (Figure 3c-d). By
adjusting the size of microdroplets, the size of graphene hydrogel microspheres could be
efficiently controlled. Based on a statistical analysis on the size distribution of graphene
hydrogel microspheres, the variation coefficients were 6.4, 4.9, and 5.6%, for the graphene
hydrogel microspheres with an average size of 170, 200, and 230 μm, respectively, indicating
that the ink jetting and liquid marbling techniques showed a superior advantage to produce
uniform-sized GAMs.

By the melted filling, the PCM could be introduced into the inner pore spaces of GAMs, and
the relevant graphene aerogel-directed PCC microspheres were obtained [33]. These micro-
spheres exhibited good sphericity, and owing to the continuous conducting network of
graphene aerogel and phase change ability of paraffin, they also exhibited a high latent heat
(136 J/g, Figure 3g), excellent cyclic stability (Figure 3h and i). Furthermore, the microspheres
(diameter ~700 μm) could respond to a weak heat (as low as 0.027 J) very sensitively, together
with fascinating electrical properties, remarkable mutation of electrical resistance; the resis-
tance was about 1370 Ω for the solid and 4850 Ω after being melted.

3.2. 1D composite fiber

Phase change fiber, also named as smart thermoregulating fiber, can buffer the environmental
temperature variation by absorbing/releasing thermal energy. So far, the preparation of PCC
fiber is mainly based on composite spinning, including wet-spinning, melt-spinning, and
electrospinning [34–36]. For example, pure PCM or microencapsulated PCM can be mixed into
polymer solution or its melt, which can be later spun into fibers [37]. However, the obtained
fibers did not show a high enthalpy and their repeatability was quite low. It is still of strong
requirement to develop new-type PCC fibers, via a novel and facile approach.

Graphene aerogel fiber (GAF) consisting of aligned graphene porous network can provide a
successful template toward such development. The GAF can be prepared by both freeze-dry
spinning and wet-spinning based on GO-LC. Such aerogel fibers usually contain
interconnected porous network of aligned graphene sheets, and thus also exhibit high poros-
ity, large specific surface area, excellent conductivity, and high flexibility. For example, a
GAF with a unique “porous core-dense shell” structure was produced by a freeze-dry
spinning, a combination of spinning and ice-templating strategy [38]. The obtained GAF
showed a high electrical conductivity of 2.0 � 103 S/m, high mechanical strength
(11.1 MPa), and large specific surface area (~884 m2/g). At the same time, another GAF with
aligned porous network was obtained by spinning GO-LC into specific coagulation bath
which contained a reducing agent, such as HCl/L-AA (aq), HCl/HI (aq), acetone/HI (aq),
CaCl2/HI (aq), aniline hydrochloride/HI, followed by an aging process and specific drying.
Such aerogel fiber exhibited a high mechanical strength (up to 18.1 MPa), high specific
surface area (~548 m2/g) and a large pore volume (~2.28 cm3/g). In a different way, by
injecting a GO/L-AA or GO/HI mixed solution into a micro-tube, after aging for a period of
time under water bath and a following supercritical drying or freeze-drying, GAFs with
excellent electrical conductivity and high flexibility property can be obtained [39].
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Based on the obtained aerogel fiber, the aerogel-directed PCC fibers with variable phase
change enthalpy and other thermal properties can be fabricated, by a solvent-assisted filling.
By carefully adjusting the PCM materials and filling process (concentration, temperature,
aging time, etc.), the mechanical, electrical, and thermal properties were tunable. For example,
after introducing PEG-4000 (average molecular weight 4000), the obtained graphene/PEG PCC
fiber exhibited a tunable phase change enthalpy of 28–116 J/g, depending on the PEG fraction,
at a constant melting point of 54�C of the pure PEG-4000, see Figure 4b. The phase change
enthalpy and melting point can also be efficiently adjusted in a wide temperature range by
using different PCMs. For example, by using n-eicosane, the melting point could be just 36�C,
and the enthalpy was as high as 186 J/g (Figure 4c).

3.3. 2D composite film

As compared to the 0D and 1D PCCs, a planar phase change film could provide a larger thermal
exchange interface for thermal management in portable electronic devices. By combining the
conventional filming technique [40–42], such as wet-spinning and blade-coating, with sol-gel
transition and specific drying processes, graphene aerogel films with interconnected porous
network can be produced.

Typically, GO-LC was spun via a wide spinning channel into a coagulation bath containing
reducing agent (e.g., HCl/HI (aq), CaCl2/HI (aq)) [41]. By such treatment, the fluid GO-LC
would convert to a gel film, which was then being aged for 12 h. After a supercritical drying or

Figure 4. Aerogel-directed fabrication of graphene-aerogel-based PCC fiber. (a) Schematic description of the fabrication.
(b,c) DSC curves of the PCC fibers, and for a comparison, the DSC result of PEG4000, and n-eicosane are plotted.
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Graphene aerogel fiber (GAF) consisting of aligned graphene porous network can provide a
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spinning and wet-spinning based on GO-LC. Such aerogel fibers usually contain
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GAF with a unique “porous core-dense shell” structure was produced by a freeze-dry
spinning, a combination of spinning and ice-templating strategy [38]. The obtained GAF
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(11.1 MPa), and large specific surface area (~884 m2/g). At the same time, another GAF with
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surface area (~548 m2/g) and a large pore volume (~2.28 cm3/g). In a different way, by
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using different PCMs. For example, by using n-eicosane, the melting point could be just 36�C,
and the enthalpy was as high as 186 J/g (Figure 4c).
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conventional filming technique [40–42], such as wet-spinning and blade-coating, with sol-gel
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network can be produced.
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freeze-drying, a continuous graphene aerogel film was obtained. In another method, a high
concentration GO dispersion or GO hydrogel was spread onto a glass substrate and a uniform
GO hydrogel film could be obtained [42]. To reduce the GO, such hydrogel film was immersed
into HI solution to obtain a flexible and free-standing graphene aerogel film by a supercritical
drying process.

Based on the melted filling or solvent-assisted filling, the PCMs could be introduced for
fabricating flexible and free-standing PCC films (Figure 5). For example, by immersing a
graphene aerogel film into melted n-eicosane for about 3 h, a flexible composite film with a
high latent heat (161 J/g) and low melting point (about 36�C) was obtained. As shown in
Figure 5b, the PCC film exhibited a similar phase change behavior to pure n-eicosane.

3.4. 3D composite monolith

PCC monolith is the most widely used form for thermal energy storage due to their intrinsic
bulk energy density. For a good heat transfer through a bulk PCC, the continuous and thermal
conductive network is necessary. By considering its 3D porous network and high ability to
conduct heat and current, graphene aerogel can serve as an important template to develop
PCC monoliths.

The graphene-based PCC monoliths have been synthesized by melted filling. By immersing a
bulk graphene aerogel into a melted PCM with the aid of vacuum, the inner pore spaces of
aerogel can be fully filled by the PCM molecules. After a following cooling treatment, a PCC
monolith can be obtained. For example, an anisotropic composite monolith was reported
based on a composition of paraffin with a graphene aerogel with aligned pore structure, as
shown in Figure 6 [24]. Such PCC monolith contained a high paraffin loading up to 93.6 wt%
with an enthalpy of 193.7 J/g. This special alignment of graphene network also induced a high
anisotropy of the thermal conductivity, along the graphene sheet, the thermal conductivity
could reach to 2.99 W/mK, about 15-fold higher than that of pure paraffin, higher than that of
carbon nanotube array/n-eicosane composite; in other direction, the thermal conductivity
exhibited a lower value of 1.2 W/mK.

A different method of hydrothermal reduction was also used to synthesize PCC monoliths
[43]. To do so, a GO solution was mixed with a paraffin/cyclohexane solution, under a violent

Figure 5. The preparation and thermal property of graphene-aerogel-based PCC film. (a) Schematic of preparation. (b)
DSC curves of PCC film and n-eicosane.
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shaking to make the mixture (emulsion) homogeneous. Then, by a high temperature-induced
reduction under a hydrothermal condition, and a following freeze-drying process, a PCC with
encapsulated structure and continuous graphene network was obtained. By adjusting the
concentration of the paraffin solution, a high PCM loading could be up to 97 wt%. Under such
high loading, a good shape stability was still maintained as reflected by the zero PCM leakage,
because the paraffin was encapsulated into the closed pore shell of graphene aerogel, to form
micrometer-scaled droplets. Unfortunately, the thermal conductivity of such PCC monolith
was just 0.274 W/mK, just comparable to that of the pure PCM (0.207 W/mK) [43].

4. Applications of graphene-aerogel-based PCCs

An intrinsic phase transition and high latent heat of PCMs, and their excellent physicochemical
properties, would allow these graphene-aerogel-based PCCs to be applied in many fields with
extraordinary performances.

4.1. Thermal energy storage

Among the various applications, thermal energy storage is the most fundamental application.
It requires a superior thermal performance of PCM, including high thermal conductivity, high
latent heat, excellent thermal cycling stability, and no leakage during work [24]. So far,
graphene-aerogel-based PCCs have shown many advantages in thermal energy storage owing
to the synergistic effect between graphene network and PCM.

Thermal conductivity is the most important property as it determines severely the power
capacity of PCMs. Owing to the graphene network, the conductivity of graphene-aerogel-
based PCCs were all much higher than that of pure PCMs. For example, based on a CVD-
based graphene foam, the conductivity of the graphene/paraffin PCCs was up to 3.61 W/mK,
18 times higher than that of paraffin (0.2 W/mK) [3]. The similar enhancement was also
observed for a rGO/octadecanoic acid PCC (from 0.18 W/mK for the pure octadecanoic acid
to 2.6 W/mK) [44]. By using an anisotropic graphene aerogel, there was also an anisotropy in
thermal conductivity (Figure 7a) [24]: the in-plane thermal conductivity was up to 2.99 W/mK,

Figure 6. Illustration of the fabrication process in which the melting paraffin fills in the anisotropic graphene aerogel to
make a composite that can be driven either electrically or optically for heat storage [24].
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A different method of hydrothermal reduction was also used to synthesize PCC monoliths
[43]. To do so, a GO solution was mixed with a paraffin/cyclohexane solution, under a violent
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was just 0.274 W/mK, just comparable to that of the pure PCM (0.207 W/mK) [43].
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while along the perpendicular direction it was just 1.2 W/mK (Figure 7b). Such anisotropy
could provide a chance for rapidly storing heat along the parallel direction, and slowly
releasing the heat along the other direction, making the heat usage more efficiently.

Figure 7. Thermal properties of an anisotropic graphene-based PCC monolith. (a) Schematic illustration of anisotropic
heat transfer. (b) Thermal conductivities of the anisotropic graphene aerogel and the relevant PCC. (c,d) TGA and DSC
curves of the pure paraffin, the commercial composite and the anisotropic graphene aerogel/paraffin PCC. (e) the
measured latent heats obtained from (d). (f) Cyclic behaviors of the latent heat of the PCC during 45 melting-freezing
cycles. The inset shows the 45th DSC curve which is fully identical to the first one in (d) [24].
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Phase change enthalpy is another important characteristic, as it corresponds to the energy
density. Although the introduction of graphene aerogel might affect the enthalpy of PCM
slightly, the enthalpy of the overall PCC could be as high as the pure PCM. On the other hand,
the presence of graphene could also benefit the crystallization of PCM, as a remedy to the
enthalpy loss. Therefore, the full potential of PCM could still be realized in the PCC. For
example, for a PCC monolith at a paraffin loading of 94 wt% (Figure 7c), the enthalpy was
measured to be 193 J/g (Figure 7d-e), just ~6 wt% smaller than that of pristine paraffin (208 J/g).
Nevertheless, such value was slightly higher than the secondary crystallization of pure paraf-
fin (190.2 J/g) [24]. Furthermore, the porous network of graphene aerogel could promise the
PCC to possess an excellent thermal stability between cyclic heating and cooling, as confirmed
by the cyclic DSC curves (Figure 7f), and this excellent thermal stability also be found in other
forms of PCC (0D, 1D, and 2D), as shown in Figures 3–5 [26].

4.2. Electric-thermal conversion and storage

Electric-thermal conversion and storage based on PCM technique is important for effective
utilization of power from off-peak electricity and renewable energy sources (e.g., wind and
solar) [45]. As the basic property for electric-thermal conversion, high electrical conductivity of
PCM is required. Unfortunately, the conventional PCMs are usually not an electrical conduc-
tor, and thus not available for electric-thermal conversion. For graphene-aerogel-based PCCs,
the graphene network not only improves the thermal conductivity, but also exhibits many
advantages in the electrical performances. As a result, when a current is passing thorough a
PCC, the electric-thermal effect can be triggered by the graphene porous network, and the
converted energy will be absorbed and stored by the PCM in the PCC [24].

Figure 8a shows the setup to evaluate the electro-thermal conversion and energy storage: a
cylinder PCC monolith was connected into a DC circuit, and then the temperature evolution of
PCC was recorded by a data collection system [24]. Under a constant voltage of 1.5 V, the PCC
temperature increased rapidly during the first 45 s, and then reached a plateau until ~190 s,
corresponding to the melting of paraffin (Figure 8b). After the full melting, the temperature
started to increase again and much more rapidly. When the voltage was turned off, the

Figure 8. (a) Schematic illustration of the electro-driven phase change composite device circuit. (b) the temperature-time
relationship of AN-GA-paraffin under different voltages [24].
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temperature declined immediately to the freezing point (about 48�C) of paraffin, and another
plateau was formed, corresponding to the solidification of paraffin. After the solidification
stopped, the temperature would decrease again to room temperature. Via the temperature
curves under different voltages, a critical voltage for a complete phase change was found to be
about 1.0 V, which was a quiet low threshold compared to carbon aerogel (15 V) [8] and carbon
nanotube sponges (1.5 V) [7].

4.3. Solar-thermal conversion and storage

Solar-thermal energy conversion and storage were essential for harvesting and utilizing of
abundant solar energy. Both graphene aerogel and its directed PCC exhibited black appear-
ance and high thermal conductivity, promising the application in solar energy.

To characterize the ability to convert solar energy [24], the graphene-aerogel-based PCC was
placed under a solar simulator, by a tungsten-halogen lamp (Figure 9a). Without infiltrating any
PCM into the graphene aerogel, the temperature of aerogel could increase up to 40–75�C under
different light intensities, indicating that the graphene was a nice photo absorber (Figure 9b). For
the graphene-aerogel-based PCC, due to the phase change, temperature plateaus (around 48�C)
were observed during the solar-induced heating and cooling processes (Figure 9c), corresponding
to an efficient energy storage. By dividing the stored thermal energy (from the product of
enthalpy and PCC mass) by the irradiating energy overall received during the working time for
the plateau, the conversion-storage efficient could reach to 77% (1.0 sun).

4.4. Thermal buffer

Graphene-aerogel-based PCCmicrospheres could serve as thermal buffer in electronic devices,
as besides the ability to store the energy by Joule heating, they have also shown a fascinating
electrical property.

To show such effect, a single graphene-based PCC microsphere was connected to a DC power
by Cu wires (Figure 10a) [33]. Upon increasing the voltage, the current passing through the
microsphere increased linearly until a critical point, where the Joule heating could have
increased the temperature up to the melting temperature of PCM. Due to the PCM melting,

Figure 9. (a) Schematic of the characterization of solar-thermal conversion. (b,c) Temperature-time relationship under
simulated sunlight (AM 1.5) at intensities of 0.7 sun, 0.8 sun, 0.9 sun, and 1.0 sun, for the anisotropic graphene aerogel and
the corresponding PPC, respectively [24].
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the resistance of the PCC microsphere increased very rapidly, as reflected by the current drop
shown in Figure 10b. With further increasing the voltage, more PCMs melted, with the current
suppressed at the finite value. Clearly, such effect of thermal buffer can effectively protect the
circuit upon the overloading of voltage.

5. Conclusion and outlook

We have reviewed recent progresses of graphene-aerogel-based PCCs, in different forms with
different dimensions, introduced in detail the sol-gel-based fabrication methods, and demon-
strated their potential applications.

Besides these successful achievements, there are still many problems and challenges. For
example, it is still easy to cause the reopening of the porous network of graphene under the
external strike, leading to the leakage during the service. A higher thermal conductivity is still
of strong request for high-performance applications, especially for the directional thermal
conductivities. Furthermore, besides the thermal performance, more focus should be paid to
the electrical and mechanical properties of PCC. Based on the multifunctionalities of graphene
assemblies, smart PCCs are expected to respond to magnetic, heat, moisture, and abrasion.
Furthermore, for the stored thermal energy, it is also important to convert it into electrical or
mechanical energies by developing PCM-based actuators.
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Abstract

Phase-change random access memory (PCRAM) is a semiconductor device based on 
phase change material (PCM). The SET speed is the bottleneck of limiting the speed of 
PCRAM. Extract the electrical parameters of the SET operation of the PCRAM test chip 
and analyze the process of the SET operations. It is found that adding a high and narrow 
pulse before a single pulse (SP) benefits the SET resistance reduction and the SET speed 
improvement. A dual pulses SET (D-SET) method is proposed and optimized. The mech-
anism of D-SET is that the first pulse forms a large optimum temperature field cover over 
all regions of the PCM material. When the first pulse is converted to the second pulse, the 
optimum temperature field shrinks and causes the amorphous regions to rapidly crystal-
lize from the edge to the center. On the 40 nm PCRAM test chip, the SET time of D-SET 
method is under 300 ns. Compared with the conventional SET method such as SP and 
staircase down pulses (SCD), the D-SET method is optimal for SET performance such as 
SET resistance distribution, SET speed, and the anti-drift ability.

Keywords: PCRAM, phase change material (PCM), SET operation, resistance 
distribution, anti-drift

1. Introduction

Phase-change random access memory (PCRAM) is widely investigated as one of the most 
promising candidates for nonvolatile memory [1]. The storage cell in PCRAM is based on a 
phase change material (PCM). Interest in PCRAM technology was renewed by the discovery of 
fast recrystallizing materials, GeTe [2], Ge11Te60Sn4Au25 [3], Ti0.4Sb2Te3 [4], and Cr0.2Sb2Te3 [5]. A 
pseudo-binary alloys along the GeTe-Sb2Te3 tie line, such as Ge1Sb2Te4, Ge1Sb4Te7, and the most 
commonly applied material for both optical and electrical applications, Ge2Sb2Te5 (GST) [6].  
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Employing PCM, in 2006, 512 MB PCRAM chip was reported. Intel and Micron recently 
announced a new 128 GB “3D XPoint memory” technology [7]. High speed, high density, 
low voltage, and compatibility with standard CMOS technology performance ensure PCRAM 
superiority [8–10]. The storage cell is constituted by a thin-film PCM layer in contact with a 
metallic heater. When a programming voltage or current is applied to the storage cell, a high 
current density will flow into the resistive heater, raising the temperature by Joule effect. PCM 
in the active region close to the heater heats up, thus causing the phase transition between 
the RESET and SET states. The PCM can be changed from low resistive (crystalline) to high 
resistive (amorphous) state, named as RESET operation; vice versa, from high resistive (amor-
phous) to low resistive (crystalline) state named as SET operation.

Conventionally, SET program operation is achieved by means of a single pulse (SP) of a cou-
ple of hundreds of nanoseconds. The resulting SET-state cell resistance distribution (hereafter 
referred to as SET distribution) typically turns out to be affected by spreads in cell physical 
parameters, which can degrade the SET distribution width. This leads to a reduced spacing 
between the SET and the RESET distribution and, hence, to a decreased safe margin for read 
operations. Compared with the RESET speed of PCRAM, the SET speed of PCRAM is much 
slower; so the SET speed is the bottleneck of limiting the speed of PCRAM. This chapter 
focuses on the SET operation optimization of PCRAM, mainly research on the influence of the 
relevant factors of SET operation pulse on SET operation and how to optimize the SET opera-
tion pulse. The SET operation speed is improved by optimizing the SET operation pulse. The 
mechanism of the SET process is analyzed, and the improved SET operation pulse is proposed 
and implemented. It is mainly divided into three aspects as follows: (1) the influence of the 
magnitude and width of the SET pulse on PCRAM; (2) study on the dual pulse SET (D-SET) 
operation; (3) comparison of D-SET with the common SET methods.

Many improved SET operation methods are proposed and applied in the PCRAM chip. 
In 2005, the multiple step-down pulse generator (MSPG) SET technique (Figure 1(a)) was 
applied to the 64 MB PCRAM chip released by Samsung [11]. Because of the influence of the 
path resistance, different address storage cells require a different SET pulse to full crystal-
lization. In the MSPG technology, the SET current pulse is swept to cover all the cell-to-cell 
variations of the SET current windows, so the probability of the SET failure can be reduced. 
Not only can the SET success rate but also the consistency of SET resistance can be improved. 
Figure 1(b) illustrates that the utilization of MSPG to the SET operation reduces the broadness 
of the right side of SET distribution and widens the margin for reading window.

In 2007, Samsung reported an arbitrary slow-quench (ASQ) pulse scheme to improve the 
write time of the SET data in a 512 MB PCRAM chip based on 90 nm process [12]. It is com-
posed of a maximum current decision part, a slow-quench slop decision part, a minimum 
current decision part, and a voltage driver with wide operation range as shown in Figure 2(a). 
The scheme is used effectively to enhance distributions and reliability of cell data through 
write-verify process. Figure 2(b) shows a measured data of voltage level of SET signal and 
output of the ASQ, which has a slow quench waveform with 500 ns pulse width.

In addition, STMicroelectronics proposed a technology similar to ASQ technology knows as 
Set-Sweep Programming (SWP) [13, 14], as shown in Figure 3. It consists in applying a con-
ventional RESET pulse to melt the GST but with a very slow-stepped or linear quenching so 
that, thanks to the slow falling edge, the material has time enough to crystallize and to move 
into the low resistance state.

Phase Change Materials and Their Applications124

A staircase-down (SCD) SET pulse is reported [15], which can be seen as the sequence of 
N elementary pulses having the same length TS and decreasing magnitudes SN-1, SN-2,…, 
S0 (Figure 4). This SCD technique allows different optimum SET voltages to be applied 
to different cells being programmed simultaneously. It can compensate for spreads in 
cell physical parameters, thus obtaining narrow SET distributions and improved read 
margin.

Figure 1. (a) Multiple and step-down pulse generator (MSPG); (b) GST resistance distribution without/with MSPG [11].

Figure 2. Arbitrary slow-quench shaper. (a) Versatile SQ pulse waveforms. (b) Measured waveform of SET node [12].
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A staircase-down (SCD) SET pulse is reported [15], which can be seen as the sequence of 
N elementary pulses having the same length TS and decreasing magnitudes SN-1, SN-2,…, 
S0 (Figure 4). This SCD technique allows different optimum SET voltages to be applied 
to different cells being programmed simultaneously. It can compensate for spreads in 
cell physical parameters, thus obtaining narrow SET distributions and improved read 
margin.

Figure 1. (a) Multiple and step-down pulse generator (MSPG); (b) GST resistance distribution without/with MSPG [11].

Figure 2. Arbitrary slow-quench shaper. (a) Versatile SQ pulse waveforms. (b) Measured waveform of SET node [12].
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2. SET pulse magnitude and width

2.1. Thermal properties

In order to RESET the PCRAM cell into its amorphous state, a short electrical pulse is applied 
to the bottom electrode contact (BEC). The thermal pulse is quenched rapidly to cause the mol-
ten region to cool to its amorphous state. For the case of SET programming, an electrical pulse 
is applied to the PCRAM cell that is sufficient to increase the temperature of the programming 
region above the crystallization temperature (Tcryst) over a time period sufficiently long to 
crystallize the phase change material. Typically, a material offering high Tcryst generally leads 
to a better thermal stability and thus longer data retention of stored data. Note that at Tx, 
crystallization occurs in microseconds. In contrast, at the higher temperature of Tcryst shown 
in Figure 5, sufficient recrystallization of the amorphized portion to create a high conductance 
path through a memory cell can occur in less than 1 μs. This crystallization temperature Tx 
can be readily measured on blanket films of PCRAM using electrical techniques. Thus, Tx is 
widely used to characterize new candidate PCRAM [16].

Figure 3. Set program pulse. The constant current level IRESET is higher than the melting current Im in order to melt the 
chalcogenide before the slow cooling [13].

Figure 4. Staircase-down programming pulse (N = 3) [15].
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2.2. SET pulse magnitude

In order to study the effects of the SET pulse magnitude on the resistance of the PCRAM 
cell, a fixed width SET pulse is used to SET operation for the RESET state of PCRAM test 
chip samples. The SET distributions with the different SET pulse magnitudes are shown in 
Figure 6(a). The cell percent of the SET resistance value less than 100 kΩ (log(resistance) < 5) 
is listed in Table 1.

From the perspective of the SET distribution of array with SET resistance less than 100 kΩ 
as the standard, it can be seen that 0.3 mA SET current is the optimal SET pulse magnitude. 
For each cell, its optimal SET current is inconsistent, and its optimal SET current (obtaining 
the minimum SET resistance) is shown in Figure 6(b). The cell proportion with 0.3 mA SET 
current operation as the optimal SET current is majority, and the optimal SET current of most 
cells (98.94%) in the array is between 0.2 and 0.6 mA. It is obvious that the optimal SET condi-
tions are in favor of the array resistance distribution.

Figure 5. Programming of a PCM device involves application of electrical power through applied voltage, leading to 
internal temperature changes that either melt and then rapidly quench a volume of amorphous material (RESET), or 
hold this volume at a slightly lower temperature for sufficient time for recrystallization (SET). The temperature at which 
recrystallization is very rapid (<1 μs), Tcryst ~ 400°C, is lower than the melting temperature, Tmelt ~ 600–650°C. A low 
voltage is used to sense the device resistance (READ), so that the device state is not perturbed [16].

Figure 6. (a) SET distribution with the different SET pulse magnitude; (b) histogram statistics of the cell percent with the 
different SET current [21].
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2.3. SET pulse width

In order to study the effect of the SET pulse width on the resistance of the PCRAM cell, a 
fixed magnitude SET pulse is used for SET operation from the RESET state of PCRAM test 
chip samples. 1.5 mA 200 ns RESET current was used to RESET to the amorphous state of the 
PCRAM array, and then the array was operated with the SET pulse with the different pulse 
width. According to the experimental results of the SET pulse magnitude, the optimal SET 
pulse magnitude is 0.3 mA and the pulse width is 200, 300, 500, 1000, and 2000 ns, respec-
tively. The SET distribution with the different pulse width is shown in Figure 7, with a cell 
percent of the SET Resistance value less than 100 kΩ (log(resistance) < 5) is listed in Table 2.

The results show that the longer SET pulse width is, the better SET distribution of the array 
is. When the time is more sufficient, the ratio of crystallization is higher. And with the SET 
time increasing, the effect of the optimization of the SET distribution is smaller and smaller 
because the crystallization ratio in the cell is higher and higher until it is saturated. In the 
sample, the SET pulse width needs to reach 1000 ns to obtain a better resistance distribution. 
It can be seen that when SP is used in a SET operation, the pulse width demand is longer and 
the SET speed is slow.

Figure 7. SET distribution with the different pulse width.

SET current (mA) 0.1 0.2 0.3 0.4 0.5 0.6 0.7

Cell percent (%) 37.183 90.55 96.58 94.75 91.06 83.41 69.54

Table 1. Cell percent of the SET resistance value (<100 kΩ) with the different SET pulse magnitude.
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2.4. SET process research

To ensure a high enough SET success rate, it is necessary to ensure a sufficient width pulse, 
which poses a challenge to the speed of the SET operation. In order to have a deeper under-
standing of the SET operation process, we also need to understand the change of the SET 
resistance of the array at all times when the SET operation starts. Therefore, we tested the 
variation of the average resistance of the array with the SET pulse operation time, as shown 
in Figure 8. The array size is 16 kbits, and the test time is 60–630 ns, and the resistance value 
is tested every 30 ns. Before the SET operation, 1.5 mA 200 ns RESET pulse is used to operate 
the array. In order to study the influence of SET current, repeated experiments are performed 
under the different sets of SET current.

The test results show that the resistance variation with the time in the SET process can be divided 
into three stages. In the first stage, the resistance maintains high resistance. It is particularly 

SET width (ns) 200 300 500 1000 2000

Cell percent (%) 58.49 84.12 92.77 95.51 96.29

Table 2. Cell percent of the SET resistance value (<100 kΩ) with the different SET pulse width.

Figure 8. SET resistance variation with the time in the set process.
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noticeable when the SET current operation is 0.1 mA. This stage time is affected by the SET cur-
rent. The larger SET current is, the less time it will take. In the second stage, the resistance varia-
tion is the most intense, which decreases rapidly with the increase in SET time. In the third stage, 
the resistance variation will enter a stationary phase, and the resistance will decrease slowly 
with the increase in SET time. The larger SET current is, the faster third stage occurring is, and 
the resistance at this stage is determined by the SET current magnitude.

The variation of SET resistance in different time periods in the SET process is calculated to 
analyze the SET speed as shown in Figure 9. In the SET process, the SET speed is not constant, 
but at some time, the speed will reach the extreme value. Furthermore, the larger the SET cur-
rent is, the earlier extreme value appearing is.

The crystallization of the phase change materials is divided into nucleation and crystal growth, 
and the GST alloy is reflected in the nucleation dominated recrystallization [17]. The crystalli-
zation process of the GST alloy is the incubation of crystal nucleus and then the crystal grows. 
For the SET operation of the PCRAM chip, when the SET pulse is injected, on the one hand, 
due to the parasitic parameters of the circuit and the cell itself, the cell threshold switching 
needs some time [18]. On the other hand, the inside of the cell goes through an incubation 
process [19]. These two causes lead to the first stage of the SET process. However, when the 
SET current is larger, the influence of the parasitic parameters can be more favorably over-
come. When the temperature field formed by the current is higher, it is more favorable for the 
nucleation incubation [19]. Therefore, the larger is the SET current, the shorter is the first stage.

When the nucleus of the cell begins to grow, the resistance begins to drop rapidly and enters the 
second stage of the SET process. The SET current heats the electrode and forms a temperature field 

Figure 9. Relationship between the SET resistance variation velocity with the SET time.
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inside the cell. There is a temperature gradient in this temperature field as shown in Figure 10.  
This makes the internal temperature of the cell not consistent; the center temperature is higher, 
and the edge temperature is lower. This makes the incubation time for each region inconsistent. 
A phenomenon appears in Figure 9, whereby the speed of the cell resistance decreasing in the 
early stages will gradually increase; this is because the cells within different areas do not match 
the moment into the growth stage. When the area of the cell into growth stage is more and more, 
the resistance decreases faster. When all amorphous areas of the cell begin to grow, it will reach 
a rate of extreme value. Except the temperature effect of nucleation speed, the study of Sebastian 
et al. [20] shows that the velocity of crystal growth also has a great relationship with temperature. 
The relationship between the velocity and temperature of crystal growth is shown in Figure 11.

As shown in Figure 11, there is a temperature that allows the crystal to grow the fastest, 
at about 750 K. In the second stage of the SET process, the growth velocity in the different 
regions of the cell is different due to the different temperatures, so the time required for com-
pleting crystallization of each part is different. The SET process will enter the third stage when 
the crystal of each region gradually grows to form a crystal channel within the cell. At this 
stage, as the SET time continues to lengthen, the crystal channels in the cell become more and 
more, and the resistance still slowly decreases. The three stages of the SET process are shown 
in Figure 12. When the SET current is small, the growth rate of the amorphous region edge 
can be slow, which can make the crystal channel difficult to form, and the resistance cannot 
be reduced rapidly in the SET pulse time. This is the reason why the SET distribution is poor 
using the SET current operation of 0.1 mA in Figure 5. When the SET electric current is larger, 
the growth velocity is faster in the edge. But it may cause the temperature to be too high to be 
RESET in the center and also can lead to residual amorphous. Therefore, the SET distribution 
is very poor using the 0.7 mA SET current.

Figure 10. Internal temperature field of the unit within the SET process.
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3. D-SET operation method

Given the study of the SET process in the last section, it can be seen that the large SET oper-
ation current is beneficial to improve the SET speed. On the one hand, because the larger 
operation current can overcome the influence of the parasitic parameters, which promotes 
the rapid nucleation; On the other hand, the higher temperature can increase the growth rate 
of PCRAM crystal, which reduces the time of the second stage. However, a single high SET 
current can cause too high temperature in the phase change cell and cannot be crystallized, 
resulting in too many amorphous residues, which in turn result in the failure of the SET 
operation. Therefore, it is not feasible to use a single lifting SET current to speed up the SET 
operation, and the shape of SET pulse needs to be optimized.

Figure 11. Relationship between the velocity of crystal growth and temperature [20].

Figure 12. Nucleation, growth and saturation stage diagram of PCM cell in the SET process.
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3.1. D-SET

Considering the large SET current required for the promotion of the SET speed, a high power 
pulse (HPP) is added before the single box SET pulse to improve the SP SET effect on the SET 
distribution and speed. To verify the feasibility of this improved pulse, we verified the SET 
effect of SP and improved SET pulse in 16 kbits PCRAM array. The illustration shows that the 
shape of SP (without HPP) and improved pulse (with HPP) in Figure 13.

Figure 13(a) shows the relationship between the SET current ISET and the average SET resis-
tance obtained by the experiment. According to the test results, the relationship between the 
single pulse and the HPP pulse is consistent with that of the SET resistance. The SET resis-
tance is the minimum when the ISET is moderate. The difference is that in any ISET compari-
son, the average SET resistance obtained by using the HPP pulse is much lower than that of 
SP. When the ISET is smaller, the gap is larger. In addition, using the HPP pulse, when 0.3 mA 
ISET made the smallest average SET resistance, its minimum average SET resistance below 20 
kΩ, but the corresponding minimum average SET resistance using SP is over 40 kΩ. The HPP 
pulse can effectively improve the SET effect.

Figure 13(b) shows the relationship between SET pulse width tSET and average SET resistance. 
In this case, the array used the same RESET pulse operation prior to the SET operation to 
make the array initial high resistance state. The magnitude and width of the RESET pulse is 
1.5 mA, 200 ns respectively. The ISET SET current of SP and the HPP pulse is 0.3 mA, while for 
the HPP pulse, the magnitude of HPP before its SET pulse is 1.5 mA and the pulse width is 
100 ns. As you can see, for SP, the first stage is about 100 ns, and the SET resistance is still high 
in this stage. In the second stage, the SET resistance begins to decline slowly with the length 
of the SET pulse width. The average SET resistance dropping below 100 kΩ takes 250 ns, and 
it is not capable of reducing the resistance under 50 kΩ within 500 ns. For the HPP pulse, the 

Figure 13. Comparison of SP and improved pulse SET effect [21].
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average SET resistance drops rapidly to below 20 kΩ within 240 ns. It can be seen that the HPP 
pulse can effectively accelerate the SET speed so that the cell is fully crystallized.

Based on the abovementioned comparison experiment, the SET velocity of the HPP pulse was 
increased and the SET resistance was reduced. So, we designed a new SET operation method 
called Dual Pules SET (D-SET) [21]. A pulse sequence containing two pulses used in SET 
operation of the PCRAM cell, in which the first pulse is the HPP pulse, and the subpulse is a 
regular SET pulse.

3.2. Optimization of the D-SET method

The specific choice of the first pulse and the subpulse is related to the effect of the SET opera-
tion for the D-SET. In order to further study the mechanism of the first HPP pulse and further 
optimize the HPP pulse, the magnitude and pulse width of the HPP pulse were experimen-
tally studied. Firstly, the SET distribution of the HPP pulse width is studied.

From Figure 14, it can be seen that when the HPP pulse width increased from 50 to 100 ns, the 
SET resistance obtained is gradually moving to a lower value. When the HPP pulse width is 
over 100 ns, the improvement of the SET distribution is increased with increasing HPP pulse 
width. Considering that the HPP pulse magnitude is the same as that of the RESET pulse, this 
is similar to the effect of the RESET pulse width.

To optimize the HPP, the effect of IHPP on SET distribution is characterized. As shown in 
Figure 15, the IHPP ranges from 1.1 to 1.5 mA while the IRESET is fixed at 1.5 mA. In the D-SET 
pulse operation, the HPP pulse width is 100 ns, the subpulse magnitude is 0.3 mA and the 
width is 900 ns.

Figure 14. Effect of the HPP pulse width on the SET resistance distribution [21].
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As the IHPP increases, the SET distribution improves. And when IHPP is over 1.4 mA, this 
improvement on the SET distribution saturates. This is because that increasing IHPP will extend 
the favorable temperature annulus. The larger the annulus is, the more amorphous regions 
meet the favorable temperature when the annulus shrinks. When the annulus is beyond the 
active region, all the amorphous regions are covered and the improvement on SET resistance 
is optimal. The specific IHPP that achieves optimal SET performance is called IHPP_OPT. Since the 
favorable temperature is lower than the melt temperature, IHPP_OPT is lower than IRESET, The cor-
relations of IRESET vs. IHPP_OPT is shown in the inset of Figure 15. The corresponding IHPP_OPT to IRESET 
of 1.5, 1.4, and 1.3 mA are 1.4, 1.3 and 1.2 mA, respectively. It suggests that the smaller the amor-
phous area that RESET pulse creates, the smaller the favorable temperature annulus needed.

3.3. Analysis of the mechanism of D-SET

For SET process, the crystal growth plays an important role in crystallization and the crystal 
growth velocity has a huge dependence on temperature. It is reported that the crystal growth 
velocity is over 8 orders of magnitude spanning a temperature range from 415 to 580 K [22], and 
the maximal crystal growth velocity appears at near 750 K [9]. A fast crystallization needs to 
ensure the amorphous region crystallized under favorable temperature range for crystal growth.

When applying the SP without HPP, the favorable temperature annulus is small and near 
the BEC as shown in Figure 16. The temperature near the interface is too low to ensure fast 
growth. As a result, there is amorphous residual at the outside of the active region when SET 
pulse terminates. As for the single pulse with HPP, the HPP creates a favorable tempera-
ture annulus of large radius, which may be beyond the amorphous region depending on IHPP. 
When the HPP switches to the single pulse, the device cools off to a steady state temperature 

Figure 15. Influence of the HPP magnitude on SET distribution [21].
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average SET resistance drops rapidly to below 20 kΩ within 240 ns. It can be seen that the HPP 
pulse can effectively accelerate the SET speed so that the cell is fully crystallized.

Based on the abovementioned comparison experiment, the SET velocity of the HPP pulse was 
increased and the SET resistance was reduced. So, we designed a new SET operation method 
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operation of the PCRAM cell, in which the first pulse is the HPP pulse, and the subpulse is a 
regular SET pulse.
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Figure 15, the IHPP ranges from 1.1 to 1.5 mA while the IRESET is fixed at 1.5 mA. In the D-SET 
pulse operation, the HPP pulse width is 100 ns, the subpulse magnitude is 0.3 mA and the 
width is 900 ns.

Figure 14. Effect of the HPP pulse width on the SET resistance distribution [21].
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and the favorable temperature annulus shrinks toward the center. As this annulus sweeps in, 
the outside of the active region also has an opportunity to crystallize at favorable tempera-
ture. This is probably the reason why for crystallization that applying HPP pulse is much 
faster and more sufficient.

3.4. Performance test of D-SET

The D-SET method has excellent advantages to the SET speed and the resistance distribution.

The specific currents as well as the timing for each pulse procedure are described in the inset of 
Figure 17. The SET distributions obtained with those three kinds of SET methods are showed 
in Figure 17. The same RESET pulses are applied before each SET operation, which results 
in the same RESET resistance distribution. As shown in Figure 17, it is found that D-SET 
results in the lowest and narrowest SET resistance distribution. In the same limited SET time 
of 300 ns, the proportion of cells with SET resistance under 30 kΩ (log(resistance)<4.5) for 
D-SET, SP and SCD is 98, 8, and 35%, respectively.

In addition to achieving a good SET distribution, the SET resistance of D-SET is more promi-
nent than the other two SET methods. The resistance drift of the SET resistance obtained by 
applying those three SET methods are also evaluated. The resistance drift has been described 
in the literature according to the power-law empirical equation (1) [23]:

  R (t)  =  R  0     (  t __  t  0  
  )    

v
   (1)

where t0 is a normalizing time value, R0 is the resistance at time t0, and ν is the drift exponent. 
To extract the drift exponent, both the resistance of PCRAM cells right after SET operation and 
after an annealing of 3 h at 110°C (resistance read performed at room temperature) are col-
lected firstly. The statistical results are presented in Figure 18(a). Then the corresponding drift 
coefficients of each cell are calculated by Eq. (1) and the statistics are reported in Figure 18(b). 
As shown in Figure 18(a) and (b), the D-SET method results in the smallest resistance drift as 
well as in the smallest drift coefficient dispersion. The mean drift coefficients of SET resistance 
obtained by SP, D-SET, and SCD are 0.056, 0.018, and 0.041, respectively. The correlations of 

Figure 16. Schematic illustration of the different crystallization process when applying (a) single pulse, and (b) dual 
pulse [21].
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Figure 17. Resistance distributions obtained with three kinds of SET pulses: (a) SP, (b) D-SET, and (c) SCD. The schematic 
of the SET pulses are showed in the inset figure [21].

Figure 18. Comparison of (a) the programmed SET resistance, (b) the corresponding drift coefficient, and (c) correlations 
of drift coefficient vs. SET resistance obtained with SP, D-SET and SCD [21].
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Figure 17. Resistance distributions obtained with three kinds of SET pulses: (a) SP, (b) D-SET, and (c) SCD. The schematic 
of the SET pulses are showed in the inset figure [21].

Figure 18. Comparison of (a) the programmed SET resistance, (b) the corresponding drift coefficient, and (c) correlations 
of drift coefficient vs. SET resistance obtained with SP, D-SET and SCD [21].
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drift coefficient vs. SET resistance are shown in Figure 18(c). A strong correlation between the 
drift coefficient and the programmed resistance has been observed. It shows that the higher 
the resistance, the higher the value of ν, as described in the literature [24, 25] According to Ref. 
22, the drift coefficient values of SET state resistance (less than 10 kΩ) are lower than 0.01. The 
correlations are fitted with the fitting equation (2):

  ν = δ ∗  (log  (R)  − 4)  + 0.01  (2)

where ν is the drift coefficient value, R is the SET resistance and δ is the fitting parameter 
which stands for the gradient of drift coefficient. The smaller the gradient is, the slower the 
drift coefficient increases with resistance. The fitting parameters of SP, SCD, and D-SET 
are 0.049, 0.045, and 0.036, respectively. It suggests that the drift benefits arise not only 
from the lower SET resistance but also the smaller gradient. It can be seen that the anti-
drift property of the dual pulse is not only because of the smaller SET resistance but also 
because its drift factor is smaller with the change of resistance.

4. Conclusions

The field of PCRAM based on PCM research has gained momentum in the last decade because 
of its interesting device and material properties that make them an excellent candidate for 
future nonvolatile memory applications. This chapter gives an overview of the SET operation 
method. D-SET has been presented applying HPP before a single SET pulse which benefits 
the SET speed and SET resistance. The mechanism and performance of the D-SET has been 
characterized and analyzed. This D-SET is capable of achieving lower SET distribution and 
smaller resistance drift than the conventional SET method within 300 ns on a 64 MB PCRAM 
test chip in 40 nm CMOS process.
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where ν is the drift coefficient value, R is the SET resistance and δ is the fitting parameter 
which stands for the gradient of drift coefficient. The smaller the gradient is, the slower the 
drift coefficient increases with resistance. The fitting parameters of SP, SCD, and D-SET 
are 0.049, 0.045, and 0.036, respectively. It suggests that the drift benefits arise not only 
from the lower SET resistance but also the smaller gradient. It can be seen that the anti-
drift property of the dual pulse is not only because of the smaller SET resistance but also 
because its drift factor is smaller with the change of resistance.

4. Conclusions

The field of PCRAM based on PCM research has gained momentum in the last decade because 
of its interesting device and material properties that make them an excellent candidate for 
future nonvolatile memory applications. This chapter gives an overview of the SET operation 
method. D-SET has been presented applying HPP before a single SET pulse which benefits 
the SET speed and SET resistance. The mechanism and performance of the D-SET has been 
characterized and analyzed. This D-SET is capable of achieving lower SET distribution and 
smaller resistance drift than the conventional SET method within 300 ns on a 64 MB PCRAM 
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Abstract

Pyrolysis has profound implications for coal as a raw material to make phase change
material (PCM). It is necessary to derive a pyrolysis kinetic model for predicting the yield
of volatiles and reaction performance during pyrolysis of coal, which is of significant
importance for its thermal processing. The devolatilization of coal is characterized by
thermogravimetric analysis (TGA) at different heating rates, and many kinetic models
can be achieved by analyzing the TGA data. This work was aimed to find an appropriate
model to describe the pyrolysis of coal and took Zhundong coal as an example. Four types
of isoconversion kinetic methods, that is, Friedman, Flynn-Wall-Ozawa (FWO), Kissinger-
Akahira-Sunose (KAS), Miura-Maki method, and different distributed activation energy
models (DAEM) were employed here to fit TGA data for pyrolysis of Zhundong coal. The
pre-exponential factors and activation energies obtained from different kinetic models
were analyzed. An m-nth-DAEM was developed by considering that m classes of reac-
tions took place with the same pre-exponential factor k0 but different distribution activa-
tion energy following logistic distribution or Gaussian distribution. The results showed
that the FWOmodel was better for description of pyrolysis process of Zhundong coal, and
the 2-nth-DAEM assuming Gaussian distribution of activation energy gave the best fit for
the TGA data of Zhundong coal. The research provides a valuable reference to the devel-
opment of thermal utilization technology of Zhundong coal.

Keywords: phase change material (PCM), Zhundong coal, pyrolysis, thermogravimetry
analysis, isoconversional methods, kinetics, distributed activation energy model

1. Introduction

Energy storage technology can solve the contradiction between energy supply and demand in
time and space, so it is an effective way to improve energy utilization [1]. Thermal energy
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storage is widely used in industrial and civilian applications, so it occupies an extremely
important position in the field of energy storage technology. Phase change materials (PCM)
will absorb or release a large amount of latent heat for energy storage when the state of matter
changes. As a raw material for the preparation of phase change materials, coal has great
energy storage density, and the output temperature and energy are relatively stable, so it has
good application prospects [2]. Zhundong coalfield is the largest compositive basin in China,
which has a large reserve of 390 Gt and is estimated to meet China’s next 100-year coal
consumption requirement [3]. In addition, Zhundong coal is more environmentally friendly
than other types of coal owing to its extremely low sulfur and ash contents, which has a great
significance to coal industry [4, 5]. Therefore, the investigation on Zhundong coal has theoret-
ical and practical significance for the utilization of coal resources of China.

Thermal pyrolysis is the first stage reaction in most of coal thermal conversion processes
(combustion, gasification, and liquefaction) and it is also one of the most promising technolo-
gies for clean and effective utilization of low-rank coal. During the pyrolysis process, various
non-condensible gas and liquid phase matter such as tar are generated, which will lead to the
weightlessness of coal samples. The weight losses of the coal range from 10 to 55%, which is
affected by pyrolysis temperature, coal size, pyrolysis time and other factors such as pressure,
atmosphere, heating rate and mineral content, etc. [6, 7]. The heating rate and pyrolysis
temperature have an important influence on the pyrolysis characteristics of coal. The heating
rate affects the concentration gradient of the product inside the particle and the ratio of gas
phase substance to tar in the volatiles. The pyrolysis temperature determines the pyrolysis of
the macromolecule reaction rate in the coal structure and the total release of volatile matters. A
thermogravimetric analyzer (TGA) is routinely employed by many researchers to characterize
moisture and volatile contents of various coals. It enables the user to monitor the weight
change of a certain quality of coal samples as a function of time and temperature, which endue
this method to incorporate the advantages of simple operation and good repeatability [8].
From the TG curve, we can obtain the key parameters such as the temperature of initial point
of pyrolysis volatilization, the maximum release rate of volatile matter, and its corresponding
temperature.

It is necessary to obtain an accurate knowledge of the pyrolysis process, since all the models of
coal thermal conversion processes involve pyrolysis, and the kinetic behavior of these products
in pyrolysis is fundamental to the optimization of their use. However, the actual phenomena of
pyrolysis are complex and the kinetic parameters of which are difficult to obtain. To date, a
large number of kinetic models have been proposed in the literature [5–15]. The models for
processing TGA data and explaining the kinetic process of coal pyrolysis include first-order
single reaction model (SRM), isoconversional or model-free methods, distributed activation
energy model (DAEM). The SRM is the simplest, and it is applicable only over a narrow range
of temperatures, thus limiting its applicability. Isoconversional or model-free methods are also
used to process TGA data in which the kinetics parameters can be obtained without an explicit
kinetics model [9]. Friedman method [10], Kissinger method [11], Flynn-Wall-Ozawa [12], and
Miura-Maki method [13] are some of the outstanding methods in this classification. Several
TGA curves at different heating rates for the same value of conversion are required for these
models to determine activation energy for each conversion point. In recent years, nonlinear
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regressions (least square optimization) are increasingly used to process the pyrolysis process of
coals. More often than not, the distributed activation energy model (DAEM), originally devel-
oped by Pitt [14], has become the distinguished representative of them. It assumes that the coal
pyrolysis should include a large number of independent, parallel, and irreversible n-order
reactions with different activation energies. This distribution of activation energy corresponding
to these infinite reactions is often represented by a distribution function of activation energy f Eð Þ,
which is usually used as logistic distribution or Gaussian distribution. Based on the DAEM, a
two-Gaussian DAEM (2-DAEM) [15] has been developed by dividing the pyrolysis process into
two steps. According to these indexes, the distributed activation energy model will be better
improved and applied.

In the present paper, TGA experiments with pyrolysis of Zhundong coal at different heating
rate have been carried out. The data was first processed using various isoconversional
methods and then processed using the distributed activation energy model (DAEM). An m-
nth-DAEM was developed to predict the weight loss of Zhundong coal, considering that m
classes of reactions take place having the same pre-exponential factor k0 and different distri-
bution of activation energy.

2. Experiment

The experimental tests were with a TGA (Netzsch Model STA449F3). Before the pyrolysis exper-
iments, coals were grounded and the finer particle fractions in a size range 0.075–0.15 (mm) were
selected. Table 1 shows the results of the proximate and ultimate analyses of the coal samples.
Small samples were used to ensure uniform heating and to avoid problems of transport phenom-
ena through the sample bed in the crucible. The instrument was first purged for 30 min with
nitrogen to remove any remains of air, then further heated from room temperature to 1000�C
at a heating rate of 10 K∙min�1� �

, 20 K∙min�1� �
, 30 K∙min�1� �

and 50 K∙min�1� �
, respectively.

The tests were conducted in an N2 inert atmosphere, and the samples were maintained at the
maximum temperature for 10 min until a constant mass was obtained at this temperature. All
experiments at given heating rate were conducted two times and averaged to eliminate measure
error. The experiments showed reproducibility within the range of�3.7%.

Typical decomposition data of Zhundong coal obtained from the TGA experiments [9] are
shown in Figure 1. The key characteristic parameters related to the main pyrolysis process are
summarized in Table 2. The initial decomposition temperature is denoted as T0, the
corresponding temperature at the maximum point of the weight loss rate is denoted as Tp,
the maximum weight loss rate at Tp is denoted as R∞, and Vf is the weight loss corresponding

Proximate analysis (%) Ultimate analysis (%)

Mad Aad Vad FCad Cd Hd Od Nd St,d

9.96 15.46 22.49 52.09 70.55 3.49 7.64 0.62 0.53

Table 1. Proximate and ultimate analyses of raw Zhundong coal samples.

Analysis of Pyrolysis Kinetic Model for Processing of Thermogravimetric Analysis Data
http://dx.doi.org/10.5772/intechopen.79226

145



storage is widely used in industrial and civilian applications, so it occupies an extremely
important position in the field of energy storage technology. Phase change materials (PCM)
will absorb or release a large amount of latent heat for energy storage when the state of matter
changes. As a raw material for the preparation of phase change materials, coal has great
energy storage density, and the output temperature and energy are relatively stable, so it has
good application prospects [2]. Zhundong coalfield is the largest compositive basin in China,
which has a large reserve of 390 Gt and is estimated to meet China’s next 100-year coal
consumption requirement [3]. In addition, Zhundong coal is more environmentally friendly
than other types of coal owing to its extremely low sulfur and ash contents, which has a great
significance to coal industry [4, 5]. Therefore, the investigation on Zhundong coal has theoret-
ical and practical significance for the utilization of coal resources of China.

Thermal pyrolysis is the first stage reaction in most of coal thermal conversion processes
(combustion, gasification, and liquefaction) and it is also one of the most promising technolo-
gies for clean and effective utilization of low-rank coal. During the pyrolysis process, various
non-condensible gas and liquid phase matter such as tar are generated, which will lead to the
weightlessness of coal samples. The weight losses of the coal range from 10 to 55%, which is
affected by pyrolysis temperature, coal size, pyrolysis time and other factors such as pressure,
atmosphere, heating rate and mineral content, etc. [6, 7]. The heating rate and pyrolysis
temperature have an important influence on the pyrolysis characteristics of coal. The heating
rate affects the concentration gradient of the product inside the particle and the ratio of gas
phase substance to tar in the volatiles. The pyrolysis temperature determines the pyrolysis of
the macromolecule reaction rate in the coal structure and the total release of volatile matters. A
thermogravimetric analyzer (TGA) is routinely employed by many researchers to characterize
moisture and volatile contents of various coals. It enables the user to monitor the weight
change of a certain quality of coal samples as a function of time and temperature, which endue
this method to incorporate the advantages of simple operation and good repeatability [8].
From the TG curve, we can obtain the key parameters such as the temperature of initial point
of pyrolysis volatilization, the maximum release rate of volatile matter, and its corresponding
temperature.

It is necessary to obtain an accurate knowledge of the pyrolysis process, since all the models of
coal thermal conversion processes involve pyrolysis, and the kinetic behavior of these products
in pyrolysis is fundamental to the optimization of their use. However, the actual phenomena of
pyrolysis are complex and the kinetic parameters of which are difficult to obtain. To date, a
large number of kinetic models have been proposed in the literature [5–15]. The models for
processing TGA data and explaining the kinetic process of coal pyrolysis include first-order
single reaction model (SRM), isoconversional or model-free methods, distributed activation
energy model (DAEM). The SRM is the simplest, and it is applicable only over a narrow range
of temperatures, thus limiting its applicability. Isoconversional or model-free methods are also
used to process TGA data in which the kinetics parameters can be obtained without an explicit
kinetics model [9]. Friedman method [10], Kissinger method [11], Flynn-Wall-Ozawa [12], and
Miura-Maki method [13] are some of the outstanding methods in this classification. Several
TGA curves at different heating rates for the same value of conversion are required for these
models to determine activation energy for each conversion point. In recent years, nonlinear

Phase Change Materials and Their Applications144

regressions (least square optimization) are increasingly used to process the pyrolysis process of
coals. More often than not, the distributed activation energy model (DAEM), originally devel-
oped by Pitt [14], has become the distinguished representative of them. It assumes that the coal
pyrolysis should include a large number of independent, parallel, and irreversible n-order
reactions with different activation energies. This distribution of activation energy corresponding
to these infinite reactions is often represented by a distribution function of activation energy f Eð Þ,
which is usually used as logistic distribution or Gaussian distribution. Based on the DAEM, a
two-Gaussian DAEM (2-DAEM) [15] has been developed by dividing the pyrolysis process into
two steps. According to these indexes, the distributed activation energy model will be better
improved and applied.

In the present paper, TGA experiments with pyrolysis of Zhundong coal at different heating
rate have been carried out. The data was first processed using various isoconversional
methods and then processed using the distributed activation energy model (DAEM). An m-
nth-DAEM was developed to predict the weight loss of Zhundong coal, considering that m
classes of reactions take place having the same pre-exponential factor k0 and different distri-
bution of activation energy.

2. Experiment

The experimental tests were with a TGA (Netzsch Model STA449F3). Before the pyrolysis exper-
iments, coals were grounded and the finer particle fractions in a size range 0.075–0.15 (mm) were
selected. Table 1 shows the results of the proximate and ultimate analyses of the coal samples.
Small samples were used to ensure uniform heating and to avoid problems of transport phenom-
ena through the sample bed in the crucible. The instrument was first purged for 30 min with
nitrogen to remove any remains of air, then further heated from room temperature to 1000�C
at a heating rate of 10 K∙min�1� �

, 20 K∙min�1� �
, 30 K∙min�1� �

and 50 K∙min�1� �
, respectively.

The tests were conducted in an N2 inert atmosphere, and the samples were maintained at the
maximum temperature for 10 min until a constant mass was obtained at this temperature. All
experiments at given heating rate were conducted two times and averaged to eliminate measure
error. The experiments showed reproducibility within the range of�3.7%.

Typical decomposition data of Zhundong coal obtained from the TGA experiments [9] are
shown in Figure 1. The key characteristic parameters related to the main pyrolysis process are
summarized in Table 2. The initial decomposition temperature is denoted as T0, the
corresponding temperature at the maximum point of the weight loss rate is denoted as Tp,
the maximum weight loss rate at Tp is denoted as R∞, and Vf is the weight loss corresponding

Proximate analysis (%) Ultimate analysis (%)

Mad Aad Vad FCad Cd Hd Od Nd St,d

9.96 15.46 22.49 52.09 70.55 3.49 7.64 0.62 0.53

Table 1. Proximate and ultimate analyses of raw Zhundong coal samples.

Analysis of Pyrolysis Kinetic Model for Processing of Thermogravimetric Analysis Data
http://dx.doi.org/10.5772/intechopen.79226

145



to the final temperature. As can be seen from Figure 1, the mass fraction of releasing volatiles
decreases with the increase of heating rate at the same temperature. The reason is that the
increasing heating rate results in a thermal hysteresis, which makes the temperature inside the
sample lower than the appearance, thereby leading to the value of 1� α shifts to lager temper-
ature. As can be seen from Figure 1, the TGA curve first decreases slightly due to small
molecular gases being removed as the weak bonds are decomposed. Then tar-based volatile
components and the formation of char result in a significant decrease of the TGA curve. At the
end of the curve, it is close to horizontal, where a cross-linking reaction occurs. The TGA curve
contains the main chemical reactions in the coal pyrolysis process, so it is the basis for the
kinetic model investigation on coal pyrolysis.

3. Theoretical basis for thermal kinetics

For non-isothermal and heterogeneous systems, the thermal analysis kinetics is usually
evolved from the theory of isothermal and homogeneous systems. The kinetics of reactions in
isothermal and homogeneous systems for solids are generally described by Eq. (1)

Figure 1. TGA curves of Zhundong coal samples during pyrolysis at different heating rates taken from literature [9].

β (K∙min�1) T0 (K) Tp (K) R∞ (% ∙min�1) Vf (%)

10 425.39 718.95 0.90 35.8

20 458.89 731.25 1.75 36.4

30 482.89 735.25 2.85 38.0

50 489.86 752.75 5.34 37.9

Table 2. Pyrolysis characteristic values of coal samples.
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dV=V∗

dt
¼ kf

V
V∗

� �
(1)

where V is total mass of volatiles released at time ‘t’, V∗ is the total mass of volatiles originally
available for the reaction, f V

V∗

� �
is the reaction model mechanism function, and k is the kinetic

rate constant. The reaction rate constant varies with temperature and is assumed to follow the
Arrhenius law [16].

k ¼ k0e � E
RTð Þ (2)

In the above formula, k0 refers to pre-exponential factor, E is the activation energy, R is
universal gas constant, and T is the thermodynamic temperature. This equation is basically
applicable to most elementary reactions and complex reactions, where k0 and E are two
important parameters that need to be combined with experimental and theoretical models. If
the TGA experiment is conducted at a linear heating rate of β (K∙min�1), the temperature and
time coordinates will be related to each other as:

T ¼ T0 þ βt (3)

Thus, β ¼ dT=dt. Substituting Eq. (2) and (3) into Eq. (1) gives,

β
dV=dV∗

dT
¼ k0e � E

RTð Þf V
V∗

� �
(4)

Assuming α ¼ V
V∗, then Eq. (4) becomes,

β
dα
dT

¼ k0e � E
RTð Þf αð Þ (5)

For different reaction models, there are differences in the expression of f αð Þ. One of the most
commonly used reaction models is the reaction order model, which can be expressed as,

f αð Þ ¼ 1� αð Þn (6)

The core issue of the general reaction kinetics of coal pyrolysis is determining the three factors
k0, f αð Þ, and E [17], which is used as a key indicator to describe the process of devolatilization.
In general, the integral form of the dynamical mechanism function f αð Þ is,

g αð Þ ¼
ðα
0

dα
f αð Þ (7)

The above is the basic knowledge of thermal analysis dynamics. Next, two methods, that is,
the isoconversional model and the distributed activation energy model (DAEM), will be used
to align the TGA data of Zhundong coal pyrolysis.
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4. Isoconversional methods

4.1. Isoconversional theories

The basic assumption of the isoconversional method is: under different conditions of temperature
rise, the activation energy corresponding to the same conversion rate remains the same [18], and
the pyrolysis is specified to be a first-order reaction, that is, n = 1. Thus, g αð Þ can be written as,

g αð Þ ¼ �ln 1� αð Þ (8)

The activation energy and pre-exponential factor for each conversion point can be obtained by
analyzing several TGA curves at different heating rates for the same value of conversion αð Þ.
Next, we will focus on the typical isoconversional method for discussion, including a temper-
ature differential method and three temperature integration methods.

4.1.1. Friedman method

Friedman model is a typical representative of the temperature differential method. Taking the
logarithm of the Eq. (5) on both sides of the equal sign to obtain,

ln β
dα
dT

� �
¼ ln k0f αð Þð Þ � E

RT
(9)

The above formula is the general formula of the Friedman method. Thus, the plot of ln β dα
dT

� �
versus 1=T at the same conversion levels should be a straight line, the slope and intercept of
which can be employed to specify the values of E and k0, respectively.

4.1.2. Flynn-Wall-Ozawa method

Combining Eq. (5), Eq. (8) can be rewritten as

g αð Þ ¼
ðα
0

dα
f αð Þ ¼

ðT
T0

k0
β
e
�E
RTdT ≈

ðT
0

k0
β
e
�E
RTdT ¼ k0E

βR
p uð Þ (10)

where u ¼ E= RTð Þ and p uð Þ can be simplified by using integral approximation,

p uð Þ ¼
ðu
∞

e�u

u2

� �
du ¼ e�u

u2
u
∞
�
ðu
∞
e�udu�2 ¼ e�u

u2
�
ðu
∞
2u�3de�u

����

¼ e�u

u2
� 2e�u

u3
þ
ðu
∞
6u�4de�u

¼ e�u

u2
� 2e�u

u3
þ 6e�u

u4
u
∞
�
ðu
∞
e�ud

6
u4

¼ ⋯
����

¼ e�u

u2
1� 2!

u
þ 3!
u2

� 4!
u3

þ⋯
� �

(11)
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Taking the first two items in parentheses on the right side of Eq. (11), we can get the approx-
imate expression of p uð Þ,

p uð Þ ¼ e�u u� 2ð Þ
u3

(12)

Performing logarithmic operation on both sides of the Eq. (12),

lnp uð Þ ¼ �uþ ln u� 2ð Þ � 3lnu (13)

For a given solid fuel, in the temperature range of the thermal reaction stage, the value of u is
generally ranging from 20 to 60 [19], which is, 20 ≤ u ≤ 60, then �1 ≤ (u � 40)/20 ≤ 1, take
s ¼ u� 40ð Þ=20, thus it gives,

u ¼ 20sþ 40 (14)

Substituting Eq. (14) into Eq. (13), it gives,

lnp uð Þ ¼ �u� 3ln 40þ ln 38ð Þ þ ln 1þ 10s
19

� �
� 3ln 1þ s

2

� �
(15)

Using the Taylor series expansion for the two logarithmic expressions to the right of Eq.(15)
and taking a first-order approximate expression of each logarithmic, the following expression
can be obtained:

lnp uð Þ ≈ � 5:3308� 1:0516u (16)

p uð Þ ¼ 0:0048e�1:0516u (17)

Substituting Eq. (17) into Eq. (10) yields,

g αð Þ ≈ k0E
βR

0:0048e�1:0516 E
RT

� �
(18)

Eq. (18) can be rewritten as,

lnβ ¼ ln
k0E

Rg αð Þ
� �

� 5:331� 1:052
E
RT

(19)

Eq. (19) is the integral form of the FWO model. The plot of lnβ versus 1=T at the same α value
for different heating rates gives the E and k0 value corresponding to the selected α.

4.1.3. Kissinger-Akahira-Sunose method

Taking the first item in parentheses on the right side of Eq. (11), the approximate expression of
p uð Þ can be rewritten as,

p uð Þ ¼ e�u=u2 (20)
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4. Isoconversional methods

4.1. Isoconversional theories
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ln β
dα
dT

� �
¼ ln k0f αð Þð Þ � E

RT
(9)

The above formula is the general formula of the Friedman method. Thus, the plot of ln β dα
dT

� �
versus 1=T at the same conversion levels should be a straight line, the slope and intercept of
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4.1.2. Flynn-Wall-Ozawa method
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g αð Þ ¼
ðα
0

dα
f αð Þ ¼

ðT
T0

k0
β
e
�E
RTdT ≈

ðT
0

k0
β
e
�E
RTdT ¼ k0E

βR
p uð Þ (10)

where u ¼ E= RTð Þ and p uð Þ can be simplified by using integral approximation,

p uð Þ ¼
ðu
∞

e�u

u2

� �
du ¼ e�u

u2
u
∞
�
ðu
∞
e�udu�2 ¼ e�u

u2
�
ðu
∞
2u�3de�u

����

¼ e�u

u2
� 2e�u

u3
þ
ðu
∞
6u�4de�u

¼ e�u

u2
� 2e�u

u3
þ 6e�u

u4
u
∞
�
ðu
∞
e�ud

6
u4

¼ ⋯
����

¼ e�u

u2
1� 2!

u
þ 3!
u2

� 4!
u3

þ⋯
� �

(11)
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Taking the first two items in parentheses on the right side of Eq. (11), we can get the approx-
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Eq. (19) is the integral form of the FWO model. The plot of lnβ versus 1=T at the same α value
for different heating rates gives the E and k0 value corresponding to the selected α.

4.1.3. Kissinger-Akahira-Sunose method

Taking the first item in parentheses on the right side of Eq. (11), the approximate expression of
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Substituting Eq. (20) into Eq. (10) yields,

g αð Þ ¼ k0Ee�u= βRu2
� �

(21)

Performing Logarithmic operations on the two sides of Eq. (21) and then substituting
u ¼ E= RTð Þ into the formula,

ln
β

T2

� �
¼ ln

k0R
Eg αð Þ
� �

� E
RT

(22)

Eq. (22) is the holonomic form of the KAS model. Using Eq. (22), we can estimate both E and k0

from the Arrhenius plot of ln β
T2

� �
versus 1/T at the selected α value and β values.

4.1.4. Miura-Maki method

In the Miura-Maki integral method, the approximation of the temperature integral is the same
as the KAS method. Rearranging Eq. (22) and inserting Eq. (8) gives,

1� α ffi exp � k0RT2

βE
exp � E

RT

� �� �
¼ ∅ Es;Tð Þ (23)

To derive the Miura-Maki integral method, the assumption of distributable activation energy
model is used to approximate the right side of Eq. (23) as a step function at E ¼ Es for a
selected temperature. Furthermore, the activation energy Es can be chosen to meet
∅ Es;Tð Þ ¼ 0:58 [12]. Substituting Eq. (8) into Eq. (22) yields

ln
β

T2

� �
¼ ln

k0R
E

� �
� ln �ln 1� αð Þ½ � � E

RT
(24)

Inserting the value of ∅ Es;Tð Þ into Eq. (24) gives

ln
β

T2

� �
¼ ln

k0R
E

� �
þ 0:6075� E

RT
(25)

Eq. (25) is the final expression of Miura-Maki method. The linear expression used to calculate
the activation energy is similar to the KAS method, but there are some differences in the
calculation results of the pre-exponential factor.

Generally speaking, the core methods of the above four models for calculating activation
energy and pre-exponential factor are the same. The procedure to estimate f Eð Þ and k0 using
the four methods is as follows:

1. Measure α versus T relationships at least three different heating rates;

2. Calculate the values of ln β dα
dT

� �
, for Friedman model, lnβ, for FWO model, and ln β

T2

� �
, for

KAS/Miura-Maki model, at selected α values from the α versus T relationships obtained
for different heating rates, respectively.
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3. Plot ln β dα
dT

� �
versus 1=T, for Friedman model, lnβ versus 1=T, for FWO model,and ln β

T2

� �

versus 1=T, for KAS/Miura-Maki model, at the selected α and then determine the activa-
tion energies E from the slopes and k0 from the intercept, respectively.

The Friedman model is a representative of the differential method in the isoconversional
method. The FWO model, KAS model, and Miura-Maki method are three typical integration

methods. The integral equations all involve a general temperature integral,
Ð T
0

k0
β e

�E
RTdT, which

cannot be solved exactly, and different approximation methods have been proposed for this
integral [13]. The KAS method and the Miura-Maki method express the above integral expres-
sion by a step-by-step integration formula, as shown in Eq. (11), and adopt the first item of the
integration formula, which produces a lower accuracy. The FWOmodel performs two terms of
the step-integration method, which improves the prediction accuracy. Nevertheless, Taylor
approximation for the logarithm gives some errors. Two approximations may cause the FWO
method to have some deviation from the experimental value. The Friedman method avoids
the problem of integral approximation, but the numerical differential calculation will amplify
the experimental noise. Unlike the three methods, the Miura-Maki method uses not only the
temperature integral approximation, the same as KAS method, but also the assumption in
the DAEM, as discussed below. It is obvious that all the isoconversional methods will cause
some inevitable errors, so it is necessary to use a method with a good linear correlation to
describe the TGA data.

4.2. Processing thermogravimetric analysis data by isoconversional methods

In order to obtain the key parameters of the Friedman, FWO, KAS, and Miura-Maki models,
the value of α is chosen to ranges from 0.05 to 0.95 with an interval of 0.05 in this paper [10].
The activation energy and pre-exponential factor at selected α values can be obtained by the
slope and intercept of the linear fit, respectively, as shown in Figures 4–6 in literature [9]. The
activation energy and pre-exponential factor obtained with the isoconversional and Miura-
Maki methods with respect to the conversion extent αð Þ have been shown in Figure 2. It can be
noted that activation energies obtained from the four methods were almost the same, and they
all increase continuously with increased conversion rates. This is because the refractory mole-
cules in coal must require more energy to be released in the form of volatiles. Note also that as
the reaction proceeds, the logarithmic value of the pre-exponential factor first increases and
then levels off. This indicates that as the temperature rises, the frequency of molecular colli-
sions in the coal rises and the reaction tends to be strenuous; when the reaction proceeds to a

certain degree, that is, E ¼ 170 kJ∙mol�1� �
, most of the molecules are in an activated state, and

the reaction rate tends to be level, that is, pre-exponential factors fluctuate within an order of
magnitude. The relationship between ln k0 and E for Zhundong coal are also shown in Figure 2.

It shows that before the activation energy was 170 kJ∙mol�1� �
, ln k0 and E showed a clear linear

relationship, the so-called “kinetic compensation effect” [20], which would bring about some
unavoidable errors to the solution of the activation energy and the pre-exponential factor of the

reaction. When the activation energy is greater than 170 kJ∙mol�1� �
, the value of the pre-

exponential factor fluctuates above and below ln k0 ¼ 23. The fixed value of k0 obtained here
is to be used as a constant value of the k00 in the distributed activation energy model. The range
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Substituting Eq. (20) into Eq. (10) yields,
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� �

(21)

Performing Logarithmic operations on the two sides of Eq. (21) and then substituting
u ¼ E= RTð Þ into the formula,

ln
β

T2

� �
¼ ln

k0R
Eg αð Þ
� �

� E
RT

(22)

Eq. (22) is the holonomic form of the KAS model. Using Eq. (22), we can estimate both E and k0

from the Arrhenius plot of ln β
T2

� �
versus 1/T at the selected α value and β values.

4.1.4. Miura-Maki method

In the Miura-Maki integral method, the approximation of the temperature integral is the same
as the KAS method. Rearranging Eq. (22) and inserting Eq. (8) gives,

1� α ffi exp � k0RT2

βE
exp � E

RT

� �� �
¼ ∅ Es;Tð Þ (23)

To derive the Miura-Maki integral method, the assumption of distributable activation energy
model is used to approximate the right side of Eq. (23) as a step function at E ¼ Es for a
selected temperature. Furthermore, the activation energy Es can be chosen to meet
∅ Es;Tð Þ ¼ 0:58 [12]. Substituting Eq. (8) into Eq. (22) yields

ln
β

T2

� �
¼ ln

k0R
E

� �
� ln �ln 1� αð Þ½ � � E

RT
(24)

Inserting the value of ∅ Es;Tð Þ into Eq. (24) gives

ln
β

T2

� �
¼ ln

k0R
E

� �
þ 0:6075� E

RT
(25)

Eq. (25) is the final expression of Miura-Maki method. The linear expression used to calculate
the activation energy is similar to the KAS method, but there are some differences in the
calculation results of the pre-exponential factor.

Generally speaking, the core methods of the above four models for calculating activation
energy and pre-exponential factor are the same. The procedure to estimate f Eð Þ and k0 using
the four methods is as follows:

1. Measure α versus T relationships at least three different heating rates;

2. Calculate the values of ln β dα
dT

� �
, for Friedman model, lnβ, for FWO model, and ln β

T2

� �
, for

KAS/Miura-Maki model, at selected α values from the α versus T relationships obtained
for different heating rates, respectively.
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3. Plot ln β dα
dT

� �
versus 1=T, for Friedman model, lnβ versus 1=T, for FWO model,and ln β
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� �

versus 1=T, for KAS/Miura-Maki model, at the selected α and then determine the activa-
tion energies E from the slopes and k0 from the intercept, respectively.

The Friedman model is a representative of the differential method in the isoconversional
method. The FWO model, KAS model, and Miura-Maki method are three typical integration

methods. The integral equations all involve a general temperature integral,
Ð T
0

k0
β e

�E
RTdT, which

cannot be solved exactly, and different approximation methods have been proposed for this
integral [13]. The KAS method and the Miura-Maki method express the above integral expres-
sion by a step-by-step integration formula, as shown in Eq. (11), and adopt the first item of the
integration formula, which produces a lower accuracy. The FWOmodel performs two terms of
the step-integration method, which improves the prediction accuracy. Nevertheless, Taylor
approximation for the logarithm gives some errors. Two approximations may cause the FWO
method to have some deviation from the experimental value. The Friedman method avoids
the problem of integral approximation, but the numerical differential calculation will amplify
the experimental noise. Unlike the three methods, the Miura-Maki method uses not only the
temperature integral approximation, the same as KAS method, but also the assumption in
the DAEM, as discussed below. It is obvious that all the isoconversional methods will cause
some inevitable errors, so it is necessary to use a method with a good linear correlation to
describe the TGA data.

4.2. Processing thermogravimetric analysis data by isoconversional methods

In order to obtain the key parameters of the Friedman, FWO, KAS, and Miura-Maki models,
the value of α is chosen to ranges from 0.05 to 0.95 with an interval of 0.05 in this paper [10].
The activation energy and pre-exponential factor at selected α values can be obtained by the
slope and intercept of the linear fit, respectively, as shown in Figures 4–6 in literature [9]. The
activation energy and pre-exponential factor obtained with the isoconversional and Miura-
Maki methods with respect to the conversion extent αð Þ have been shown in Figure 2. It can be
noted that activation energies obtained from the four methods were almost the same, and they
all increase continuously with increased conversion rates. This is because the refractory mole-
cules in coal must require more energy to be released in the form of volatiles. Note also that as
the reaction proceeds, the logarithmic value of the pre-exponential factor first increases and
then levels off. This indicates that as the temperature rises, the frequency of molecular colli-
sions in the coal rises and the reaction tends to be strenuous; when the reaction proceeds to a

certain degree, that is, E ¼ 170 kJ∙mol�1� �
, most of the molecules are in an activated state, and

the reaction rate tends to be level, that is, pre-exponential factors fluctuate within an order of
magnitude. The relationship between ln k0 and E for Zhundong coal are also shown in Figure 2.

It shows that before the activation energy was 170 kJ∙mol�1� �
, ln k0 and E showed a clear linear

relationship, the so-called “kinetic compensation effect” [20], which would bring about some
unavoidable errors to the solution of the activation energy and the pre-exponential factor of the

reaction. When the activation energy is greater than 170 kJ∙mol�1� �
, the value of the pre-

exponential factor fluctuates above and below ln k0 ¼ 23. The fixed value of k0 obtained here
is to be used as a constant value of the k00 in the distributed activation energy model. The range
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of kinetic parameters obtained for the four models is shown in Table 3. Since the three
integration methods use certain approximation methods in the derivation process, and the
differential method will amplify the experimental noise, a method with better linear correla-
tion is used here to discuss the distribution of activation energy in the Zhundong coal. The
linear correlation coefficients of the four models are listed in Table 4. It can be seen that when

Figure 2. Comparison of activation energy and pre-exponential factor obtained with four different methods for
Zhundong coal samples.

Method Emin kJ �mol�1�
) Emax kJ �mol�1�

) kmin (s�1) kmax (s�1)

FWO 55 237 120.16 1.58E + 10

KAS 48.5 231.6 9.46 1E + 10

Miura-Maki 48.5 231.6 100.48 3.82 E + 9

Friedman 69.7 247 528.75 5.07E + 9

Table 3. Summary of the kinetic parameters obtained from different methods.

R2 α methods 0.15 0.25 0.35 0.45 0.55 0.65 0.75 0.85 0.95

FWO 0.999 0.998 0.998 0.999 0.999 0.998 0.990 0.973 0.927

KAS/Miura-Maki 0.998 0.996 0.997 0.999 0.998 0.998 0.988 0.969 0.916

Friedman 0.999 0.996 0.997 0.998 0.997 0.993 0.973 0.974 0.881

Table 4. Linearly dependent coefficients for different methods at various α values.
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the value of α reaches 0.75 or more, the linear correlation coefficient square R2 of the four
methods shows a downward trend. For the FWO method, the linear correlation coefficient is
kept above 0.92 when α is between 0.15 and 0.95, and the value of R2 is higher than the other
three methods. It shows that the FWO method describes the experimental data more accu-
rately, and the obtained kinetic parameters are more reliable over a wide range of tempera-
tures. Figure 3 was obtained by differentiating the α versus E (calculated by FWO method)
relationship. It can be seen that the f Eð Þ shows a unimodal distribution, with the peak at

173 kJ∙mol�1� �
and the activation energy mainly in the range of 160–180 kJ∙mol�1� �

. The
calculated activation energy distribution can be well fitted using the Gaussian function, where
the correlation coefficient is 0.96. Comparison between the experimental and the simulated
data by the FWO method (the best fit among the three methods) is shown in Figure 4. The
error between the simulated values and the experimental results of α is less than 12.3%, so

Figure 3. Pyrolysis activation energy distributions f Eð Þ based on FWO model.

Figure 4. Comparison of calculation results from FWO method (αcalÞ and experimental data α exp
� �

of conversion.
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FWO model achieves a good agreement with the experimental data over the whole range of
conversion. But it needs more than three TGA curves to obtain the distributions of kinetic
parameters, which will produce some inconvenience. Jain et al. [23] used Indian coal as an
experimental sample and found that the results obtained by using the isoconversional
methods at higher temperature had poor linear correlation. Therefore, the activation energy
calculated by the isoconversional methods can only reflect the condition within a certain
temperature range. However, the kinetic parameters obtained from isoconversional methods
can provide inputs for selecting appropriate distributions for the DAEM.

5. Distributed activation energy model

5.1. Distributed activation energy model theory

The DAEM assumes that the original materials of coal contain plenty of constituents, which are
numbered i = 1, 2…j. These components have different reaction activation energies [21]. Only
when the reaction temperature reaches a certain value will they be released in the form of a
volatile fraction. These reactions for diverse components are expressed as n-order reactions
and are all irreversible and independent of the reactions in other components. The instanta-
neous volatilized mass fraction for the ith constituent is denoted by Vi tð Þ, and the total released
mass fraction for the ith constituent is V∗

i tð Þ. According to Eq. (4) and Eq. (6), the reaction rate
of the mass fraction of releasing volatiles can be expressed as,

β
dVi=dV∗

i

dT
¼ k0e �Ei

RT

� �
1� Vi

V∗
i

� �n

(26)

To some solid state reactions, the pre-exponential factor is connected with the temperature
through the following relationship,

k0 ¼ k,0T
γ (27)

Combining Eq. (27), the integrating solution to Eq. (26) may be rewritten as,

Vi

V∗
i
¼ 1� 1� 1� nð Þ k

,
0

β

ðT
0
Txe�Ei=RTdT

� �1= 1�nð Þ
, n 6¼ 1

Vi

V∗
i
¼ 1� exp � k,0

β

ðT
0
Txe�Ei=RTdT

� �
, n ¼ 1

(28)

Considering the continuous reactants have different activation energies, the DAEM devotes to
describe the energy distribution of the infinite complicated set of reactions, that is j ! ∞, as a
function f Eð Þ. Thus, the amount of volatiles loss that has an activation energy between E and
Eþ dE can be expressed as,

dV 0 ¼ V∗f Eð ÞdE (29)
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The integration of Eq. (29) brings about,
ð∞
0
f Eð ÞdE ¼ 1 (30)

The value of dV 0 is actually the same concept as V∗
i , which accounts for the total released mass

fraction for the ith constituent which has an activation energy between E and Eþ dE. Let
replace V∗

i and Vi with dV 0 and dV, respectively. Introducing Eq. (29) to Eq. (28), Eq. (28) has
following expression.

dV ¼ V∗ 1� 1� 1� nð Þ k
,
0
β

ðT
0
Txe�E=RTdT

� �1= 1�nð Þ( )
f Eð ÞdE, n 6¼ 1

dV ¼ V∗ 1� exp � k,0
β

ðT
0
Txe�E=RTdT

� �� �
f Eð ÞdE, n ¼ 1

(31)

By integrating Eq. (31), the following expression can be obtained,

1�
Ð V
0 dV
V∗ ¼ 1�

ð∞
0

1� 1� 1� nð Þ k
,
0

β

ðT
0
Txe�E=RTdT

� �1= 1�nð Þ( )
f Eð ÞdE, n 6¼ 1

1�
Ð V
0 dV
V∗ ¼ 1�

ð∞
0

1� exp � k,0
β

ðT
0
Txe�E=RTdT

� �� �
f Eð ÞdE, n ¼ 1

(32)

Substituting Eq. (30) into Eq. (32), the equation yields,

1� α ¼
ð∞
0

1� 1� nð Þ k
,
0

β

ðT
0
Txe�E=RTdT

� �1= 1�nð Þ
f Eð ÞdE, n 6¼ 1

1� α ¼
ð∞
0
exp � k,0

β

ðT
0
Txe�E=RTdT

� �
f Eð ÞdE, n ¼ 1

(33)

A double model [15] was developed assuming that the pyrolysis process occurs in two steps
with different kinetic behaviors. The pyrolysis process is divided into two steps: the tar and
light hydrocarbon gas formation during the primary pyrolysis and the char condensation,
cross-linking reactions, and a further gas production during the secondary pyrolysis. Two sets
of parallel reactions occur, sharing the same pre-exponential factor but not the same distrib-
uted activation energy. The distribution function of activation of energy f Eð Þ in 2-DAEM
equation can be written as,

f Eð Þ ¼ ωf 1 Eð Þ þ 1� ωð Þf 2 Eð Þ (34)

where ω is a parameter that weighs the different reaction classes, varying from 0 to 1. This
parameter describes how many volatiles are released during the various reactions. f ε Eð Þ,
where ε denotes the stage number, is a Gaussian or logistic function of the form with a mean
activation energy E0 and a standard deviation σ,
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FWO model achieves a good agreement with the experimental data over the whole range of
conversion. But it needs more than three TGA curves to obtain the distributions of kinetic
parameters, which will produce some inconvenience. Jain et al. [23] used Indian coal as an
experimental sample and found that the results obtained by using the isoconversional
methods at higher temperature had poor linear correlation. Therefore, the activation energy
calculated by the isoconversional methods can only reflect the condition within a certain
temperature range. However, the kinetic parameters obtained from isoconversional methods
can provide inputs for selecting appropriate distributions for the DAEM.

5. Distributed activation energy model

5.1. Distributed activation energy model theory

The DAEM assumes that the original materials of coal contain plenty of constituents, which are
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and are all irreversible and independent of the reactions in other components. The instanta-
neous volatilized mass fraction for the ith constituent is denoted by Vi tð Þ, and the total released
mass fraction for the ith constituent is V∗

i tð Þ. According to Eq. (4) and Eq. (6), the reaction rate
of the mass fraction of releasing volatiles can be expressed as,

β
dVi=dV∗

i

dT
¼ k0e �Ei

RT

� �
1� Vi

V∗
i

� �n

(26)

To some solid state reactions, the pre-exponential factor is connected with the temperature
through the following relationship,

k0 ¼ k,0T
γ (27)

Combining Eq. (27), the integrating solution to Eq. (26) may be rewritten as,

Vi

V∗
i
¼ 1� 1� 1� nð Þ k

,
0

β

ðT
0
Txe�Ei=RTdT

� �1= 1�nð Þ
, n 6¼ 1

Vi

V∗
i
¼ 1� exp � k,0

β

ðT
0
Txe�Ei=RTdT

� �
, n ¼ 1

(28)

Considering the continuous reactants have different activation energies, the DAEM devotes to
describe the energy distribution of the infinite complicated set of reactions, that is j ! ∞, as a
function f Eð Þ. Thus, the amount of volatiles loss that has an activation energy between E and
Eþ dE can be expressed as,

dV 0 ¼ V∗f Eð ÞdE (29)
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The integration of Eq. (29) brings about,
ð∞
0
f Eð ÞdE ¼ 1 (30)

The value of dV 0 is actually the same concept as V∗
i , which accounts for the total released mass

fraction for the ith constituent which has an activation energy between E and Eþ dE. Let
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dV ¼ V∗ 1� 1� 1� nð Þ k
,
0
β

ðT
0
Txe�E=RTdT

� �1= 1�nð Þ( )
f Eð ÞdE, n 6¼ 1

dV ¼ V∗ 1� exp � k,0
β

ðT
0
Txe�E=RTdT

� �� �
f Eð ÞdE, n ¼ 1

(31)

By integrating Eq. (31), the following expression can be obtained,

1�
Ð V
0 dV
V∗ ¼ 1�

ð∞
0

1� 1� 1� nð Þ k
,
0

β

ðT
0
Txe�E=RTdT

� �1= 1�nð Þ( )
f Eð ÞdE, n 6¼ 1

1�
Ð V
0 dV
V∗ ¼ 1�

ð∞
0

1� exp � k,0
β

ðT
0
Txe�E=RTdT

� �� �
f Eð ÞdE, n ¼ 1

(32)

Substituting Eq. (30) into Eq. (32), the equation yields,

1� α ¼
ð∞
0

1� 1� nð Þ k
,
0

β

ðT
0
Txe�E=RTdT

� �1= 1�nð Þ
f Eð ÞdE, n 6¼ 1

1� α ¼
ð∞
0
exp � k,0

β

ðT
0
Txe�E=RTdT

� �
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(33)

A double model [15] was developed assuming that the pyrolysis process occurs in two steps
with different kinetic behaviors. The pyrolysis process is divided into two steps: the tar and
light hydrocarbon gas formation during the primary pyrolysis and the char condensation,
cross-linking reactions, and a further gas production during the secondary pyrolysis. Two sets
of parallel reactions occur, sharing the same pre-exponential factor but not the same distrib-
uted activation energy. The distribution function of activation of energy f Eð Þ in 2-DAEM
equation can be written as,

f Eð Þ ¼ ωf 1 Eð Þ þ 1� ωð Þf 2 Eð Þ (34)

where ω is a parameter that weighs the different reaction classes, varying from 0 to 1. This
parameter describes how many volatiles are released during the various reactions. f ε Eð Þ,
where ε denotes the stage number, is a Gaussian or logistic function of the form with a mean
activation energy E0 and a standard deviation σ,
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f Eð Þ ¼ 1
σ
ffiffiffiffiffiffi
2π

p e� E�E0ð Þ=2σ2

f Eð Þ ¼ πffiffiffi
3

p
σ

e
�π E�E0ð Þffiffi

3
p

σ

1þ e
�π E�E0ð Þffiffi

3
p

σ

� �2
(35)

In the 1-DAEM case, there are four parameters to be estimated: the mean activation energy E0,
the standard deviation σ, the temperature exponent x, and the chemical reaction order n. In
the 2-DAEM case, there are seven parameters to be estimated: two mean activation energies
E01 and E02, two standard deviations σ1 and σ2, the temperature exponent γ, the chemical
reaction order, and ω.

In this work, the model-fitting exercise was carried out using MATLAB TM (R2014b). It is
essential to use an appropriate method to compute the inner dT integral of Eq. (33). An
approximation proposed by Cai and Liu [21] was validated by literature [24], and was applied
to estimate the general temperature integral,

ðT
0
Tγe � E

RTð ÞdT ¼ RTγþ2

E
e � E

RTð Þ 0:99954Eþ 0:58058� 0:044967γð ÞRT
Eþ 2:54þ 0:94057γð ÞRT (36)

To deal with the outer dE integral of Eq. (33), Simpson’s 1/3 rule [22] was employed. In the
numerical integration of Eq. (33), E0 þ 3σ value has been used for the upper limit of the outer
dE integral. Therefore, for given values of the parameters, the DAEM equation can be numer-
ically solved.

The kinetic parameters of the DAEM are determined using an objective function. An effective
criterion for achieving the objective function is to minimize the differences of squares. The
functional form of the objective function used in this paper is,

OF ¼
Xl

x
αx, cal � αx, exp
� �2

i (37)

where αx, cal and αx, exp are the calculated and experimental values of the residual mass fraction,
l is data number, and the sub-index x makes reference to data point x. In this paper, the
objective function (OF) has been optimized using the pattern search method [23], which is a
class of direct search methods. The Gaussian and logistic DAEMs show an interrelationship
between activation energies and the pre-exponential factor. Thus, E0 obtained for DAEM
differed significantly over values of k00, and it was difficult to figure out their relationship. To
remove this ambiguity, the k00 was set to be a fixed value according to the results from
isoconversional methods. The initial value of the mean activation energy E0 and standard
deviation σ settled in pattern search method used the results from isoconversional methods.

5.2. Processing thermogravimetric analysis data by distributed activation energy models

In the distributed activation energy models (DAEMS) adopted here, the pre-exponential factor
k00 is shared by all the reactions. From the literature [20], it is known that there exists an
interrelation between the pre-exponential factor k00 and the mean activation energy E0, which
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means that several pairs of k00 and E0 values can fit equally well for a given set of experimental
data. Thereby, the value of k00 has to be fixed to remove the mutual influence between k00 and E0.
Nevertheless, when the value of k00 is selected within two orders of magnitude, the observed
correlation between k00 and activation energy does not adversely influence the utility of kinetic

models [24]. In this paper, the value of k00 is set to be 1:0Eþ 10 S�1� �
, which is based on the

results from the isoconversional methods discussed above. The initial guess value of E0 S�1� �
used in the pattern search method of DAEMs is also based on the results from isoconversional
methods of FWO model, as shown in Figure 3, which is corresponding to the peak activation

energy and can be set to be 173 kJ∙mol�1� �
. The expected initial value of σ was set to be

20 kJ∙mol�1� �
, which is in accordance with the peak width of the f Eð Þ obtained from

isoconversional methods. The value of the objective equation (OF) can be used as a benchmark
for evaluating the prediction results obtained by different DAEMs.

The DAEMs were then applied to fit with the experimental data of β ¼ 20 K∙min�1� �
. Figure 5

shows the comparison of the various 1-DAE models. The kinetic parameters of these models
and the parameters achieved with these models are listed in Table 5. It can be noticed from
Figure 5 that 1-DAE models with Gaussian/logistic distribution do not show good match with
experimental values, which suggests that it is not appropriate to describe the pyrolysis process
based on the single activation energy distribution for Zhundong coal. 2-DAEMs consider that
pyrolysis occurs in two steps assuming that the first and the second stage share the same
activation energy. The comparison of the various 2-DAE models with experimental results for
Zhundong coal at a heating rate of β ¼ 20 K∙min�1� �

are shown in Figure 6, and the kinetic
parameters extracted from these models are listed in Table 6. Looking at the value of OF listed
in Tables 5 and 6, it can be concluded that 2-nth-DAEM assuming the Gaussian distribution
gives best fit with the experimental data. From the values extracted with the 2-DAE models
assuming the Gaussian distribution, as shown in Table 6, it can be seen that the mean activa-
tion energy for the primary pyrolysis (where breakage of weaker bonds takes place) is lower
than the mean activation energy for the secondary pyrolysis (where breakage of tougher bonds
takes place). However, the difference in activation energy between the two stages is not very

Figure 5. Comparison of experimental data and simulated data with the 1-DAEM methods: (a) Gaussian distribution;
(b) logistic distribution.
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In the 1-DAEM case, there are four parameters to be estimated: the mean activation energy E0,
the standard deviation σ, the temperature exponent x, and the chemical reaction order n. In
the 2-DAEM case, there are seven parameters to be estimated: two mean activation energies
E01 and E02, two standard deviations σ1 and σ2, the temperature exponent γ, the chemical
reaction order, and ω.

In this work, the model-fitting exercise was carried out using MATLAB TM (R2014b). It is
essential to use an appropriate method to compute the inner dT integral of Eq. (33). An
approximation proposed by Cai and Liu [21] was validated by literature [24], and was applied
to estimate the general temperature integral,
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To deal with the outer dE integral of Eq. (33), Simpson’s 1/3 rule [22] was employed. In the
numerical integration of Eq. (33), E0 þ 3σ value has been used for the upper limit of the outer
dE integral. Therefore, for given values of the parameters, the DAEM equation can be numer-
ically solved.

The kinetic parameters of the DAEM are determined using an objective function. An effective
criterion for achieving the objective function is to minimize the differences of squares. The
functional form of the objective function used in this paper is,
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where αx, cal and αx, exp are the calculated and experimental values of the residual mass fraction,
l is data number, and the sub-index x makes reference to data point x. In this paper, the
objective function (OF) has been optimized using the pattern search method [23], which is a
class of direct search methods. The Gaussian and logistic DAEMs show an interrelationship
between activation energies and the pre-exponential factor. Thus, E0 obtained for DAEM
differed significantly over values of k00, and it was difficult to figure out their relationship. To
remove this ambiguity, the k00 was set to be a fixed value according to the results from
isoconversional methods. The initial value of the mean activation energy E0 and standard
deviation σ settled in pattern search method used the results from isoconversional methods.

5.2. Processing thermogravimetric analysis data by distributed activation energy models

In the distributed activation energy models (DAEMS) adopted here, the pre-exponential factor
k00 is shared by all the reactions. From the literature [20], it is known that there exists an
interrelation between the pre-exponential factor k00 and the mean activation energy E0, which
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means that several pairs of k00 and E0 values can fit equally well for a given set of experimental
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models [24]. In this paper, the value of k00 is set to be 1:0Eþ 10 S�1� �
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methods of FWO model, as shown in Figure 3, which is corresponding to the peak activation
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. The expected initial value of σ was set to be

20 kJ∙mol�1� �
, which is in accordance with the peak width of the f Eð Þ obtained from

isoconversional methods. The value of the objective equation (OF) can be used as a benchmark
for evaluating the prediction results obtained by different DAEMs.

The DAEMs were then applied to fit with the experimental data of β ¼ 20 K∙min�1� �
. Figure 5

shows the comparison of the various 1-DAE models. The kinetic parameters of these models
and the parameters achieved with these models are listed in Table 5. It can be noticed from
Figure 5 that 1-DAE models with Gaussian/logistic distribution do not show good match with
experimental values, which suggests that it is not appropriate to describe the pyrolysis process
based on the single activation energy distribution for Zhundong coal. 2-DAEMs consider that
pyrolysis occurs in two steps assuming that the first and the second stage share the same
activation energy. The comparison of the various 2-DAE models with experimental results for
Zhundong coal at a heating rate of β ¼ 20 K∙min�1� �

are shown in Figure 6, and the kinetic
parameters extracted from these models are listed in Table 6. Looking at the value of OF listed
in Tables 5 and 6, it can be concluded that 2-nth-DAEM assuming the Gaussian distribution
gives best fit with the experimental data. From the values extracted with the 2-DAE models
assuming the Gaussian distribution, as shown in Table 6, it can be seen that the mean activa-
tion energy for the primary pyrolysis (where breakage of weaker bonds takes place) is lower
than the mean activation energy for the secondary pyrolysis (where breakage of tougher bonds
takes place). However, the difference in activation energy between the two stages is not very

Figure 5. Comparison of experimental data and simulated data with the 1-DAEM methods: (a) Gaussian distribution;
(b) logistic distribution.
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large. This behavior is more visible with a view to the plots showed in Figure 7where the f Eð Þ
function versus activation energy for 2-nth-DAEM with Gaussian distribution is exhibited. It
can be concluded that the amount of volatile production attributed to primary pyrolysis stage
is a little more than the secondary stage for the Zhundong coal. The original 2-DAEM put
forward by Caprariis et al. [15] considers coal pyrolysis as a first order reaction, that is, n = 1,
and the pre-exponential factor is a constant. This work takes all these factors into account and
will be more conducive to better predictions.

The kinetic parameters extracted with 2-nth-DAEM with Gaussian distribution functions (best
models to describe data at 20 K∙min�1� �

for Zhundong) were used to predict the experimental

data obtained at different heating rates of 10 K∙min�1� �
, 30 K∙min�1� �

, and 50 K∙min�1� �
,

respectively. The results obtained with 2-nth-DAEM are shown in Figure 8. It can be seen that the
2-nth-DAEMwith Gaussian distribution shows goodmatch with other three heating rate curves.

E0 kJ∙mol�1 Þ�
σ kJ∙mol�1 Þ�

γ n OF

n ¼ 1 Gaussian 169.42 24.45 �0.444 1 0.0493

Logistic 175.11 79.84 �0.400 1 0.2148

n 6¼ 1 Gaussian 172.96 18.73 0.127 5.766 0.0058

Logistic 172.96 19.35 0.132 5.786 0.0060

Table 5. Estimated values of kinetic parameters [1-DAEMs with Gaussian/logistic distribution functions].

Figure 6. Comparison of experimental data and simulated data with the 2-DAEM methods: (a) Gaussian distribution;
(b) logistic distribution.

Model E01 kJ∙mol�1 Þ�
σ1 kJ∙mol�1 Þ�

E02 kJ∙mol�1 Þ�
σ2 kJ∙mol�1 Þ�

γ n ω OF

n ¼ 1 Gaussian 150.00 20.00 173.00 36.85 �0.500 1 0.400 0.0492

Logistic 151.02 41.89 171.08 25.06 �0.514 1 0.304 0.0160

n 6¼ 1 Gaussian 150.00 28.22 173.00 26.85 �0.502 2.872 0.646 0.0001

Logistic 150.00 29.57 181.83 34.50 �0.513 2.826 0.765 0.0005

Table 6. Estimated values of kinetic parameters [2-DAEMs with Gaussian/logistic distribution functions].
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Figure 7. Distribution activation energy curves as a function of activation energy for 2-nth-DAEM with Gaussian
distribution functions.

Figure 8. Comparison of predicted results with the experimental data at other heating rates with 2-nth-DAEM with
Gaussian distribution functions: (a) β ¼ 10 K∙min�1� �

; (b) β ¼ 30 K∙min�1� �
; (c) β ¼ 50 K∙min�1� �

.
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Figure 7. Distribution activation energy curves as a function of activation energy for 2-nth-DAEM with Gaussian
distribution functions.

Figure 8. Comparison of predicted results with the experimental data at other heating rates with 2-nth-DAEM with
Gaussian distribution functions: (a) β ¼ 10 K∙min�1� �

; (b) β ¼ 30 K∙min�1� �
; (c) β ¼ 50 K∙min�1� �

.
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6. Conclusions

As a raw material for the preparation of phase change materials, coal is of great significance to
energy utilization. In this work, Zhundong coal was taken as an example to investigate the
pyrolysis process of it by means of thermogravimetric tests. In order to evolve appropriate
kinetic parameters to characterize the pyrolysis process of coal, various methods and potential
assumptions for processing TGA data were rigorously analyzed. The four isoconversional
methods, that is, Friedman, FWO, KAS, and Miura-Maki method were used to calculate the
activation energy and pre-exponential factor of Zhundong coal samples, respectively. It was
found that the FWO model gave the best fit for the experimental data. During the pyrolysis
process, the distribution of the activation energy of Zhundong coal, f Eð Þ, shows a unimodal

distribution, with a peak at the activation energy of 173 kJ∙mol�1� �
.In addition, Several

DAEMs have been theoretically derived, considering the reaction order, the dependence of
the pre-exponential factor on temperature, the steps mechanism for the pyrolysis, and the form
of activation distribution, wherein the 2-nth-DAEM assuming Gaussians distribution of acti-
vation energy gave the best fit for the experimental data of Zhundong coal.
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E0 mean activation energy (kJ�mol�1)

f Eð Þ distribution curve of the activation energy E

i the number of constituents in original materials

k rate coefficient s�1
� �

k0 pre-exponential factor s�1
� �

n The reaction order

R universal gas constant (kJ�mol�1�K�1)

R∞ maximum weight loss rate (%�min�1)

T temperature (K)

T0 initial decomposition temperature (�C)
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Tp peak temperature (�C)

V total mass of volatiles released at time ‘t’ (%)

Vf the corresponding weight loss percentage when the pyrolysis reaches the
final temperature (%)
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γ Constant

ω weighing factor

σ standard deviation (kJ�mol�1)
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R universal gas constant (kJ�mol�1�K�1)

R∞ maximum weight loss rate (%�min�1)

T temperature (K)

T0 initial decomposition temperature (�C)
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Tp peak temperature (�C)

V total mass of volatiles released at time ‘t’ (%)

Vf the corresponding weight loss percentage when the pyrolysis reaches the
final temperature (%)

V∗ total amount of volatile yields (%)

α Conversion

β heating rate (K∙min�1)

γ Constant

ω weighing factor

σ standard deviation (kJ�mol�1)

Subscript

cal calculated value

exp experimental value
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