IntechOpen

Paraffin

an Overview

Edited by Fathi Samir Soliman

"~

5 59
l._.. K







Parafhin - an Overview
Edited by Fathi Samir Soliman

Published in London, United Kingdom




C
o
Q.
@)
L
&)
o
)
£

e ._.{Jv e
gﬁ«u&

S







Paraffin - an Overview
http:/dx.doi.org/10.5772/intechopen. 75234
Edited by Fathi Samir Soliman

Contributors

Keshawa Shukla, Mayank Vishal Labh, Amir Reza Vakhshouri, Erika C.A. Nunes Chrisman, Marcio N.
Souza, Angela C. P. Duncke, Marcia C.K. Oliveira, Wenye Lin, Zhenjun Ma, Haoshan Ren, Jingjing Liu,
Kehua Li, Fathi Samir Soliman

© The Editor(s) and the Author(s) 2020

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 found at
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, 2020 by IntechOpen

IntechOpen is the global imprint of INTECHOPEN LIMITED, registered in England and Wales,
registration number: 11086078, 5 Princes Gate Court, London, SW7 2QJ, 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

Paraffin - an Overview

Edited by Fathi Samir Soliman

p.cm.

Print ISBN 978-1-83880-594-4
Online ISBN 978-1-83880-595-1
eBook (PDF) ISBN 978-1-83880-596-8



We are IntechOpen,
the world’s leading publisher of

Open Access books
Built by scientists, for scientists

5®®®+ 125,000+ 140M+

ailable International authors and editor: Downloads

Our authors are among the

151 Top 1% 12.2%

Countries deliv most cited s Contributors from top 500 universities

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

Y






Meet the editor

Associate professor Dr. Fathi Samir Soliman is an expert in pe-
troleum refinery, especially production, treatment and recycling
of lube oils and paraffin waxes with catalytic conversion and
solvent extraction. He is also highly qualified in studying the
morphology of Nano materials using high-resolution transmis-
sion electron microscopy and scanning electron microscopy.
Since 2014, he has been a researcher at the physical refinery
laboratory, Refinery Department, Egyptian Petroleum Research Institute (EPRI)
where he is also a supervisor of the electron microscope laboratories in the Nano
Technology Centre. Dr. Soliman is a lecturer at the Higher Institute of Applied Arts,
and a member of the organizing committee of the Egyptian annual international
conference on Petroleum, Mineral Resources and Development.







Contents

Preface

Chapter1
Introductory Chapter: Petroleum Paraffins
by Fathi Samir Soliman

Chapter2

Wax Chemical and Morphological Investigation of Brazilian
Crude Oils

by Erika C.A. Nunes Chrisman, Angela C.P. Duncke,

Modrcia C.K. Oliveira and Mdrcio N. Souza

Chapter 3

Managing Paraffin/Wax Deposition Challenges in Deepwater
Hydrocarbon Production Systems

by Keshawa Shukla and Mayank Vishal Labh

Chapter 4

Solar Thermal Energy Storage Using Paraffins as Phase Change
Materials for Air Conditioning in the Built Environment

by Wenye Lin, Zhenjun Ma, Haoshan Ren, Jingjing Liu and Kehua Li

Chapter 5
Paraffin as Phase Change Material
by Amir Reza Vakhshouri

XIII

27

1

57






Preface

The book in your hands, Paraffin — an Overview, can teach you the basics of
paraffin. It covers all the paraffin pathways from exploration to the applications.
Taken as a whole, these five chapters aim to help academic researchers and those
connected with the petroleum industry (such as petroleum engineers) to easily
understand the value of paraffins as a petroleum byproduct. The chapters cover
the separation, transportation, and application technology of paraffins and
these chapters are presented in a careful and clear manner to provide an easy and
enjoyable read. Data and discussions are presented by highly qualified experts and
the text is edited to simplify the information. This book is valuable for those who
are interested in making a connection between natural resources, science, and
industry.

Fathi Samir Soliman
Egyptian Petroleum Research Institute,

Egypt






Chapter1

Introductory Chapter: Petroleum
Paraffins

Fathi Samir Soliman

1. Introductory

Wazxes separated from petroleum are defined as the waxes present naturally in
various fractions of crude petroleum [1]. Petroleum waxes are complex mixtures of
hydrocarbons, amongst which are n-paraffin, branched chain paraffins and cyclo-
paraffins in the range of C13-C;o [2-4]. The quality and quantity of waxes manu-
factured from crude oils depend on the crude source and the degree of refining to
which it has been subjected prior to wax separation [5, 6].

Paraffin waxes constitute the major bulk of such waxes, the other two types;
produced in comparative quantities; also command a good market because of their
certain specific end uses [2]. The paraffin waxes are solid hydrocarbons at room
temperature.

Slack wax is a refinery term for the crude paraffin wax separated from the
solvent dewaxing of base stocks. Slack wax contains varying amounts of oil (rang-
ing from 20 to 50 wt.%) and must be removed to produce hard or finished waxes
[1, 7]. If the slack wax separated from residual oil fractions, the oil-bearing slack is
frequently called petrolatum [8].

Petrolatum is a general name applied to a slightly oiled crude microcrystalline
wax. It is semi-solid, jelly-like materials. Petrolatum is obtained from a certain type
of heavy petroleum distillates or residues.

Ozokerite wax is naturally occurring mineral wax. It is also a microcrystalline
wax. Ceresin is a microcrystalline wax; it is the name formerly given to the hard
white wax obtained from fully refined ozokerite. Petroleum ceresin is a similar
microcrystalline wax but separated from petroleum. Ceresin and petroleum
ceresins appear to have the same composition, structure, physical and chemical
properties [1].

1.1 Composition of petroleum waxes

Petroleum waxes are substance, which is solid at normal temperatures. Paraffin
and microcrystalline waxes in their pure form consist only solid saturated hydrocar-
bons. Petrolatum, in contrast to the other two waxes, contains both solid and liquid
hydrocarbons. Petrolatum is semi-solid at normal temperatures and is quite soft as
compared to the other two waxes.

Paraffin wax is a solid and crystalline mixture of hydrocarbons; it is usually
obtained in the form of large crystals. It consists generally of normal paraffin rang-
ing from Cy¢ to C39 and may be higher. Proportions of slightly branched chain paraf-
fin ranging from Css to Cs¢ and naphthenes; especially alkyl-substituted derivatives
of cyclopentane and cyclohexane; are also present [1, 5, 8-10].

The average molecular weight of these paraffin waxes is about 360-420 [9, 11].
A paraffin wax melting at 53.5°C showed a space lattice having C—C bond length
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of 1.52°A, a C—C—C bond angle of 110°A, a C—H bond length of 1.17°A and an
H—C—H bond angle of 105°A [12].

Microcrystalline waxes are obtained from the vacuum residue. The source for
the production of microcrystalline wax is petrolatum or bright stock [13].

Microcrystalline waxes consist of highly branched chain paraffin; in contrast to
the macrocrystalline; cycloparaffins and small amounts of n-paraffins and alkyl-
ated aromatics [1, 5, 9]. The actual chain length of the n-alkanes is approximately
C34—Csp. Long-chain, branched iso-alkanes predominantly contain chain lengths up
to C70 [13]

The branched-chain structures of the composition C,H,, , ; are found. Branched
mono-methyl alkane, 2-methyl alkanes being found. As the position of the methyl
group moves farther from the end of the chain, the amount of the corresponding
alkane becomes smaller. The branched chains in the microcrystalline waxes are
presented at random along the carbon chain, meanwhile in paraffin wax, they are
located at the end of the chain [14].

The cyclo-alkanes, however, consist mainly of monocyclic systems.
Monocyclopentyl, monocyclohexyl, dicyclohexyl paraffin and polycyclo paraffin
are also found. Some microcrystalline waxes are mainly composed of multiple-
branched isoparaffins and monocycloparaffins [1]. Moreover, non-hydrogenated
micro waxes also mainly contain mono-cyclic and heterocyclic aromatic com-
pounds [13].

Microcrystalline waxes have higher molecular weights (600-800), densities and
refractive indices than paraffin waxes [1, 5, 6, 9].

1.2 Properties of petroleum waxes
1.2.1 Physical properties

Almost all, the physical properties of petroleum waxes are affected by the length
of hydrocarbon chain, distribution of their individual components and degree of
branching [10, 15].

Paraffin waxes are composed of 40-90 wt.% normal paraffins of about 22-30
carbon atoms and possibly higher, accordingly, they differ very little in physical and
chemical properties. The remainder is C;g—Cs6 isoalkanes and cycloalkanes [5, 16].
Straight chain alkanes in the range from 20 up to 36 carbon atoms show transition
points in the solid phase. Thus two modifications, stable at different temperatures
and different crystal habits, are known [1].

Microcrystalline waxes contain substantial proportions of highly branched or
cyclic hydrocarbons in the range from 30 to 75 carbon atoms [5, 6, 17].

Paraffin waxes, relatively simple mixtures, usually have a narrow melting range
and are generally lower in melting point than microcrystalline waxes. They usually
melt between 46 and 68°C. The melting point of paraffin waxes increases in parallel
with molecular weight. The branching of the carbon chain, at identical molecular
weights, results in a decrease in the melting point. Paraffin waxes can be classified
according to the melting point to soft (lower m.p.) and hard (higher m.p.) paraffin
waxes.

Microcrystalline waxes are more complicated so it melts over a much wider
temperature range. They usually melt between 60-93°C and 38-60°C, respectively
(6,9, 10].

Oil content is a fingerprint of the quality of the wax. The method of determina-
tion depends upon the differential solubility of oil and wax in a given solvent.

Paraffin wax, microcrystalline wax and petrolatum have a different degree of
affinity for oil content. Paraffin wax has little affinity for oil content. It may be
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taken as a degree of refinement. Fully refined wax usually has an oil content of
<0.5%.

Microcrystalline waxes have a higher affinity for oil than paraffin waxes
because of their smaller crystal structure. The oil content of microcrystalline wax is
1-4 wt.%, depending on the grade of wax [9].

1.2.2 Mechanical properties

The hardness and crystallization behavior of macrocrystalline paraffin waxes are
interfered distinctly by their distribution width, average chain length and n-alkane
content [18].

Hardness is the resistance against the penetration of a body (needle, cone or
plunger rod) under a defined load, this body is made of a harder material than the
substance being tested. To measure the hardness of paraffin waxes, penetration
tests are widely accepted. It is a common feature of strength and hardness tests that
the test specimens are subjected to short-time stresses [10].

The penetration test is the most widespread technique for determining the
hardness and the thermal sensitivity of petroleum waxes. Macrocrystalline waxes
change to a greater extent with temperature than that of microcrystalline waxes. An
increase in oil content results in an increase in penetration values of both macro-
and microcrystalline waxes [1].

1.2.3 Food grade properties

These properties concern waxes and petrolatums for food grade. Their poten-
tial toxicity could be attributed to aromatic residues. The latter are characterized
directly by using UV spectra in the spectral zone corresponding to aromatics.

Each country has adopted its own code governing waxes, which come in contact
with food and non-food grade [19, 20].

1.3 Crystal structure of petroleum waxes

The class of organic crystals represents a broad range of geometries, including
needles, plates, cubes, rods, prisms, pentagons, octagons, hexagons, rhomboids
and pyramids. Each of these forms results from crystallization from a solution. The
geometry of the crystals formed is determined by the solute/solvent interaction and
the physical conditions of the system (e.g., temperature, pressure and mechanical
mixing).

One interesting characteristic of crystals is that they can form a variety of
shapes, which are due to the environmental conditions under which they form.
They can be large or small, extend long distances or short, be well-defined or
diffuse; in short, they can display an impressive array of forms. It is this variety of
form upon which crystal modifiers are intended to take advantage [21].

All petroleum waxes are crystalline in some degree and it is possible to classify
waxes in terms of the type of crystals formed, when the wax crystallizes out of
solution.

1.3.1 Macrocrystalline waxes (paraffin waxes)

The paraffin crystals appear in three different forms: plates, needles and mal
shapes; the latter are small size, undeveloped crystals, which often agglomer-
ates. The conditions for the formation of these shapes have been studied by many
researchers. They have come to the following conclusions:
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1. The three crystal forms of paraffin waxes depend on both the conditions of the
crystallization process and the chemical composition of the wax.

2. Plate crystals are obtained from lower boiling points paraffinic distillates,
while the needle and mal-shaped crystals are obtained from the higher boiling
points ones and from vacuum residues.

3. For a given molecular weight limit, the higher melting point constituents crys-
tallize in plate type in which the crystals are hexagonal plate. The low-melting
ones crystallize in needles while the medium-melting ones crystallize in mal

shapes.

4.Normal paraffin crystallize in plates. Needle crystals contain both aliphatic
and cyclic hydrocarbons, while mal-shaped crystals are characterized by their
content of branched hydrocarbons.

5.Low-cooling rates during crystallization will result in large crystals for both
plate and needle forms, while the crystal growth for mal-shaped crystals is
very slight.

6. The solubility of paraffin in a solvent is inversely proportional to their melting
points. In the presence of solvent, wax mixtures begin to crystallize at rela-
tively low temperatures in the form of plates followed by mal-shaped crystals.
However, the constituents crystallizing in needles are more soluble than those
crystallizing in plates. Therefore, needles crystals will appear only at lower
temperature and higher concentrations

7.Plate crystals can readily be transformed into needle and mal-shaped crystals.
Under appropriate conditions, the needle crystals can be transformed into
mal-shaped crystals [10].

Normal paraffin, C;7—Cs4, may exist in three and possibly four crystal forms.
Near the melting point, hexagonal crystals are the stable form. At somewhat lower
temperatures, the odd-numbered from Cyo to Cyg are orthorhombic, even numbered
ones from Cyg to Cy is triclinic and those Cyg—Csg is monoclinic [22, 23].

1.3.2 Microcrystalline waxes

Both n-paraffin and isoparaffins crystallize in needle forms; they differ in that
the latter does so at all temperatures, while higher temperatures are required for the
former. The needle form of the isoparaffins differs from that of ceresins or paraffin
waxes containing ceresins, in that the crystals of former are large and loose, while
those of the latter are extremely small and dense [14].

Microcrystalline waxes may contain substantial percentages up to 30% of paraf-
fin which, when separated, crystallize well as high-melting macro crystalline or
paraffin wax. The microcrystalline wax material interferes and imposes its crystal-
lizing habit on the other material [16, 24].

Although the classification of petroleum waxes into macro crystalline and
microcrystalline waxes on the basis of crystal size is valid to a great extent, there is
no sharp line separating the two groups. Indeed, there is a large group of waxes that
could fall in either classes and these waxes are called intermediate waxes, blended
waxes, mal-crystalline waxes and semi-microcrystalline waxes. But semi-micro-
crystalline wax adopted [17].
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1.4 Manufacture of petroleum waxes

The manufacture of petroleum waxes is closely related to the manufacture of
lubricating oils. The raw paraffin distillates and residual oils contain wax and they
are normally solid at ambient temperature. Removal of wax from these fractions
is necessary to permit the manufacture of lubricating oil with a satisfactory low
pour point. Manufacture of petroleum waxes includes the following technological
processes:

* Production of slack waxes and petrolatums by dewaxing petroleum products.
* Refining of the wax products.
* Deoiling and fractional crystallization.
* Percolation process.
* Hydrofinishing process.
* Acid treatment.
* Adsorption process.
1.5 Applications of petroleum waxes

As the consumption of wax products in the world wax market increases; espe-
cially for food, pharmaceutical and cosmetic grades and specialty wax; the increase
of profitability of wax production will lie on the improvement of blending and
modification techniques for macro- and microcrystalline waxes as base materials as
well as the development and applications of new wax products [25].

Petroleum waxes are based in a wide variety of applications. Some of its most
important applications were used in industry such as, paper industry, household
chemicals, cosmetics industry, dental industry, match industry, rubber industry,
building constructions, electrical industry, inks industry and powder injection
molding industry beside that of hydrogen production and energy storage applica-
tions [4, 10, 26-30].

2. Conclusion

Fractions of petroleum wax can be achieved to separate more than one type
of paraffin wax such as macrocrystalline and microcrystalline waxes, the waxes
characterization such as carbon number, hardness, crystal shape, composition and
molecular weight depend on the condition of separating the wax, paraffin wax
act like a joker in different industries such as inks, papers, cosmetics and ceramic
fabricating using powder injection molding industry.
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Chapter 2

Wax Chemical and Morphological

Investigation of Brazilian Crude
Oils

Erika C.A. Nunes Chrisman, Angela C.P. Duncke,
Madrcia C.K. Oliveira and Mdrcio N. Souza

Abstract

The waxes in petroleum can precipitate and form unwanted gels and deposition
when exposed to low temperatures. The idea of this chapter is to approach
methods of quantification and physicochemical and morphological characterization
of waxes and how this information can help in understanding this deposition.
Information such as the quantity of waxes and the chemical structures in the oil is
fundamental to predict the possible deposition and its ability to aggregate with
other crystals. For example, the knowledge about the wax morphology may
contribute to explain the nucleation and growth of the deposits. The polarized light
microscopy, the most common technique to visualize wax crystals, and the bright-
field microscopy, the most simple technique, able to show crystal details that have
not been seen on the polarized light, was used.

Keywords: waxes, crude oil, quantification, characterization, microscopy, DSC

1. Introduction

Petroleum is a complex mixture of hydrocarbons of varying nature and small
fractions of nitrogen, oxygen, sulfur, and metal compounds. At room temperature,
petroleum can be gas, liquid, and/or solid, being considered as gases and solids
dispersing in a liquid phase [1]. Under high temperature and pressure, as encoun-
tered at reservoirs (e.g., 8000-15,000 psi and 70-150°C), Newtonian rheological
behavior prevails, whereas at low temperatures the pseudoplastic behavior is com-
monly found [2].

A large portion of the Brazilian oil production comes from offshore fields, from
the pre-salt layer. These oils have high levels of waxes, which are alkanes (linear or
branched) encompassing carbonic chains of 15-75 carbons [3, 4]. This class of
compounds has a high precipitation potential, due to the low sea temperatures
(about 4-5°C) [5-7]. In temperatures below the wax appearance temperature
(WAT), the wax crystallization takes place with subsequent deposition [2]. The
wax deposition is dominated by the molecular diffusion mechanism [8] in which
the waxes initially precipitate at the cold pipeline walls and subsequently generate a
radial gradient of precipitation causing deposit [9, 10]. This can lead to a strong
waxy crystal interlocking network, which causes pipeline clogs and dramatically
affects the rheological fluid behavior [9, 11-13].
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Gelation and deposition problems, leading to increases in yield stress and losses
in production, are probably connected to wax morphology. This chapter aims to
show some techniques to characterize the structure and morphology of wax crystals
based on four pre-salt Brazilian crude oils, all provided by Petrobras, under differ-
ent shear conditions, aging times, and temperatures. In addition, some physico-
chemical characterization techniques are discussed as density, viscosity, and SAP
(saturated, aromatic, and polar). The wax quantification is the harder part of the
study of crude oils, due to the petroleum complex matrix, which can cause compli-
cations related to the wax crude oil separation; however, through differential scan-
ning calorimeter (DSC) measurements, it is possible to obtain a precipitated wax
content as well as through some American Society for Testing and Materials
(ASTM), Universal Oil Products Collection (UOP), gas chromatography (GC), and
others.

2. Morphological characterizations

Due to the petroleum multicomponent nature, the wax precipitation occurs
heterogeneously, and resins and asphaltene molecules, inorganic solids, and corro-
sion products, among others, can behave as nuclei for the phenomenon, enhancing
the flow assurance issue [14].

Waxes crystallize into basically orthorhombic and hexagonal shapes. The ortho-
rhombic form is needle-shaped, and it is found in crudes with high waxy content
[15, 16]. Crystallization kinetics and crystal morphology can be highly affected by
some recognized factors, such as cooling rate [13, 17-23], carbonic chain nature
(branched or linear and average length) [21], resins and asphaltene content
[2, 7, 24, 25], and shear rate [16, 26-28].

The polarized light (PL) optical microscopy is the fundamental technique for
wax crystal examination [24]. According to [29] it allows verifying the anisotropic
optical behavior of crystalline materials, named birefringence. This technique uses
two cross polarizers. When the light beam passes through crystalline structures, as
wax crystals, the polarized light plane is altered generating a visible image pattern.
On the other hand, isotropic structures, which do not exhibit the same level of
organization, are not able to modify the light plane. Apart from PL microscopy, the
bright-field (BF) microscopy regards another important technique for wax crystal
visualization. The procedure is very simple, and no artifacts are employed in the
optical path.

Figure 1 shows BF and PL micrographs of P1 Brazilian crude oil, for the same
point of the coverslip, at 25°C, as received, i.e., without any thermal treatment. All

A LEY .
FL SN
AT ST [}
‘)‘ F i) o r1{
N S LI
i "{'1'_. .
A S
\ -jl“ ‘i-':L i o
AL (e
e
.,:}_‘
-{,;H-""‘. [, R—
Figure 1.

(A) BF and (B) PL micrograph of P1, for the same point of cover slip at 25°C, as received.
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the aliquots of crude oil in this chapter were observed on optical microscope Axio
Vert 40 MAT (Carl Zeiss).

The BF technique (Figure 1a) provides lower contrast than PL technique
(Figure 1b); however, it can be seen that in BF micrographs the wax crystal is
continuous, i.e., the structure appears and integrates, without rupture. On the other
hand, PL micrographs show “dark cracks,” i.e., the wax crystals do not appear
entirely. These “dark cracks” can be attributed to two factors: first, amorphous or
low crystallinity regions due to the presence of impurities and second, due to light
extinction positions, related to the parallel orientation of polarizers and the crystal
organization, i.e., no light is deflected by the sample [30]. Therefore, much atten-
tion should be taken to make length measurements in crystals observed by PL
technique. According to these results, to determine the size and crystal shape (as
verified by BF) can be critical to avoid erroneous measurements. In this work, the
length measurements were performed on images obtained by BF, but the PL images
are shown due to easy observation.

Another characteristic of wax crystals that can be seen in Figure 1a is a rough-
ened surface. The roughness, as well as the tortuosity of wax crystals, can be
attributed to a heterogeneous nucleation and growth, by the presence of
asphaltenes, resins, and different wax chain lengths or the presence of isocycle
[24, 31].

In order to characterize the wax morphology and crystals length in dependence
of temperature and shear, a continuous cooling protocol was performed (Figure 2).
Initially, the thermal history removal of 100 mL of each oil was carried out by
heating the samples for 2 h at 80°C in a circulating oven model 400-3ND (Ethik
Technology). This condition is sufficient to dissolve all wax present in the crude oil
and prevent that the wax crystal formation was not influenced by pre-existing
nuclei [32, 33]. Secondly, the samples were transferred to a jacketed Becker coupled
to a circulation bath (Haake Phoenix II-C25P - Thermo Scientific). Then, the
cooling step was carried out quiescently or in presence of shear (mechanical agita-
tion 250 rpm on RW20 Digital IKA) for 80-5°C. The cooling rate was 0.5°C/min.
Figure 2 shows the influence of shear on waxy crystal growth of P1-P4 paraffinic
oil comparing the PL micrographs of tests carried out at 5°C, on quiescent and shear
cooling conditions.

It was verified that experiments performed with quiescent condition
(Figure 2A-D) were characterized by large crystals and cluster of crystals when
compared with experiments carried out with shear condition (Figure 2E-H). The

£
=
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=
=1
o

Figure 2.
PL micrographs of test performed at 5°C on quiescent (A-D) and shear (E-H) conditions of waxy crude oils
P1-P4.
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researchers carried out by [2, 16, 34] show that under quiescent conditions, the
waxy crystals were characterized by extended and continuous particles. The
formation of extended and continuous particles allowed a colloidal network that
embodies the oil itself. Probably, the gel would have a high shear modulus, in order
to the side-by-side interactions between particles. Under the shear condition, the
lateral growth of the individual crystals is constricted. However, extended particles
are not observed, and consequently, these particles lost their interconnectivity.

The wax crystals presented in waxy crude oils (Figure 2) are elongated.
According to [16], waxes precipitated in crude oil tend to crystallize in an ortho-
rhombic structure, which is characterized by an elongated structure. Evidently, the
crystals of Figure 2 (and in detail in Figure 1) are not linear (needle-like). The
sinuosity and tortuosity are probably due to the presence of impurities during
nucleation and crystal growth processes [2, 21]. [2] analyzed the aspect ratio, which
is the ratio between the length and the width of a crystal. Based on aspect ratio
value, it is possible to verify how the structure is elongated. The values of average
aspect ratio, at 5°C, of samples P1, P2, and P3, are 5.5, 6.2, and 5.0, respectively,
legitimizing the elongated characteristic. P4 sample has a 4.0 aspect ratio value,
which indicates that the crystals are less elongated than other samples.

Table 1 shows the average length and width of crystals to waxy crude oils P1-P4
in function of temperature for 30, 10, and 5°C, for quiescent and shear conditions,
and shows the average percentage of crystal growth between both cooling
conditions.

For quiescent conditions, it is possible to note the crystal length increases
between 10 and 5°C; however, for shear conditions, the length becomes basically
stationary at these temperatures. This behavior could be attributed to a possible
crystal breakage by the shear, which prevents the crystals from becoming large. The
average percentage of growth between quiescent and shear conditions increases
with the temperature decrease. For 30°C the crystals obtained in quiescent cooling
are about 12.4% higher than that obtained by shear conditions. At 5°C this differ-
ence reaches 25.1%. On the other hand, the crystal width underwent an effective
action of the shear, being about 22.3% less wide than those obtained in quiescent
conditions.

To illustrate the Table 1, Figure 3 shows PL micrographs of P3 obtained at 30,
10, and 5°C during quiescent cooling. This condition resembles the operational
shutdowns when crude oil is cooled. As expected and discussed above, the concen-
tration and size of wax crystals increase with the decrease in temperature. Since the
solubility of high molecular weight waxes decreases sharply with the decrease in
temperature, they precipitate out and crystallize. This result indicates that in low
temperatures, it is more probably to have problems of flow assurance due to pipe-
line blockage occasioned by wax crystal depositions and to the formation of a high-
strength gel, characterized by yield stress [35-37].
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Table 1.

Length and width of crystal’s average and growth percentage.
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Figure 3.
PL micrographs of P3 obtained at (A) 30°C, (B) 10°C, (C) 5°C and during quiescent cooling.

Another common factor studied on precipitation and morphology of waxy
crystals is the aging time, which represents the influence of the time at a certainly
constant temperature on the crystal wax. PL micrographs in Figure 4 show the
influence of 1 h aging time at temperatures 40, 20, and 5°C, for P4. To study the
aging time influence, first, the thermal history was removed. The samples were
transferred to the jacketed Becker coupled to a circulation bath at 80°C and then
started the cooling steps (80-40°C; 80-20°C or 80-5°C). When the temperature
arrives 40, 20, or 5°C, the samples were kept cool for 1 h at this temperature. The
cooling rate was 0.5°C/min.

It was verified that the aging time favored the increase of crystal length and
appearance of large clusters. This result can be attributed to the Ostwald ripening of
wax crystals, a mechanism by which the large crystals grew at the expenses of
smaller crystals of higher energy. Furthermore, oil uptake can also change the wax
crystal distribution, leading to larger and softer wax crystals that can interpenetrate
increasing intermolecular interactions between crystals [11, 37, 38].

Table 2 shows the wax crystal’s average length att = O hand after 1h (t=1h) at
temperatures 40, 20, and 5°C, as well as the crystal growth percentage in function
of aging time.

Analyzing Table 2, at 40°C the oils P1 and P3 show an increase of about 26.3% in
the length of the crystal after 1 h in an isothermal condition. Under these same
conditions, P2 shows a growth of almost 80.0%. P2 has the WAT at 42.1°C (see
4. Wax quantification), and consequently, there is no visible crystal on microscope
when the temperature just arrives at 40°C. For this reason, the crystal size, in this

Figure 4.
PL micrographs of tests carried out with P4, at t = 0 h for 40°C (A), 20°C (B) and 5°C (C); and after 1 h at
40°C (D), 20°C (E) and 5°C (F).

13



Paraffin - an Overview
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P1 H.2 11,2 26,7 136 13.9 178 13,1 1.3 124
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Table 2.
Average wax crystal length at t = 0o h and t = 1 h at 40, 20, and 5°C and crystal’s growth percentage.

case, was considered 1.0 pm, the microscope detection limit. However, after 1 h at
40°C, this sample presents small crystals of about 4.8 pm. Evaluating a percentage
of growth at 20 and 5°C, a reduction is noticed. The wax crystals seem to grow more
significantly at elevated temperatures. In t = 0 at 5°C, the wax crystal has a large size
due to the temperature decrease, and after 1 h in an isothermal condition, the wax
crystal grows little, i.e., its sizes do not “double” as at 40°C. A smaller variation
was noted between the sample growth percentages at 5°C. This temperature is
close to that observed in the production fields. After 1 h at 5°C, the wax crystals
are 10.3 & 2.8% higher than when the temperature just arrives 5°C. Generalizing
this information and transferring it to offshore production fields, after a 1-h

stop with the oil at 5°C, the crystals can grow about 10%. Of course, this is a
hypothetical condition because it is impossible to happen, since the cooling rate

in the fields is smaller than that used in this study, which can result in greater

wax crystals.

3. Physicochemical characterization

Due to the complex matrix that is the petroleum itself, the physicochemical
characterization is very relevant in order to address a proper comparison between
the microscopic images, which is a very useful tool in the wax crystal morphology
study. The most common physicochemical characterization techniques are:

* Density: measured mainly by ASTM-D7042. By density (at 60°F = 15.6°C) it is
possible to obtain the °API following Eq. (1). °API is the most general
classification at petroleum industry:

"API = 415 131.5 (1)
p

* Viscosity: can be also determined by ASTM-D7042 on a viscometer or by
rheological tests.

* Saturated, aromatic, resin, and asphaltene (SARA): can be determined mainly
by Clay-Gel, according to ASTM D2007, thin layer chromatography with flame
ionization detection (TLC-FID) according to IP-469, or by high-performance
liquid chromatography (HPLC) according to IP-368. In this work, SARA
content was obtained by TLC-FID using the IATROSCAN MK-6 (NTS
International), for all paraffinic crude oils.
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* SAP: this characterization is less specific than SARA because resins and
asphaltenes are considered together as polars. The SAP contents were
determined by a liquid chromatography separation composed by silica gel
column 60 (2.5 g silica, 0.063-0.200 mm) from Merck, which was used to
determine the SAP content. The column was heated for 10 hrs at 120°C for
activation. Fractions were eluted with 10 mL n-hexane for saturated, 10 mL of
n-hexane/dichloromethane (8:2) for aromatic, and dichloromethane/methanol
(9:1) for polar fractions. Residual solvents were submitted to a rotary
evaporation. This technique was employed only for non-paraffinic (NP).

* WAT: this is one of the main characterizations when working with waxy
crudes, because it gives an idea of the precipitation potential of the oil and
ideas about the wax type. A wide range of techniques can be used to determine
WAT, as microscopy, rheology, and near-infrared spectroscopy (NIR), but the
most used is DSC. In this work, measurements were performed using Nano
DSC differential scanning calorimeter (TA Instruments). The samples were
heated from room temperature to 80°C, at 2°C/min. Then they were held for
15 min at 80°C, following by a cooling step from 80-4°C, at 0.5°C/min.
Kerosene was used as the reference. Before measurements, samples were
homogenized and kept under vacuum for degasification for at least 30 min. A
volume of 300.0 pL of crude was used.

* Gas chromatography: this technique is employed to characterize the carbon
number distribution of petroleum waxes and the normal and non-normal
hydrocarbons. It is oriented by ASTM D5442-17. In this work the GC evaluated
the carbon distribution up to C36.

Table 3 presents some physicochemical characterization of the four paraffinic
P1-P4 and NP oils used as reference of wax absence, also provided by Petrobras. All
crude oils have relatively similar values of density. The paraffinic samples are
considered medium oils, while NP is classified as heavy oil according to the °API
scale. The viscosity varies greatly between samples, with P1 and P3 being the less
viscous. P4 exhibits the highest viscosity at 20°C, being 100 times greater than the
lower one (P3). Non-paraffinic petroleum classified as heavy oil also has high
viscosity (896.8 mPa.s).

WAT is defined as the onset temperature, that is, the intersection point of the
baseline and the tangent line of the inflection point of the exothermic peak
[4, 39, 40]. In crude oils, it is common to observe two exothermic events (peaks).
WAT depends on the concentration and molecular weight of waxes and the chem-
ical characterization of hydrocarbon matrix [41]. Due to the oil complexity, the
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Table 3.
Physicochemical characterizations.
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values of the peaks are around 50°C for the first exothermic event and 25°C for the
second; [16, 42] assign the first peak to a liquid-liquid transition and the second to
liquid-solid transition. However, in this paper, the authors believe that each exo-
thermic event refers to a different group of waxes according to the chain length.
[43, 44] declare that n-alkanes with similar carbon numbers can co-crystallize with
the longer n-alkane chains.

Figure 5 shows the thermal curves for all samples obtained by Nano DSC. All oils
have at least two well-defined exothermic peaks. It is possible to note a great
similarity between the WAT values and the intensity of the exothermic peaks in the
curves of the oils P1 and P3. However, the saturated values are quite different
(Table 3). P1 has the 54.0 wt% and P3 has the 63.1 wt%, the highest values between
the samples. Nevertheless, we must keep in mind that not all saturated content
refers to wax; thus, these differences between saturated content among the oils do
not represent the real wax content.

Continuing the analysis of Figure 5, it is noted that P2 was characterized by the
lower WAT values and P4 shows the higher (Table 3), which may be an evidence
that the P2 is composed by short waxy chains and P4 has the longest. According to
[36] the larger the carbon chain size, the higher the crystallization temperature.
Moreover, the first peak of P2 is barely evident which can be a sign of less wax
content. P4 has a second peak very evident, that is, this oil may contain the higher
wax content. However, P4 has the smallest crystals, as discussed before, being on
average 35% smaller than the others are. According to the P4 higher WAT value,
large crystals were expected. Senra et al. [45] suggest a co-crystallization between
chains with different carbon numbers and with other compounds, affecting the
crystal morphology. According to [46] the co-crystallization weakens the crystal
structure and disfavors large crystal formation. This is a plausible hypothesis, since
according to SARA, P4 has 42.7 wt% of resins and the higher content of asphaltenes
(0.65 wt%).

Another curious fact is a possible third peak at temperatures just below the
second, especially for P2 and P4. This peak may represent a third population of
waxes, and as far as we know, it was never reported in conventional DSC analyses.
Possibly this third peak is related to a group of very-short-chain waxes. Based on
this observation, it is verified that the Nano DSC technique presents greater sensi-
tivity to enthalpy variations. In the conventional DSC technique, this third peak
may be masked with the second. According to [19] the conventional DSC is not
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Figure 5.
P1-P4 and NP thermal curves behavior.
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sufficiently sensitive to identify WAT for samples with low wax contents; however,
the Nano DSC shows two slight baseline variations for NP sample, even in a low
cooling rate (0.5°C/min). These peaks are very low if compared to other oils due to
the non-paraffinic characteristic of NP, but their presence confirms the sensitivity
of the equipment.
Figure 6 shows the GC graphs of the crude oils P1-P4 and their respective

extracted waxes through the UOP46-85 method (see Section 4). It is possible to
note that the values obtained for the GC of the crude oil (white bars) are dispersed
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Carbon number distribution for P1-P4 crude oil.
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and have a tendency of decrease after around C30. This behavior can be attributed
to the complex matrix of the oil itself. However, the carbon distribution number
obtained from the extracted wax fraction from each oil (dark bars) has a more
plausible chain distribution. For all oils, there is a chain predominance around C30.

Figure 7 shows the crystal length versus temperature for P1-P4. The first
experimental point of the curves is the respective WAT values. This graph is
presented in order to analyze the growth tendency of the wax crystals as a function
of the temperature reduction, as a way to summarize the information previously
discussed.

4. Wax quantification

The wax quantification is more difficult to develop than the other characteriza-
tions. However, some techniques are available:

* GC: as mentioned on 3. Physicochemical characterization, this technique is
employed to characterize the carbon number distribution. In this work the GC
evaluated the carbon distribution up to C36.

* Nuclear magnetic resonance (NMR) correlation: presented by [47], estimates
the wax content of crude oil and their fractions by H NMR spectroscopy. The
method shows good fit for oils with boiling range from 340 to 550°C.

* UOP 46-85 method: estimates the wax content of the crude oil and is defined
as the mass percentage of precipitated material when an asphaltene-free
sample solution is cooled to —30°C.

* DSC integration baseline: is possible to obtain the total thermal effect of the
wax precipitation (Q) by integrating the area of the exothermic peaks. With
this value, the wax precipitated concentration (c,) can be determined
following Eq. 2 [48]. Q is defined as 210 J/g, a constant thermal value of wax
precipitation for crude oils with an unknown molecular structure [49]. WAT is
the WAT temperature itself, and T is the final temperature, in this work, 4°C:

jq‘w/jYAT dQ _ g

Cw = = (2)
Q Q

By means of simple math, it is possible to calculate the mass content of precipitated

waxes (w) as shown in Eq. (3), where p is the specific mass and V, is the

experimental volume used to the DSC measurement:

Cw
p-Ve

w = .100 3)

The percentages by mass of precipitated wax obtained by the DSC integration
baseline show 3.1 and 2.9 wt% for P1 and P3, respectively. As cited before these oils
have many similarities. P2 has the lowest value (2.2 wt%) and P4 has 4.7 wt% of
precipitated waxes. However, by the UOP 46-85 method, the wax contents in mass
percentage obtained were 3.7 & 0.3 for P1, 5.7 & 0.4 for P2, 5.0 & 0.1 for P3, and
3.6 = 0.2 for P4. In general, these values are at the same range of the values
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Figure 8.
Carbon number distribution for P1-P4 crude oil.

obtained by DSC integration baseline, but they are not in agreement with the values
obtained by this same technique. The UOP 46-85 method is a traditional way of wax
estimation by very steps extractions, as well as time-consuming, lots of chemicals
and solvents. These many delicate steps have great chances to produce erroneous
results if not done properly [47].

Figure 8 shows the carbon number distribution, obtained through GC, only for
the extracted waxes by means of UOP method. As determined by DSC integration
baseline, P2 has the lowest percentage of waxes, and P4 has the highest. This can be
observed again on the GC graph. According to [50] the GC and DSC analyses can be
used to quantify wax content of crude oils showing reasonable agreement, but wax
precipitation technique, as UOP method, must be corrected due to the presence of
trapped crude oil in the precipitated solid wax crystal.

5. Conclusions

The polarized light microscope is the most used technique to visualize wax
crystals; however, bright-field microscopy shows crystal details that are not seen on
the polarized light. The wax crystals observed have elongated structure, but they
are not linear, i.e., not needle-shaped. They have superficial roughness attributed to
the presence of crystallization interferers such as asphaltenes, resins, organic solids,
and different carbon chain sizes. The gradual temperature decrease favors the
length crystal increases, as well as the increase in the quantity and size of the
agglomerates. Under shear conditions, crystals were observed around 25% smaller
and in less quantity than under quiescent conditions. In addition, shearing promotes
crystal breakage at very low temperatures. The aging time of the oil favors the
crystal growth more drastically at higher temperatures (around 45% after 1 h at 40°
C) than in low temperatures (around 10% after 1 h at 5°C), as well as the formation
of agglomerates. P4 shows the higher content of precipitated waxes by means of
DSC integration baseline and GC analysis, but their crystals were smaller, possibly
due to the higher polar content. The DSC integration baseline is in accordance to the
GC result to wax content determination; however, the UOP method is in disagree-
ment. Another characteristic observed about Nano DSC was the great sensitivity to
obtain WAT values. This technique can identify a possibly third peak precipitation
and two peaks for the NP sample.

This chapter looks at some techniques of wax characterization and quantifica-
tion; however, there are many other techniques that can be used and that present
satisfactory results. The use of combined techniques may assist in the more accurate
analysis of sample characteristics.
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Nomenclatures

API American Petroleum Institute

ASTM American Society for Testing and Materials
BF brightfield

DsC differential scanning calorimeter

GC gas chromatography

HPLC high performance liquid chromatography
NIR near-infrared spectroscopy

NMR nuclear magnetic resonance

NP non-paraffinic

P14 paraffinic petroleum

PL polarized light

SAP saturated, aromatic and polar

SARA saturated, aromatic, resins and asphaltenes
TLC-FID  thin layer chromatography with flame ionization detection
UOoP universal oil products collection

WAT wax appearance temperature

Q total thermal effect of wax precipitation

Cw wax precipitated concentration

Q constant thermal value of wax precipitation
Ty final DSC temperature

w mass content of precipitated waxes

p specific mass

Ve experimental volume used to the DSC measurement
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Managing Paraffin/Wax
Deposition Challenges

in Deepwater Hydrocarbon
Production Systems
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Abstract

The prevention of solids formation and their deposition are major challenges to
design and operate any subsea hydrocarbon production systems. One of the most
challenging issues is the management of paraffin/wax. As the water depth increases,
at the low temperatures of subsea conditions, hydrocarbons may precipitate as wax,
which can solidify and restrict the flow. During shutdown of a subsea production
system wax gel may form and solidify when a crude oil cools below its pour point
causing operational problems from downhole to the processing facilities. The pur-
pose of this chapter is to address the paraffin/wax formation and deposition issues
to properly design a subsea production system consisting of pipe-in-pipe flowline
and flexible riser under deepwater environment. A field specific example is
presented to manage the wax formation/deposition and prevent paraffin/wax
deposition risks in an effective way during the normal and the shut-in operations of
the subsea production system. This study illustrates that the subsea hardware, such
as water stop and equipment valves, along with the flowline, riser and jumper
should be sufficiently insulated in order to prevent any cold spots in the production
system, and achieve sufficient cooldown time for the shut-in operations.

Keywords: paraffin/wax, subsea production system, hydrocarbons,
pipe-in-pipe flowline, flexible riser

1. Introduction

The major flow assurance challenges in the design and operation of a subsea
hydrocarbon production system arise mainly due to the reservoir fluid properties,
multiphase fluid flow, and solid formation such as paraffin/wax, hydrate,
asphaltene, scale, corrosion, emulsion and foam. In particular, the formations of
paraffin/wax and hydrate at low temperature and high pressure conditions in a deep
water production system are critical to manage when transporting fluids from the
reservoirs to the host facilities. The wax present in hydrocarbon fluids is mainly
comprised of high molecular weight paraffinic compounds that are crystalline in
nature. The wax can drop out of the crude oil at the wax appearance temperature
(WAT) and deposit in the subsea systems during the production operations when
the fluid temperature is lower than WAT. Below the pour point, the wax can gel and
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solidify resulting in restricting the flow and plugging the subsea system. Likewise,
the hydrates can form and deposit in the subsea systems when the produced
hydrocarbon gas and water mix at low temperature and high pressure (for example,
see for review [1-6]).

The cooling down of a subsea production system in a shut-in process is another
complex transient heat transfer problem. In this process, the fluid flow stops and
heat transfer occurs between the subsea production system and the surrounding
environment through the pipe wall, and the system eventually reaches to low
ambient seawater temperatures. The rate at which the temperature drops with time
becomes important to manage paraffin/wax deposition, hydrate formation and
their solidifications in such subsea production systems.

When the operating temperatures are low, the cold spots can appear at inade-
quately insulated or uninsulated sections of the subsea structures and equipment
including jumpers, flowlines, risers, manifolds, field joints, water stops, bulkheads
and valves, among other components. Therefore, the subsea production systems
should be sufficiently insulated for the wax and hydrate controls during both the
normal operation and the shut-in operation. The shut-in operation normally
requires a minimum cooldown time. Generally, the cooldown time is the period
when the fluid temperature reaches the wax deposition temperature or hydrate
formation temperature at the operating pressures during the shut-in operation.
During this period the operator has to decide the remedial actions such as to
commence chemical inhibition, depressurization and hot oil circulation to prevent
plugging of the subsea production systems [1-6]. Note that in this study, the
cooldown time is the time when the fluid temperature reaches the pour point in the
shut-in operation to prevent wax gelling/solidification in any part of the production
system.

In this chapter, a subsea production system is considered typical to the Gulf of
Mexico (GoM). The production system consists of a pipe-in-pipe (PIP) flowline, a
flexible riser, insulated jumpers, subsea structures and equipment. The flowline,
riser and jumpers of this system are adequately insulated so that they can operate
above the pour point and WAT during normal operations and provide a minimum
cooldown time of 12 h to prevent any cold spots (low temperature conditions) and
wax gelling/solidification during the shut-in operations.

The objective of this chapter is to investigate the cooldown time and cold spots
(low temperature conditions) of the above assumed production system. The cold
spots can arise due to uninsulated or inadequately insulated parts of the subsea
structures and equipment, such as water stops and valves, during the shut-in oper-
ations.

The rest of the chapter is organized as follows. Section 2 describes the subsea
field layout typical to the Gulf of Mexico (GoM). Section 3 describes the properties
of the PIP flowline, dry and wet insulations for retaining heat in the subsea pro-
duction system. This section also describes the design basis and the operating
constraints. Section 4 presents the method and procedure employed to perform the
cold spot analysis at different locations of the subsea production system. Section 5
presents simulation results for the cooldown time and cold spots of the subsea
production system including subsea structures and equipment. Section 6 presents
the conclusion of this study.

2. Subsea field description

Figure 1 shows the sketch of a subsea production system typical to the GoM. The
system consists of a well with corresponding wellbore and wellhead (WH), four
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Figure 1.
A Schematic of the subsea production system.

manifolds (MF1, MF2, MF3 and MF4), and eight jumpers (J1-J8). The manifolds
are connected to a flowline and a riser leading to a floating production storage and
offloading (FPSO) facility. RBGL indicates the location of a riser base gas lift.
Practically, the manifold MF1 has production from two wells, while each of MF2,
MF3 and MF4 has production from a single well.

The total length of the flowline is approximately 17 km. The wellheads are
located in water depth of about 1450 meter. The ambient seabed temperature is
approximately 3.5°C. The flowline system consists of (2628.9 mm (8.625-inch) x
3886.2 mm (12.75-inch)) PIP flowline. The riser is a 2133.6 mm (7-inch) flexible
riser starting from the riser base. The jumpers have 2628.9 mm (8.625-inch) stain-
less steel outside diameter (OD) with the glass syntactic polyurethane (GSPU) wet
insulation. The subsea hardware such as the water stops is placed at the spacings of
700 meter, and equipment valves are added at the manifolds and RBGL.

3. Design basis and insulation materials
3.1 PIP flowline system and dry insulation

The PIP insulation is a passive non-chemical solution for flow assurance prob-
lems and does not need input of work and heat. Heat retention is achieved by
surrounding the pipeline with materials that offer a high resistance to heat transfer
with low thermal conductivity.

In a PIP system, a pipe is inserted inside another pipe. A dry insulation material,
such as aerogel, is placed in the created intermediate annulus and is protected by the
outer pipe from hydrostatic pressure and water penetration. Having a low thermal
conductivity, aerogel allows the design of pipelines with the overall heat transfer
coefficient (Ujp-value) significantly low without compromising the overall external
dimensions of the PIP system. For the case of a rigid outer pipe, an air gap exists
between the outside diameter surface of the insulation and inside diameter of the
outer pipe adding to the heat resistance of the system. In the recent past, PIP
flowline systems have been used for a number of deep water projects [1-2, 7-11].
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Figure 2.
Pipe-in-pipe insulation section of a pipe.

Figure 2 shows a typical PIP flowline section with the various layers of dry
insulation [1].

In this study, the PIP insulation material is considered to be aerogel. The cen-
tralizer spacing at every stalk length is set about 2.2 m specified for aerogel thick-
ness requirement for the reeled pipeline. The function of centralizer is to support
the inner pipe centralized within the outer pipe to prevent possible damage to the
PIP thermal insulation and transfer loads between the inner and outer pipes.

3.2 Wet insulation

Wet insulation does not require any input of energy such as work and heat. For
example, glass syntactic polyurethane (GSPU) is the typical subsea wet insulation
material. It can be used to retain heat in the jumpers and hardware providing
Ujp-values greater than 1.0 W/m?2.K [1, 12]. The wet insulation is directly coated to
steel pipes and placed on the seabed exposed to seawater.

In this study, the GSPU wet insulation is used along with fusion bonded epoxy
(FBE) and three-layer polyethylene (3LPE) coatings for jumpers and equipment.
Thermal conductivities of GSPU, FBE and 3LPE are 0.16, 0.3 and 0.4 W/m.K,
respectively. Figure 3 shows the schematic of a typical wet insulated pipe section [2].

Corrosion Protection

GSPU

Quter Layer

Figure 3.
A wet insulated pipe section.
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3.3 Insulation thickness and cooldown time

Here, the PIP flowline insulation consists of 18.3 mm steel, 15 mm aerogel,

18.3 mm air, 19.1 mm steel and 3 mm 3LPE. The riser has the coating of 2133.6 mm
flexible pipe. Jumpers are insulated with 1066.8 GSPU.

For the above flowline configuration and insulation, the Ujp-values of PIP
flowline, flexible riser and wet insulated jumpers are 1.0, 3.5 and 2.9 W/m?K,
respectively. These Ujp-values yield the required cooldown time of 12 h based on
pour point of the waxy crude oil, that is, when the fluid temperature is equivalent to
the wax pour point temperature during the shut-in operation.

The Up-values of water stops and valves are determined using their typical
configurations and GSPU insulation as discussed below.

3.4 Crude oil properties

The crude oil comprises of waxy oil, gas and produced water with 33° API
gravity. The wax appearance temperature and pour point/wax deposition tempera-
ture of the fluid are 29 and 18°C, respectively. The total liquid production is
approximately 19,300 STBPD (stock tank barrel per day) with associated gas of 13
MMSCFD (million standard cubic feet per day), equally distributed to five wells.
The watercut is approximately 10% by volume and gas to oil ratio (GOR) is 750
SCF/STB (standard cubic feet/standard barrel). The hydrate curve is determined
from the fluid composition without any inhibitor. Note that the crude oil was
characterized up to Cgo, components and the PVT properties were determined
using a multiphase software, PVTsim Nova 3. The composition of C;g, components
was found to be greater than 11 mole%, indicating the presence of wax with wax
content of 3-6 wt%.

3.5 Subsea system design constraints

For the assumed design and operation constraints of the jumpers, flowline and
riser and their insulations, the required cooldown time should be 12 h for
maintaining the fluid temperature above the wax gelling/solidification temperature,
i.e., above the wax pour point temperature of 18°C. The normal arrival pressure and
the ambient temperature at FPSO are set to be 19 bar and 19°C, respectively. Since
the hydrate temperature of the fluid is always lower than the pour point, 12 h
cooldown time is sufficient to manage the hydrate deposition during the shut-in
operations.

4. Procedure of cold spot and cooldown time analyses

The cold spot and cooldown analyses were performed using the multiphase flow
simulator OLGA 2016.2.1. The software uses a finite difference numerical scheme to
solve mass, energy and momentum balances for multiphase fluid flow in a pipeline.
The model accounts for the energy transfer between adjacent pipe segments, and
inner pipe and surrounding. The fluid properties, hydrate dissociation curve and
WAT were obtained from PVTsim Nova 3, which is a versatile equation of state
modeling software.

The PIP flowline system was shut down via a linear ramp-down of the topsides
valve on the facility and flow sources in the flowline closing simultaneously in 45 s.
Steady state initial conditions were applied prior to the ramp-down. The cold spots
were investigated at water stops and subsea equipment valves locations of the
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assumed subsea production system for several cases. However, the results for only
two selected operating cases are presented below.

4.1 Case 1: flowline/riser/jumper system without equipment

Case 1 forms the base case providing sufficient insulations to PIP flowline,
flexible riser and insulated jumper system without the water stops and equipment
valves. In this case, the fluid temperature is always maintained above the wax
appearance temperature (WAT) during the normal operations. In this case, the
fluid temperature can be maintained above the pour point for up to 12 h (cooldown
time) in the shut-in operations. Since the wax deposition issue dominates over the
hydrate formation issue in this subsea production operation (that is the hydrate
temperatures are always lower than 18°C pour point), only the pour point was
utilized in determining the cooldown time.

4.2 Case 2: flowline/riser/jumper system with equipment (water stops and
valves)

In this case, a typical equipment such as the water stop was added to the flowline
to isolate a section of flooded annulus by preventing water passage to the adjacent
PIP sections during installation and normal operations. The actual configuration of a
water stop is shown in Figure 4 [13]. A simplified water stop assembly used in this
analysis is shown in Figure 5.

The two ends of the water stop consist of Hydrogenated Nitrile Butadiene
Rubber (HNBR), which is the expected configuration so long as the middle steel
section of the water stop does not touch the carrier pipe during normal operations.
The middle part consists of the stainless steel with 3 mm coated 3LPE. This situation
may occur if the middle steel section of the water stop touches the carrier pipe
during normal operations. The HNBR material has good stability from thermal
aging and is suitable for a water stop seal [9].

The water stops were placed at 700 meter intervals of PIP flowline assuming
concentric layers surrounding the flowline with three segments of equal length
220 mm and thickness 33.3 mm (annular gap between inner and outer pipes). The

Figure 4.
Water stop configuration (TEKSEAL® Mechanical Clamp).

HMBR or Steel HMEFR
220 mm 220 mm

Figure 5.
A simplified water stop configuration.
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Figure 6.
A schematic of a valve insulation at RBGL manifold.

water stops were placed in the annulus of inner pipe and carrier pipe without

any air gap. The thermal conductivity, specific heat and density of HNBR are

0.24 W/m.K, 0.25 J/kg.K and 1000 kg/m>, respectively. In this study, a conservative
case of the water stop configuration has been assumed.

In addition to the water stop, the typical subsea equipment valves were added at
the manifolds and RBGL to assess the impact of cold spots on temperature. Such
structures are commonly encountered in a subsea field development. The valves
were insulated up to the bonnet but uninsulated on the actuator and pressure
transmitters. The uninsulated valve section was accounted for by inserting a section
of pipe with equivalent length of the valve bonnet diameter into the subsea hard-
ware piping. The uninsulated subsea valve accumulators and pressure transmitters
are modeled as cylindrical pipe segments. Figure 6 shows the schematic of a valve
insulation at the RBGL manifold. The similar configuration of equipment valves was
assumed at other manifolds. All equipment valves were placed on the main flowline.
The insulated sections of the valves used 1066.8 mm (3.5 inch) GSPU.

5. Results and discussions

This section summarizes results for the above two different operating scenarios.

5.1 Case 1: flowline/riser/jumper system without equipment

Figure 7 shows the fluid temperature variation with length of the flowline
production system without any water stops and equipment valves. Also shown in
the figure are WAT and pour point. The calculated Ujp-values of PIP flowline,
flexible riser and wet insulated jumper are 1.0, 3.5 and 2.9 W/m2K, respectively.
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Figure 7.
Temperature vs. distance of flowline/viser/jumper system during shutdown.
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For each shut-in scenario, the lowest fluid temperature lies close to the riser base
because of the higher Ujp-value (less heat retention) of the flexible riser. Here, 0 h
indicates results at steady state, while 4, 8, 12 and 24 h indicate the results for
different shutdown times (hour).

Figure 8 shows pressure and temperature conditions for the normal and shut-in
operations along with WAT, pour point and hydrate formation conditions. The
results for the normal operation (0 h) show that the fluid temperature in the
production system remains above WAT (29°C), pour point (18°C) and hydrate
temperature. During shut-in operation, the fluid temperature remains above 18°C
until 12 h shutdown time. However, the fluid cools below the wax pour point
quickly after 12 h shutdown, and the fluid temperature lies in the wax gel region for
24 h shutdown.

The above results suggest that the combination of PIP flowline, flexible riser and
wet insulated jumpers yields the cooldown time of 12 h, which can be sufficient to
efficiently prevent cold spot (low temperature) problems arising from the wax
gelling/solidification in the subsea production system.

5.2 Case 2: flowline/riser/jumper with equipment (water stops and valves)

In this case, the PIP flowline, flexible riser and wet insulated jumper system of
Case 1 was assumed to include water stop seal assembly (HNBR with steel) and
subsea equipment valves at manifolds and RBGL.

In order to check the overall performance of this system, it is first important to
assess the impact of the assumed insulations on Ujp-values of water stop and
equipment. Figure 9 shows Ujp-values at water stops and equipment valves loca-
tions. For water stops the Ujp-value is greater than 50 W/m?K, and that for valves
the Ujp-value is greater than 300 W/m” K. For such extremely large Ujp-values
compared to those of Case 1 system, the cold spots can be expected at the water
stops and equipment valves locations.

Figure 10 shows the temperature variation as a function of length of the pro-
duction system with water stops and equipment valves for the normal and shut-in
operation scenarios. The sections of the pipe near and at the location of water stops
and equipment valves are seen to cool much faster than those of the flowline/riser/
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Pressure vs. temperature of flowline/viser/jumper system during shutdown.
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Urp-values for flowline/viser/jumper with water stops and valves.
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Figure 10.
Temperature vs. distance of flowline/riser/jumper system with water stops and equipment valves during
shutdown.

jumper system. Due to the large Uip-values of the stainless steel, the cooldown
temperature at the water stops locations has lowered substantially (large downward
spikes in temperature).

Figure 11 shows the variation of pressure with temperature during the shut-in
operation. It shows the cooling temperature of the sections of flowline near and at
locations of uninsulated and inadequately insulated equipment valves. The cold
spots are not seen during normal operations because of the fact that only a small
portion of the equipment is uninsulated, still maintaing the sufficient retention of
heat. Because of the inadequate insulation of subsea water stops and equipment
valves, however, the cold spots appear to yield only 8 h cooldown time, which is
much less than the required 12 h cooldown time for shut-in operations. In this case,
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Figure 11.
Pressure vs. temperature of flowline/riser/jumper system with water stops and equipment valves during
shutdown.

Shut-in operation Cooldown temperature (°C)
Time (h) Case 1: flowline, riser and Case 2: flowline, riser and jumpers with
jumpers water stops/equipment valves

0 43 42

4 37 23

8 32 19

12 27 15

24 18 11

Table 1.

Cooling down time and temperature for Case 1 and Case 2 operating scenarios.

8 h cooldown is not sufficient to take remedial actions, especially for unplanned
shutdowns. However, if feasible to insulate the entire equipment valve system with
1066.8 mm (3.5 inch) GSPU (without causing any installation and operation issue),
it could provide the required cooldown time of 12 h.

Table 1 shows the summary of cooldown time achieved for Case 1 and Case 2
operating scenarios. As the table shows, Case 2 system cools down to 15°C after 12 h
cooling time and cannot meet the cooldown time requirement of 12 h for the shut-in
operations.

6. Conclusions
The assumed PIP flowline/flexible riser/wet insulated jumper system of the base
case provides sufficient insulation for maintaining the fluid temperature above the

wax pour point and hydrate deposition temperatures. This system could achieve the
required cooldown time of 12 h, which is sufficient to keep the production system
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out of the wax gel formation region and avoid any cold spot (low temperature) in
the shut-in operations.

When the water stops (HNBR + Steel) and partly insulated equipment valves
were added to the PIP flowline/flexible riser/wet insulated jumper system, there
appears no major issue of the cold spots during the normal operations. However, for
the shut-in operations, the system shows cold spots (low temperature conditions) at
the hardware (water stop and equipment valves) locations and can barely yield the
cooldown time of 8 h. These results suggest that the uninsulated section of the
equipment valves at manifolds should be adequately insulated in order to prevent
any cold spots in the production system during the shut-in operations, even though
the flowline, riser and jumpers are sufficiently insulated.

It is recommended to insulate the subsea hardware as much as possible. If the
subsea structures and equipment cannot be sufficiently insulated due to installation
and/or any other manufacturing reasons, it is recommended to manage the shut-in
operations in 8 h and take preventive measures for wax gel formation/solidification.
Typical actions to control wax deposition/solidification can be to maintain high
operating temperature, inject chemical inhibitors, circulate hot oil and prepare for
the pigging of the subsea production system. Such actions along with the recent
subsea processing technologies can help reduce both capital and operating costs
significantly, especially during the shut-in operations.

In the future study, the sensitivity analysis will be performed using different
types of the crude oils with varying ratios of paraffinic hydrocarbons relevant to the
deep water production systems.
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Chapter 4

Solar Thermal Energy Storage
Using Paraffins as Phase Change
Materials for Air Conditioning in
the Built Environment

Wenye Lin, Zhenjun Ma, Haoshan Ren, Jingjing Liu
and Kehua Li

Abstract

Thermal energy storage (TES) using phase change materials (PCMs) has
received increasing attention since the last decades, due to its great potential for
energy savings and energy management in the building sector. As one of the main
categories of organic PCMs, paraffins exhibit favourable phase change temperatures
for solar thermal energy storage. Its application is therefore effective to overcome
the intermittent problem of solar energy utilisation, thereby reducing the power
consumption of heating, ventilation and air conditioning (HVAC) systems and
domestic hot water (DHW) systems. This chapter reviews the development and
performance evaluation of solar thermal energy storage using paraffin-based
PCMs in the built environment. Two case studies of solar-assisted radiant heating
and desiccant cooling systems with integrated paraffin-based PCM TES were also
presented. The results showed that paraffin-based PCM TES systems can rationalise
the utilisation of solar thermal energy for air conditioning while maintaining a
comfortable indoor environment.

Keywords: thermal energy storage, phase change materials, HVAC systems,
solar energy, built environment

1. Introduction

As one of the major energy consumers, buildings account for around 45% of
the global energy consumption with a similar share of greenhouse gases emissions
[1]. Due to population increase, urbanisation, economic growth and improvement
in the quality of life, energy usage in the building sector continues to rise. A study
from the International Energy Agency [2] showed that without action, the energy
demand in buildings could increase by 30% by 2060. A significant proportion of the
energy demand from buildings is for building services, including heating, ventila-
tion and air conditioning (HVAC) and domestic hot water (DHW) [3], in which
the energy demand for HVAC is projected to increase by more than 70% from 2010
to 2050 [4]. Since the recent decades, the integration of renewable energies has
been widely recognised as one of the effective solutions to reduce the HVAC power
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consumption in buildings, especially the utilisation of solar thermal energy. As one
of the most attractive renewable energies, solar thermal energy is not only an ideal
heat source for direct indoor space heating but also can be used to provide renew-
able cooling (e.g. absorption/adsorption cooling). However, due to the fact that
solar energy is intermittent, the integration of solar thermal systems with thermal
energy storage (TES) is therefore essential to rationalising energy management [5].
Among various TES technologies, TES using phase change materials (PCMs) has
been receiving increasing attention. PCMs are substances that can absorb, store and
release a large amount of thermal energy within a narrow temperature range through
phase transitions [6], in which solid-liquid PCMs with substantial alternatives and

a small change in volume during the phase change process are well suited for TES
applications in the built environment [7]. Compared to sensible heat storage, TES
using PCMs not only shows a significant reduction in the storage volume [8] but also
enables the use of thermal energy at relatively constant temperatures [9].

PCMs are mainly categorised as organic, inorganic and eutectic materials,
in which organic PCMs can be further classified as paraffins and non-paraffins
[10], as shown in Figure 1. As PCMs, paraffins have a wide range of phase change
temperatures [11], covering the temperature range from subzero to over 100°C [12].
Besides the desired phase change temperature ranges, paraffins have the advantages
of congruent phase transition, self-nucleation to avoid supercooling, non-corrosive-
ness, long-term chemical stability without segregation and commercial availability
at reasonable costs [13, 14]. However, paraffins have flammability, low thermal
conductivity and relatively low volumetric latent heat storage density [15, 16].

The favourable phase change temperatures of the paraffins with phase transition
temperatures at around and above 60°C, together with the other aforementioned
advantages, make it one of the desired candidates for solar TES in the built envi-
ronment to facilitate the solar-assisted HVAC and DHW generation. This chapter
mainly focuses on solar TES using paraffin-based PCMs (with phase change
temperature of and higher than 60°C) to facilitate the indoor air conditioning in the
built environment. This chapter is structured as follows: Section 2 provides an over-
view of the solar TES using paraffin-based PCMs which can be used to facilitate the

Solid-solid PCMs  Solidliquid PCMs  Liquid-gas PCMs  Solid-gas PCMs

Organic PCMs Inorganic PCMs

[P | siipdot

Eutectics - Clathrate hydrates
Non-paraffins . Salis
Fatty acids :
Metallics
Sugar alcohols
Esters
Glyeols

Figure 1.
PCM classifications.
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indoor air conditioning. Sections 3 and 4 present two case studies of solar-assisted
radiant space heating and desiccant cooling systems with paraffin-based PCMs,
respectively. Section 5 provides a summary of this chapter.

2. Overview of thermal energy storage using paraffin-based PCMs
in buildings

There are two main popular approaches to utilising paraffins as PCMs in the
built environment. Paraffin-based PCMs can be integrated with solar thermal
collectors to improve the system thermal efficiency, meanwhile serving as on-site
TES. Alternatively, they can be used as independent TES units coupling with solar
thermal collectors to provide continuous heat supply for the demand side. In both
approaches, the charging of paraffins with the heat generated needs to be fulfilled
first, followed by the retrieval of the heat using heat transfer fluids (HTFs) for spe-
cific applications (e.g. space heating or cooling). Accordingly, the following review
is mainly segmented into two subsections based on the two stages. The utilisation of
paraffin-based PCM TES in different solar hot water systems was also discussed and
included in the first subsection, since there is a potential utilisation of the hot water
generated to drive air conditioning systems. The paraffin-based PCMs used for TES
in the built environment in this overview are summarised in Table 1.

2.1 Solar thermal energy storage using paraffin-based PCMs
2.1.1 Integration of paraffin-based PCMs with solar thermal collectors

Integrating PCM with solar collectors can not only reduce the highest tempera-
ture of the solar collectors, thereby extending the lifetime [17] and increasing the
system thermal efficiency [18], but also fulfil on-site thermal storage [19]. For
instance, a paraffin with a phase change temperature of around 60°C was enhanced
using nano-Cu additives and laminated in a flat plate solar collector by Al-Kayiem
and Lin [20] for water heating application. The experimental study showed that
considerable thermal efficiency improvement was achieved with integrating the
paraffin in the solar collector; however, the enhancement in thermal conductivity
using nano-Cu particles showed limited benefits. A number of PCM/compressed
expanded natural graphite (CENG) composites were prepared and integrated
beneath a flat plate solar water heater by Haillot et al. [19, 21] for thermal per-
formance enhancement. The characterisation of a number of PCM candidates
demonstrated that the paraffin-based PCM composite, i.e. RT65/CENG, was the
most suitable material to be used, due to its high thermal stability, conductivity and
storage density. It was found that the solar fraction of the system using RT65/CENG
composite can be effectively enhanced in summer; however, a low solar fraction was
found in winter due to the high heat loss of the flat plate solar collectors.

With respect to the low heat loss, the integration of paraffin-based PCMs with
evacuated tube collectors seems to be more promising. For instance, a paraffin
wax with a melting temperature of 67°C was filled in the manifold of evacuated
tube heat pipe solar collectors as a PCM TES unit by Naghavi et al. [22] to improve
the performance of hot water supply. The numerical study demonstrated that the
proposed system with PCM can maintain a high thermal efficiency of 55-60%
which was less sensitive to the change of the draw-off water flowrate, compared to
a conventional DHW system without PCM TES. Tritriacontane (i.e. C33H68) and
erythritol were integrated into evacuated tubes simultaneously by Papadimitratos
et al. [23] to gain the functionality of thermal storage while enhancing the system
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Index PCM Phase change Application location Application Ref.
temperature
1 RT65 55-66°C Solar collector—flat Water heating [19]
plate
2 Paraffin 58.7-60.5°C Solar collector—flat Water heating [20]
plate
3 Paraffin 64°C Solar collector— Water heating [22]
evacuated tubes
4 Tritriacontane 72°C Solar collector— Water heating [23]
evacuated tubes
5 Paraffin 58-62°C Solar collector— Water heating [24,
evacuated tubes 25]
6 Paraffin 60°C TES unit—packed bed Water heating [28]
and HTF tank
7 Paraffin 62°C TES unit—packed bed Water heating [29]
and HTF tank
8 Paraffin 60 +2°C TES unit—HTF tank Water heating [30]
9 Paraffin 55-62°C TES unit—HTF tank Water heating [31]
10 Paraffin 60-62°C TES unit—packed bed Water heating [32]
and heat exchanger
11 Paraffin 56.06-64.99°C TES unit—heat Water heating [33]
exchanger
12 Paraffin 60°C TES unit—heat Air heating [34]
exchanger
13 RT65 55-66°C TES unit—packed bed Water heating [21]
14 RT60 55-61°C TES unit—heat Solid desiccant [35]
exchanger cooling
15 RT65 57-68°C TES unit—heat Solid desiccant [35]
exchanger cooling
16 RT70HC 69-71°C TES unit—heat Solid desiccant [35]
exchanger cooling
17 Paraffin 67.2°C TES unit—heat Solid desiccant [36]
(optimal exchanger cooling
value)
18 RTS82 77-85°C TES unit—heat Liquid desiccant [37,
exchanger cooling 39]
19 RT100 99°C TES unit—heat Liquid desiccant [40]
exchanger cooling
20 Paraffin 6-62°C Building envelopes Floor radiant [41]
heating
Table 1.

Summary of paraffins used as PCMs for TES in the built environment.

thermal efficiency. A series of experiments were carried out based on the PCM-
enhanced solar water heaters. The results showed that the evacuated tubes with
integrated paraffin (i.e. tritriacontane) outperformed the ones with erythritol
under a normal operation mode with continuous water circulation, due to its proper
phase change temperature at around 72°C. It was also found that the thermal
efficiency was improved 26% under the normal operation by using both PCMs
simultaneously, compared to a traditional solar water heating (SWH) without using
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PCMs. A paraffin wax with the melting temperature of 58-62°C was used as PCM
and filled into evacuated tubes for thermal energy storage by Abokersh et al. [24].
The heat transfer between the water and PCM was achieved by different U-tube
heat exchangers with and without fins inside the evacuated tubes, respectively.
The experimental tests showed that the total energy efficiency can be improved
by 35.8 and 47.7% for the PCM-enhanced evacuated tubes with and without fins,
respectively, compared to a traditional forced recirculation SWH system. The
further study [25] found that even the use of fins hindered the convective heat
transfer within the molten PCM during the charging process, and its substantial
contribution to the heat transfer enhancement during the PCM discharging process
benefited the overall energy efficiency of the system.

2.1.2 Using paraffin-based PCMs as TES units

When PCM was used independent from solar thermal collectors, one of the
scenarios is to install the PCM TES component in the heat transfer fluid tanks to
fulfil hybrid sensible and latent heat storage. In this scenario, besides increasing
the TES capacity, the paraffin-based PCMs also play the role in enhancing the
thermal stratification for the water in the tanks [26], which relieves the loss caused
by direct mixing of cold water with hot water. The selection of PCMs with proper
phase change temperature and confinement geometry was reported to be significant
[27]. For instance, an encapsulated PCM was packed in a water tank as a combined
sensible and latent heat TES unit by [28] for DHW application. The PCM used is a
paraffin (with a melting temperature of 60°C) encapsulated in spherical capsules.
Two types of discharging experiments with continuous and batch-wise hot water
retrieval processes were carried out, from which it was found that the batch-wise
discharging best suited for the applications with intermittent hot water demands. A
similar PCM TES packed bed with a paraffin (with a melting temperature of around
62°C) encapsulated in spherical capsules was tested by Ledesma et al. [29] for a
SWH system. The numerical thermal performance analysis indicated the importance
of system matching when coupled with the PCM TES unit and the SWH system
whose outlet water temperature needs to be high enough for PCM charging. A
paraffin encapsulated in aluminium cylinders was used as the heat storage media by
Padmaraju et al. [30] fora DHW system. The comparative test results showed that
the thermal energy stored in the paraffin-based PCM TES system far exceeded that
stored in a sensible heat storage system of the same size of the storage tank. A similar
conclusion was resulted by Kanimozhi and Bapu [31] through an experimental test
based on a TES system with a paraffin filled in a number of copper tubes.

Different from the first scenario, the second scenario utilised the PCM TES
units as heat exchangers for latent heat storage only. In this scenario, the higher
heat transfer effectiveness is one of the keys to focus. For instance, a water-based
multi-PCM pack bed TES unit for solar heat storage was numerically investigated
by Aldoss and Rahman [32], in which three types of paraffins with different phase
change temperatures were encapsulated in spherical capsules and placed at different
sections of the TES unit serving as different thermal energy storage stages. It was
found that the multi-PCM design can improve the system dynamic performance
by increasing the charging and discharging rates. However, only limited thermal
benefit can be achieved by further increasing the stage number. A paraffin wax
(with the melting temperature of around 56-65°C) was pulled into the cell side of
a shell and tube heat exchanger by Mahfuz et al. [33] for thermal energy storage in
a SWH system. The energy, exergy and life cycle cost of the system were analysed
experimentally under various flow rates. It was found that a higher flow rate was
beneficial to gaining a higher energy efficiency and a lower life cycle cost, while it
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resulted in a lower exergy efficiency. An air-based PCM packed bed was tested by
Karthikeyan and Velraj [34] to validate a number of latent TES packed bed models.
The experimental measurement was used to identify the suitable models for PCM
TES packed bed units when using different working fluids as the HTFs.

2.2 Paraffin-based PCM-assisted HVAC systems

After charged with thermal energy, the paraffin-based PCMs can be utilised
to facilitate the indoor space heating directly or for indoor space cooling with the
assistance of desiccant cooling devices. Either air or water can be used as the HTF in
the systems, depending on the regeneration requirements. For instance, an air-based
PCM TES unit was coupled with a solar-powered rotary desiccant cooling system by
Ren et al. [35] to overcome the mismatch between energy demand for desiccant wheel
regeneration and thermal energy generation from a hybrid photovoltaic thermal
collector-solar air heater (PVT-SAH). The feasibility of using four paraffin-based
PCMs (i.e. RT55, RT60, RT65 and RT70HC) as the TES media was investigated numer-
ically in the proposed system. The results identified a near optimal system design
for individual scenarios, in which RT65 was found to be the optimal paraffin-based
PCM. When increasing the regeneration temperature from 60 to 70°C, the unsatisfied
factor for supply air humidity ratio can be reduced from 24.2 to 6.0%, despite that it
reduced the solar thermal contribution from 100.0 to 82.6%. The PVT-SAH and PCM-
assisted rotary desiccant cooling systems were then further optimised to maximise its
energy performance by the same authors [36] using a multilayer perceptron neural
network and a genetic algorithm. It was found that the PCM phase change temperature
was one of the most important factors, whose optimal value was 67.2°C. The design
optimisation identified an optimal design; by using which, the specific net power
generation and the solar thermal contribution of the proposed system can reach 10.32
kWh/m” and 99.4%, respectively, compared to that of 3.77 kWh/m” and 91.5% for a
baseline case without optimisation. These studies indicated the importance of using
the paraffin with proper thermal properties and optimal coupling of PCM TES in a
solar-assisted desiccant cooling system for performance improvement.

Besides solid desiccant cooling, paraffin-based PCM TES designed for the
regeneration of liquid desiccant materials was also reported. For instance, a triplex
tube heat exchanger with integrated PCM as a TES unit was developed by Al-Abidi
etal. [37,38] and Mat et al. [39] for liquid desiccant air conditioning systems. A
series of numerical modelling and experimental studies were carried out to inves-
tigate the thermal performance of the PCM TES unit. The results showed that the
phase change time required can be reduced by more than 50%, if the triplex tube
was intensively finned both internally and externally, and the melting process of
the PCM can be accelerated by heating on both sides of the triplex tube. PCM TES
units with various heat transfer enhancement techniques, including circular fins,
longitudinal fins and multi-tube systems, were developed and experimentally
investigated by Agyenim [40] to facilitate solar power absorption cooling systems
and space heating/hot water systems. It was found that the multi-tube and longitudi-
nal finned PCM TES units presented the most favourable charging and discharging
performance, whose overall thermal energy utilisation efficiency reached 83.2% and
82.0%, respectively. It was therefore recommended to combine two heat transfer
enhancement techniques to optimise the thermal performance of the PCM TES unit.

It is worthwhile to mention that another potential application of paraffins is to
integrate paraffin-based PCMs into building envelopes for demand side manage-
ment. For instance, a number of shape-stabilised PCMs were prepared by Zhang
et al. [41], in which the ones with the melting temperature of 60-62°C were
developed for the electric underfloor space heating system, thereby facilitating the
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peak-load shifting and making use of the electricity tariff. The authors highlighted
that building energy efficiency can be significantly improved by combining radi-
ant floor heating and thermal storage. Even though the PCM layer reported in this
study used electrical heat as the heat source, it can be easily modified by integrating
with hot water/air hydraulic piping/ducting to store and distribute the solar heat.

3. Case study I: solar-assisted heating system with integrated
paraffin-based PCMs

The rationalisation of solar thermal energy utilisation is an alternative solution to
facilitate indoor space heating. Figure 2 illustrates the schematic of a solar-assisted
radiant heating system with integrated paraffin-based PCM TES. It mainly consists
of evacuated tube solar collectors, a paraffin-based PCM TES unit, two pumps, an
auxiliary electric heater, the terminal heat-distributing devices which are radiant floor
panels in this study and the corresponding piping system. In this system, the evacu-
ated tube solar collectors were used to generate hot water, which can then be supplied
for indoor space heating directly through the radiant floor heating panels, or used to
charge the PCM TES unit, or both, during the daytime. During the night-time, the
indoor space heating was achieved by circulating the water between the PCM TES
unit and the radiant floor heating panels to retrieve the stored heat for indoor space
heating. It is worthwhile to mention that the discharging water flow directed through
the PCM TES is reversed compared to the charging water flow, so as to maximise the
thermal performance of the PCM TES unit. The supply water temperature for the
radiant floor panels was controlled to be constant by mixing a fraction of the return
water with the hot water supplied from the evacuated tube or the PCM TES unit. The
auxiliary electric heater can be used to maintain the desired supply water temperature
when the thermal energy generated or stored is not sufficient. The indoor heating
demand was satisfied by varying the hot water flow rate through the radiant floor
panels through changing the operating speed of the supply water pump.

The system performance was evaluated numerically using TRNSYS simulation
studio [42]. In the system modelling, the building heating load of a typical Australian
house with an air-conditioned floor area of 150 m” [43, 44] under Sydney winter

Solar heat collection and storage sub-sysrem
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Figure 2.
Schematic of the solar-assisted radiant heating system with integrated paraffin-based PCM TES.
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weather condition was modelled and used as the heating demand to be covered by
the proposed system. This building heating load was simulated using Type 56 in
TRNSYS based on the indoor air temperature setting of 20°C and the internal

loads, occupancy schedule and internal adjustable shading settings required by the
Australian Nationwide House Energy Rating Scheme (NatHERS) [45]. The evacu-
ated tube solar collector, the auxiliary electric heater and the pumps employed were
modelled using Type 71, Type 6 and Type 3 in TRNSYS, respectively. The radiant
floor heating panels were modelled using an upgraded Type 1231 which was slightly
revised by replacing the mean temperature difference with the log mean temperature
difference to improve its accuracy. The PCM TES unit was a water-based tube-in-
tank heat exchanger, in which the paraffin was encapsulated in the tube-side with
water flowing through the cylinder-side. The PCM TES model was developed using
an enhanced enthalpy method for accurate modelling of the phase change process
and the finite difference method for discretisation of the energy balance equations.
A similar PCM TES model can be found in Bourne and Novoselac [46]. The paraffin-
based PCM used is a commercial PCM product RT69HC from Rubitherm [47], with
a nominal phase change temperature of around 69°C. The key parameters used in the
numerical system performance evaluation are summarised in Table 2.

Figure 3 presents the performance of the solar-assisted radiant heating system
with the paraffin-based PCM over 3 winter days (note that the simulation results
over an additional day before the 3 test days were not reported to avoid the influence
from initial values). It can be seen from Figure 3a that the solar thermal energy
collected and stored can fully cover the heating demand. The pumps were the only
power consumers, in which the pump in the solar heat collection circuit was turned
on during the daytime when the solar energy was sufficient to heat the water, while
the power consumption of the pump in the supply circuit seemed to present a
proportion trend to the heating load. Total power consumption was only 0.52 kWh
which was much lower than the heating demand of 115.33 kWh over the 3 test days.
Figure 3b illustrates the temperature variation of the inlet and outlet water of the
paraffin-based PCM TES unit. When the hot water from the evacuated tube solar
collector was drawn for PCM charging (highlighted with the red background), a
clear thermal charging process can be observed, which presented a relatively con-
stant outlet water temperature from the PCM TES unit. During the PCM discharg-
ing period, due to the reversed water flow through the PCM TES unit, a high outlet

Parameter Radiant Desiccant
heating cooling
Area of the evacuated tube solar collector (m?) 26.24 59.04
Type of paraffin-based PCM Rt69HC [47] RT69HC [47]
Total amount of the paraffin-based PCM (kg) 632.7 1476.3
Power of the pump in the solar heat collection circuit (W) 15 38
Maximal power of the pump in the supply circuit (W) 35 80
Supply water temperature setting (°C) 60 64
Maximal power of the supply fan (W) — 533.3
Maximal power of the regeneration fan (W) — 533.3
Desiccant wheel outlet air humidity setting (g/kg) — 8.1
Table 2.

Key parameters used in the performance evaluation of the solar-assisted radiant heating and desiccant cooling
systems with integrated paraffin-based PCM TES.
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Modelling results for the solar-assisted vadiant heating system with integrated pavaffin-based PCM TES.
(a) Power consumption and heating enevgy demand. (b) Inlet and outlet water temperatures of the paraffin-
based PCM TES unit.

water temperature from the PCM TES unit was achieved. It enabled the supply of
a high-temperature water for space heating, even though the return water from the
radiant floor heating panels was low. Correspondingly, the thermal energy storage
percentage in the paraffin-based PCM increased during the PCM charging periods
rapidly and then reduced during the PCM discharging periods gradually, which
varied from 48.96 to 91.54% over the 3 test winter days.

4. Case study II: solar-assisted cooling system with integrated
paraffin-based PCMs

Rotary desiccant cooling systems, which combine rotary desiccant dehumidifi-
cation and evaporative cooling technologies, have been recognised as an alternative
to conventional vapour compression air conditioning systems [48, 49]. It offers the
advantages including being free from CFCs, using low-grade thermal energy, and
independent humidity and temperature control, which therefore is more energy
efficient and environmentally friendly than conventional vapour compression air
conditioning systems [49]. In a rotary desiccant cooling system, the coolness is
generated by removing the moisture from the process air using desiccant materials,
while the desiccant materials then need to be regenerated using low-grade heat, for
which solar thermal energy is one of the most promising sources.

Figure 4 illustrates the schematic of a solar-assisted desiccant cooling system
with integrated paraffin-based PCM TES. It consists of the same solar heat
collection and storage subsystem as the heating system introduced in Section 3 and
a desiccant cooling subsystem including a solid desiccant wheel, a heat recovery
ventilator, a water to air heat exchanger, an indirect evaporative cooler, an auxiliary
electric heater, two fans and the corresponding ducting system. In this system,
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the solar heat collected by the evacuated tube solar collectors and/or stored in the
paraffin-based PCM TES unit was used to heat the ambient air for the regenera-
tion of the desiccant wheel, through the water to air heat exchanger. The PCM TES
can also decouple the solar heat collection circuit and supply circuit, so that the
retrieval of the stored thermal energy can occur by counterflow through PCM TES
units during the daytime as well, if the hot water demand was higher than the hot
water generated from the solar collectors. If the heat carried by the water was not
sufficient for air heating, the auxiliary electric heater would be used. The desiccant
wheel, together with the indirect evaporative cooler, and the heat recovery unit
were used to cool the process air. In the indirect evaporative cooler, a fraction of
process air was used as the secondary airflow and finally exhausted to the ambient.
An ambient airflow was introduced and mixed with the return air after recovering
the coolness from exhausted process air to compensate the airflow mismatch. The
indoor cooling demand was satisfied by varying the airflow rate through changing
the operating speed of the fans in the desiccant cooling subsystem. It is worthwhile
to mention that a minimal supply airflow rate was assigned to the system operation
to avoid the saturation of regeneration air after passing the desiccant wheel, and the
relative humidity of the air can be further adjusted by a direct evaporative cooler
before supplied to the indoor environment for space cooling.

A modelling system for this system was established using TRNSYS, in which
the components for the solar heat collection and storage subsystem used were the
same models as that in the heating system in Section 3. The heat exchanger, heat
recovery ventilator, desiccant wheel, indirect evaporative cooler, auxiliary electric
heater and fans were modelled using Type 5, Type 760, Type 716, Type 757, Type 6
and Type 111, respectively. The same typical Australian house was used to generate
the building cooling load under Sydney summer weather conditions. Table 2 also
summarised the key parameters used in the numerical system performance evalua-
tion of this system.

Figure 5 presents the performance of this solar-assisted desiccant cooling sys-
tem with integrated paraffin-based PCM TES over 3 summer days. It can be seen
from Figure 5a that the power consumption of the proposed system was from the
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Schematic of the solar-assisted radiant heating system with integrated paraffin-based PCM TES.
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Modelling results for the solar-assisted desiccant cooling system with integrated paraffin-based PCM TES.
(a) Power consumption and heat-to-power ratio. (b) Inlet and outlet water temperatures of the PCM TES.

operation of the pumps and fans, and no additional heat from the auxiliary heater was
needed. The supply fan and process fan in the desiccant cooling subsystem consumed
much more power (30.55 kWh) than that of the pumps (2.43 kWh) in the solar heat
collection and storage subsystem. Even the fans were the major power consumers, the
power consumption was much lower than the heat demand for the desiccant wheel
regeneration, resulting in a high heat-to-power ratio reaching an average value of
16.55; and the corresponding average system COP reached 14.37. From Figure 5b, an
effective charging process can be found during the PCM charging period (highlighted
with the red background), while during the PCM discharging period, an outlet water
temperature above 68.88°C can be achieved due to the effective thermal energy
retrieval. The corresponding thermal energy storage fraction in the paraffin-based
PCM fluctuated from 0.52 to 103.85% over the 3 summer test days, indicating the full
utilisation of the PCM thermal energy storage capacitance.

5. Conclusions

Paraffins, as one of the main categories of phase change materials, offer the
favourable phase change temperatures for solar thermal energy storage. The applica-
tion of paraffin-based PCM TES in buildings can effectively rationalise the utilisa-
tion of solar energy to overcome its intermittency. Two case studies, a solar-assisted
radiant heating system and a solar-assisted desiccant cooling system with integrated
paraffin-based PCM TES, were presented in this chapter. The results showed
that both indoor space heating and cooling can benefit from the solar TES using
paraffin-based PCMs. With the assistance of the solar thermal energy storage using
the paraffin-based PCMs, the energy efficiency and the heating, ventilation and air
conditioning systems can be significantly improved.
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Chapter 5

Paratfin as Phase Change Material

Amir Reza Vakhshouri

Abstract

Nowadays, numerous problems, including the environmental problem caused
by fossil fuels, have led to greater attention to the optimal use of energy and the
development of renewable energy. One of the most important parts of using energy
efficiently is storing it. Among the many ways introduced for energy storage,
thermal energy storage, including latent heat, is among the most interesting. This
storage is done with materials called phase change materials (PCMs). These materi-
als store the energy in the form of latent heat at constant temperature during the
phase transition, discussed in this chapter, and release the same stored energy in
the crystallization process. These materials are mainly classified into three catego-
ries: organic, inorganic, and eutectics. Today, these materials are widely used with
different properties in a variety of fields. Paraffin is one of the most important
organic PCMs due to its numerous advantages that will be discussed in the following
sections. From the methods of using paraffinic PCMs, two main methods, encap-
sulation and shape-stable PCMs, are discussed in detail. On the whole, this chapter
of the book attempts to briefly discuss paraffins and their unique role in thermal
energy storage systems as phase change materials.

Keywords: phase change materials, paraffin, encapsulations, shape-stable PCMs,
thermal conductivity

1. Introduction

There may not be a precise background to the first discovery and application of
phase change materials (PCMs). Perhaps, from the earliest days where human has
acquired the intellect, he has realized the existence of these substances or, maybe,
has used them without recognizing their nature. Throughout science and technol-
ogy evolution, more precisely, since the heat capacity of materials and sensible or
latent heats have been known, their ability to store and release thermal energy has
also been considered. However, A. T. Waterman submitted the first report of dis-
covery in the early 1900s. In recent years, scientists have paid particular attention to
these materials, and their commercialization began from those years.

Perhaps the main reason for this attention was the problems caused by energy
mismanagement and improper use of it. Today, inadequate energy management,
especially fossil fuels, has caused many environmental and economic problems.
Therefore, the necessity of efficient energy demand as well as development of
renewable energies and energy storage systems is highly significant. One of the
important topics in this field is the design of special energy storage equipment to
other types. Energy storage not only reduces the discrepancy between energy sup-
ply and demand but also indirectly improves the performance of energy generation
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systems as well as plays a vital role in saving of energy by converting it into other
reliable forms. Hence, this matter saves high-quality fuels and reduces energy
wastes [1-3].

2. Phase change materials: an overview

Energy storage is one of the important parts of renewable energies. Energy can
be stored in several ways such as mechanical (e.g., compressed air, flywheel, etc.),
electrical (e.g., double-layer capacitors), electrochemical (e.g., batteries), chemical
(e.g., fuels), and thermal energy storages [4].

Among several methods of energy storage, thermal energy storage (TES) is very
crucial due to its advantages. TES is accomplished by changing the internal energy
of materials, such as sensible heat, chemical heat, latent heat, or a combination of
them.

In sensible heat storage (SHS) systems, heat can be stored by increasing the tem-
perature of a material. Hence, this system exploits both the temperature changes
and the heat capacity of the material to store energy. The amount of heat stored in
this system depends on the specific heat, temperature differences, and amount of
material; thus it requires a large amount of materials, whereas Latent heat storage
(LHS) is generally based on the amount of heat absorbed or released during the
phase transformation of a material. Lastly, In the chemical heat storage (CHS), heat
is stored by enthalpy change of a chemical reaction.

Among the aforementioned heat storage systems, the LHS is particularly note-
worthy. One of the special reasons is its ability to store large amount of energy at an
isothermal process [5-7].

2.1 Phase change materials as thermal energy storage

Any high-performance LHS system should contain at least one of the following
terms:

» Appropriate PCM with optimum melting temperature range

* Desirable and sufficient surface area proportional to the amount of heat
exchange

* Optimal capacity compatible with PCM

Phase change materials perform energy storage in LHS method. In this case,

a material during the phase change absorbs thermal energy from surrounding to
change its state, and in the reverse process, the stored energy is released to the
surrounding. PCMs initially behave likewise to other conventional materials as the
temperature increases, but energy is absorbed when the material receives heat at
higher temperatures and close to the phase transformation. Unlike conventional
materials, in PCMs absorption or release of thermal energy is performed at a con-
stant temperature. A PCM normally absorbs and releases thermal energy 5-14 times
more than other storage materials such as water or rock [8, 9].

PCMs can store thermal energy in one of the following phase transformation
methods: solid-solid, solid-liquid, solid-gas, and liquid-gas. In the solid-solid phase
change, a certain solid material absorbs heat by changing a crystalline, semicrystal-
line, or amorphous structure to another solid structure and vice versa [10]. This
type of phase change, usually called phase transitions, generally has less latent heat

58



Paraffin as Phase Change Material
DOI: http://dx.doi.org/10.5772/intechopen.9o487

and smaller volume change comparing to the other types. Recently, this type of
PCM has been used in nonvolatile memories [11].

Solid-liquid phase change is a common type of commercial PCMs. This type of
PCM absorbs thermal energy to change its crystalline molecular arrangement to a
disordered one when the temperature reaches the melting point. Unlike solid-solid,
solid-liquid PCMs contain higher latent heat and sensible volumetric change. Solid-
gas and liquid-gas phase changes contain higher latent heat, but their phase changes
are associated with large volumetric changes, which cause many problems in TES
systems [8]. Although the latent heat of solid-liquid is less than liquid-gas, their
volumetric change is much lower (about 10% or less). Therefore, employing PCMs
based on solid-liquid phase change in TES systems would be more economically
feasible.

The overall classification of energy storage systems as well as phase change
materials is given in Figure 1.

2.2 Classification of phase change materials

As mentioned in the previous section, despite the high thermal energy absorp-
tion capacity, PCMs in liquid-gas and solid-gas transitions have extremely high
volume changes. On the other hand, solid-solid PCMs also have a lower thermal
energy storage capacity. Therefore, the abovementioned PCMs, with the exception
of specific cases, have not received much attention to commercialization. Currently,
the most common type of transition that has been mass-marketed is solid-liquid
PCMs. The classification of phase change materials is schematically given in
Figure 1. Solid-liquid PCMs are generally classified as three general organics,
inorganic, and eutectics [12, 13]. However, in some references they are classified
into two major organics and inorganics.

2.2.1 Inorganic PCMs

Inorganic PCMs mainly have high capacity for thermal energy storage (about
twice as much as organic PCMs) as well as have higher thermal conductivity. They
are often classified as salt hydrates and metals.

Salt hydrates are the most important group of inorganic PCMs, which is widely
employed for the latent heat energy storage systems. Salt hydrates are described
as a mixture of inorganic salts and water (AB x nH,0). The phase change in salt
hydrates actually involves the loss of all or plenty of their water, which is roughly
equivalent to the thermodynamic process of melting in other materials.

MN.nH,0 - MN.mH,0 + (n - m) H,O (1)

MN.nH,0 - MN +znH,0 )

At the phase transition, the hydrate crystals are subdivided into anhydrous

(or less aqueous) salt and water. Although salt hydrates have several advantages,
some deficiencies make restrictions in their application. One of these problems is
incongruent melting behavior of salt hydrates. In this problem the released water
from dehydration process is not sufficient for the complete dissolution of the salts.
In this case, the salts precipitate and as a result phase separation occurs. In order
to prevent this problem, an additional material such as thickener agent is added to
salt hydrates. Another major problem with salt hydrates is the supercooling phe-
nomenon. In this phenomenon, when crystallization process occurs, the nucleus
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Figure 1.
Overview of energy storage and classification of phase change materials.

formation is delayed; therefore, even at temperatures below freezing, the material
remains liquid [7, 11, 14].

Overall, the most attractive properties of salt hydrate are (i) high alloy latent
temperature, (ii) relatively high thermal conductivity (almost two to five times more
than paraffin), and (iii) small volume changes in melting. They are also very low
emitting and toxic, adaptable to plastic packaging, and cheap enough to use [15].

Metals are another part of the inorganic PCMs. Perhaps the most prominent
advantages of metals are their high thermal conductivity and high mechanical
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properties. Metals are available over a wide range of melting temperatures. They are
also used as high-temperature PCMs.

Some metals such as indium, cesium, gallium, etc. are used for low-temperature
PCMs, while others such as Zn, Mg, Al, etc. are used for high temperatures. Some
metal alloys with high melting points (in the range of 400-1000°C) have been used
for extremely high temperature systems. These metal alloys as high-temperature
PCMs can be used in the field of solar power systems [16, 17]. They can also be used
in industries that require temperature regulation in furnaces or reactors with high
operating temperatures.

2.2.2 Organic PCMs

Perhaps the most important fragment is the organic PCMs. Organic PCMs show
no change in performance or structure (e.g., phase separation) over numerous
phase change cycles. In addition, supercooling phenomena cannot be observed in
organic PCMs. The classification of organic PCMs is unique. This division is mainly
based on their application contexts. In general, they are classified into two major
paraffin and non-paraffin sections.

Paraffins are the most common PCMs. Since this book is about paraffin, to avoid
duplication, this section will briefly discuss the chemistry (structure and proper-
ties) of paraffin, but their ability as phase change materials will be reviewed in
detail.

Non-paraffinic organic PCMs are known to be the most widely used families. In
addition to their different properties compared to paraffins, they have very similar
properties to each other. Researchers have used various types of ether, fatty acid,
alcohol, and glycol as thermal energy storage materials. These materials are gener-
ally flammable and less resistant to oxidation [18-20].

Although non-paraffin organic PCMs have high latent heat capacity, they have
weaknesses such as flammability, low thermal conductivity, low combustion
temperatures, and transient toxicity. The most important non-paraffinic PCMs are
fatty acids, glycols, polyalcohols, and sugar alcohols.

Fatty acids [CH3(CH,),,COOH] also have high latent heat. They can be used
in combination with paraffin. Fatty acids exhibit high stability to deformation
and phase separations for many cycles and also crystallize without supercooling.
Their main disadvantages are their costs. They are 2-2.5 times more expensive than
technical grade paraffins. Unlike paraffins, fatty acids are of animal or plant origin.
Their properties are similar to those of paraffins, but the melting process is slower.
On the other hand, they are moderately corrosive as well as generally odorous [21].

2.2.3 Eutectics

A eutectic contains at least two types of phase change materials. Eutectics have
exceptional properties. In eutectics, the melting-solidification temperatures are
generally lower than the constituents and do not separate into the components
through the phase change. Therefore, phase separation and supercooling phenom-
ena are not observed in these materials.

Eutectics typically have a high thermal cycle than salt hydrates. Inorganic-
inorganic eutectics are the most common type of them. However, in recent studies,
organic-inorganic and organic-organic varieties have received more attention. The
major problem of eutectics is their commercialization. Their cost is usually two to
three times higher than commercial PCMs [22, 23].

Some of the above PCMs and their thermal properties, which are competitive
with paraffins in terms of latent heat capacity, are summarized in Table 1.
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3. Paraffin-based phase change materials

Paraffin is usually a mixture of straight-chain z-alkanes with the general
formula CH;-(CH,),-CH;. However, in some cases, paraffin is used as another name
for alkanes. Gulfam R. et al. in their article have classified paraffins based on the
number of carbon atoms as well as their physical states. According to this classifica-
tion, at room temperature, 1-4 numbers of carbons refer to pure alkanes in a gas

Materials Melting Latent heat Density Thermal conductivity
point (°C) (kJ/kg) (kg/m3) (W/mK)

n-Tetradecane (Cy4) 6 228-230 763 0.14

n-Pentadecane (Cys) 10 205 770 0.2

n-Hexadecane (Cy6) 18 237 770 0.2

n-Heptadecane (Cy;) 22 213 760 0145

n-Octadecane (Cyg) 28 245 865 0.148

n-Nonadecane (Cyo) 32 222 830 0.22

n-Eicosane (Cyo) 37 246

n-Henicosane (Cy;) 40 200,213 778

n-Docosane (Cy,) 44.5 249 880 0.2

n-Tricosane (C,3) 475 232

n-Tetracosane (Cy4) 52 255

n-Pentacosane (Cys) 54 238

n-Hexacosane (Cys) 56.5 256

n-Heptacosane (C,;) 59 236

n-Octacosane (Cy) 64.5 253

n-Nonacosane (Cyg) 65 240

n-Triacontane (Csp) 66 251

n-Hentriacontane (Cs;) 67 242

n-Dotriacontane (Cs,) 69 170

n-Triatriacontane (Cs3) 71 268 880 0.2

Paraffin Ci5-Cyg 20-22 152

Paraffin Cy3-Cas 2224 189 900 0.21

RT35HC 35 240 880 0.2

Paraffin C-Cag 42-44 189 910

Paraffin Cyo-Cs3 48-50 189 912

Paraffin C-Cys 58-60 189 920 0.2

Paraffin Cy-Cs 66-68 189 930

RT70 HC 69-71 260 880 0.2

Paraffin natural wax 811 82-86 85 0.72 (solid)

Paraffin natural wax 106 101-108 80 0.65 (solid)

At 20°C.
Just above melting point (liquid phase).

Table 2.
Thermophysical properties of n-paraffins and commercial paraffinic PCMs [1, 24, 25].
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phase, 5-17 carbons are liquid paraffins, and more than 17 is known as solid waxes.
These waxy solids refer to a mixture of saturated hydrocarbons such as linear, iso,
high branched, and cycloalkanes [29]. Generally, paraffin-based PCMs are known
as waxy solid paraffins. Commercial paraffins contain mixture of isomers, and
therefore, they have a range of melting temperatures.

Paraffins typically have high latent heat capacity. If the length of the chain
increases, the melting ranges of waxes also increase, while the latent heat capacity
of melting is not subject to any particular order (Table 2).

In general, paraffin waxes are safe, reliable, inexpensive, and non-irritating
substances, relatively obtained in a wide range of temperatures. As far as economic
issues are concerned, most technical grade waxes can be used as PCMs in latent heat
storage systems. From the chemical point of view, paraffin waxes are inactive and
stable. They exhibit moderate volume changes (10-20%) during melting but have
low vapor pressure.

The paraffin-based PCMs usually have high stability for very long crystalliza-
tion-melting cycles. Table 2 illustrates the thermal properties of some paraffin
waxes.

Besides the favorable properties, paraffins also show some undesirable proper-
ties such as low thermal conductivity, low melting temperatures, and moderate-
high flammability. Some of these disadvantages especially thermal conductivity
and flammability can be partially eliminated with the help of additives or paraffin
composites.

4. Methods for using paraffin-based PCMs (PPCMs)

Measures must be taken to make the solid-liquid PCMs usable. For this purpose,
there are several methods for stabilizing the shapes of paraffinic PCMs. Two main
methods of them are discussed below.

4.1 Encapsulation of PPCMs

Encapsulation is generally a worthy method to protect and prevent leakage of
PCMs in the liquid state. The capsules consist of two parts, the shell and the core.
The core part contains PCMs, whereas the shell part is usually composed of poly-
meric materials with improved mechanical and thermal properties. The shell part
plays the role of protection, heat transfer, and sometimes preventing the release of
toxic materials into the environment. In these cases, the shell must have appropriate
thermal conductivity. Polymeric shells are also commonly used in encapsulating
PPCMs. The choice of core part depends on its application field. The encapsulation
of PPCMs is classified into three major parts: bulk or macroencapsulation, microen-
capsulation, and nano-encapsulation.

Macroencapsulation is one of the simplest ways to encapsulate paraffins. This
method has a lower cost than other methods. These products are used in transpor-
tation, buildings, solar energy storage systems, and heat exchangers. Sometimes
metals are also used as shell materials [30].

In order to increase the efficiency of heat transfer in these types of capsules, either
the size of the capsules should be appropriately selected or suitable modifiers should
be used. In general, the smaller the diameter of spherical capsules or cylinders, the bet-
ter the heat transfer. In some cases, metal foams are used to improve the heat transfer
properties of paraffin. Aluminum and copper open-cell foams are among the most
studied, whereas, in other cases metal oxides, metals and graphite are used [30, 31].
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There are various forms of macroencapsulation, such as ball shape, spherical
shape, cylindrical, flat sheets, tubular, etc. [31]. Cylindrical tubes are one of the
famous forms of macroencapsulated PPCMs. This type of encapsulation is most
commonly used in buildings or in solar energy storage systems.

Most of the research carried out on macroencapsulated PPCMs has been focused
on improving their thermal conductivity. In one of these studies, different metal
oxide nanoparticles such as aluminum oxide, titanium oxide, silicon oxide, and
zinc oxide were used to improve the thermal conductivity of paraffin. The results
show that titanium oxide performs better under the same conditions than the other
oxides [32]. In a similar study, copper oxide nanoparticles were used to improve
thermal conductivity and performance of paraffin in solar energy storage systems
[33]. In some studies, graphite flakes and expanded graphite have also been used as
improving agent for heat conductivity [31].

Hong et al. have used polyethylene terephthalate pipes as a shell for paraffin.

In this macroencapsulated system, introduced as cylinder modules, float stone has
been added to paraffin as an enhancer of thermal conductivity. In this study, the
effect of various parameters such as pipe diameter on heat transfer is investigated,
and the results of experimental section are compared with modeling [34].

D. Etansova et al. studied numerical computation and heat transfer modeling of
paraffin-embedded stainless steel macroencapsulates for use in solar energy storage
systems. In this study, the effect of geometric size and shape on heat transfer was
investigated [35].

Microencapsulation of PCMs is another suitable way to improve efficiency and
increase thermal conductivity. The size of the microencapsulates usually ranges
from 1 pm to 1 mm. Microencapsulation of paraffins is a relatively difficult process,
but it performs better than macroencapsulates. This is due to increased contact sur-
face area, shorter discharge and loading times, and improved thermal conductivity.
Different materials are used for the shell part of the microencapsulates.

In general, there are two major physical and chemical methods for microen-
capsulation. The most important physical methods are fluidized bed, spray dryer,
centrifuge extruder, and similar processes. However, chemical methods are often
based on polymerization. The most important techniques include in situ suspension
and emulsion polymerization, interfacial condensation polymerization, and sol-gel
method. The latter is sometimes known as the physicochemical method [12, 29].

In the suspension or emulsion polymerization method, the insoluble paraffin
is first emulsified or suspended in a polar medium, which is predominantly aque-
ous phase, by means of high-speed stirring. Surfactants are used to stabilize the
particles. Then, lipophilic monomers are added to the medium, and the conditions
are prepared for polymerization. This polymer, which is insoluble in both aqueous
and paraffin phases, is formed on the outer surface of paraffin particles and finally,
after polymerization, encapsulates the paraffin as a shell. The size of these capsules
depends on the size of emulsion or suspension of paraffin droplets. Sometimes
certain additives are added to the medium to improve some of the polymer proper-
ties. For instance, in some studies, polyvinyl alcohol (PVA) has been added to the
medium with methyl-methacrylate monomer, which is known as one of the most
important shell materials. As a result, paraffin has been encapsulated by PVA
modified polymethyl methacrylate (PMMA). Adding this modifier forms a smooth
surface of the microencapsulates [36, 37].

In the interfacial method, soluble monomers in the organic phase with other
monomers in the aqueous phase at the droplet interface form a polymer that
precipitates on the outer layer of the organic phase.

The sol-gel method is a multi-step procedure. In this method, firstly, an
organosilicon compound such as tetraethoxysilane (TEOS) is hydrolyzed in an
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acidic medium at low pH. The prepared homogenous solution is known as the

sol part. Then, the paraffin emulsion is prepared in an aqueous medium and
stabilized by special emulsifiers. Actually, these emulsifiers are the first layer

of the shell. Subsequently, the sol solution is slowly added to the aqueous phase
containing paraffin. The silicon compounds containing OH groups (silanols) form
hydrogen bonding with polar side of emulsifiers, and finally the condensation
process is carried out on the first layer interface. As a result, paraffin microencap-
sulates with an inorganic material that is often silica. Silica is one of the significant
materials used as a shell for micro and nano-encapsulation. Silica has high thermal
conductivity and on the other hand has better mechanical properties than some
polymers [38-41].

As mentioned, most of the materials used to microencapsulation are polymers.
The main polymers used as shell materials are polymethyl methacrylate [42],
polystyrene [43], urea-formaldehyde [44], urea-melamine-formaldehyde [45],
polyaniline [46], etc. However, in many cases, these polymers are used in modified
form. For example, polymethyl methacrylate modified with polyvinyl alcohol or
with other methacrylates [36, 37], polystyrene copolymers [47], and melamine
modified-formaldehyde with methanol [48] can be considered. Table 3 shows the
most common polymers used as shell materials.

In addition to the aforementioned microencapsulation approaches, which
mainly form polymeric materials as shells, other materials have been also recom-
mended. For example, Singh and colleagues have used silver metal as a shell for
paraffin microencapsulates. They first emulsified paraffin into small particles
in water and then converted silver salts to metallic silver via an in situ reduction
reaction. The average particle size of 329 pm has been reported, and the thermal
properties of paraffin have been investigated using DSC and TGA. This type of
metal shell microencapsulates has been suggested for use in microelectronics heat
management systems [49].

There are several techniques to study the properties of micro and nano-encapsu-
lates. In all studies, differential scanning calorimetry (DSC) and thermogravimetric
analysis (TGA) have been used to determine the thermal properties of PPCMs, such
as enthalpy of fusion, melting temperature, weight loss, degradation, etc. Various
methods such as XRD, FTIR, and C NMR have been used to study the structure
and chemical composition of PPCMs. The morphology and diameters of the
microcapsules have often been studied by scanning electron microscopy (SEM) and
particle size analyzer.

The latter technique is used to study the influence of different variables on the
diameter of the microcapsules. One of these variables is the effect of stirring speed
on emulsification of paraffin. The results of some studies show that higher stir-
ring speed of emulsification process leads to decrease of the mean size of paraffin
droplets [48].

Along with studies on the type of microcapsules, many studies have been
conducted to improve thermal conductivity and mechanical properties of micro-
encapsulates. Part of these studies has been dedicated to the effect of graphene and
graphene oxide on the improvement of thermal conductivity [51]. L. Zhang et al.
investigated the effect of graphene oxide on improving the mechanical properties
and leakage protection as well as improving the thermal conductivity of melamine-
formaldehyde as shell materials of PPCM microencapsulates [52]. In another part
of studies, metals and metal oxides have been used. For example, 10 and 20 wt%
of nanomagnetite (Fe;0,4) with particle size from 40 to 75 nm increase the thermal
conductivity by 48 and 60%, respectively [53]. Also, addition of TiO, and ALO;
nanoparticles in a mass fraction of 5% with respect to PPCM at the size range of
30-60 nm increases the thermal conductivity by 40 and 65%, respectively [54].
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Core material Shell material Encapsulation Particle Recommended Ref
PPCM method size application
(pm)
n-Nonadecane Polymethyl Emulsion ~8 Smart building [42]
methacrylate and textiles
n-Heptadecane Polystyrene Emulsion <2 General fields [43]
Commercial Polystyrene-co- Suspension ~20 [50]
paraffin wax PMMA
Commercial RT21 PMMA Suspension 20-40 [36]
Commercial RT21 PMMA modified Emulsion 15 Building [37]
with PVA
Commercial Polyaniline Emulsion <1 [46]
paraffin wax
Commercial Urea-formaldehyde In situ ~20 [44]
paraffin wax
n-Octadecane, Urea-melamine- In situ 0.3-0.6 [45]
n-nonadecane formaldehyde
Commercial Methanol- In situ 10-30 Building [48]
paraffin wax melamine-
formaldehyde
Commercial Silica Sol-gel 4-10 Textile [38]
paraffin wax
Commercial Silica Sol-gel 0.2-0.5 [39]
paraffin wax
n-Octadecane Silica Sol-gel 7-16 [40]
n-Pentadecane Silica Sol-gel 4-8 [41]
Table 3.

Common materials for microencapsulation of PPCMs.

Nano-encapsulation of PPCM is very similar to the microencapsulation process.
However, these types of encapsulation specific techniques, such as ultrasonic, are
used to adjust the size of the paraffin droplets to less than 1 micron. In the next step,
using the chemical methods mentioned in the microencapsulation method, the
shell formation is performed. The most common method for nano-encapsulation is
the emulsion polymerization method. However, although limited, interfacial and
sol-gel methods have also been reported.

4.2 Shape-stable PPCMs

In recent years, research on polymeric matrix-based shape-stable PCMs has
gained great importance. Among these types of phase change materials, the
paraffin-polymer composite is particularly attractive. The combination of paraffin
and polymers as new PCMs with a unique controllable structure can be widely used.
This compound remains solid at paraffin melting point and even above without any
softening, which is why this type of PCM is called shape-stable. These materials are
well formed and have high-energy absorption capacity; hence they can be widely
used as stable PCMs with specific properties. On the other hand, some problems
such as high cost and difficulty of encapsulating processes could be resolved.
Despite these advantages, some common disadvantages such as low thermal
stability, low thermal conductivity, and relatively high flammability can restrict
their application, particularly in building materials. For this reason, further studies
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are required to eliminate these disadvantages and improve the properties of these
materials. A large part of research is relevant to increase or improve their thermal
conductivity, flame retardation, and thermophysical and mechanical properties.
Suitable additives are proposed to improve these properties [55, 56].

In some articles, a simple method involves mixing-melting of polyethylene
and paraffin, consequently cooling the composite, or using a simple twin extruder
to prepare a shape-stable PCM has been reported [57, 58]. When this compound
contains sufficient polymer, a homogeneous mixture remains solid at temperatures
above the melting point of paraffin and below the polymer melting point. During
the preparation of these composites, no chemical reaction or chemical bonds are
formed between the polymers and paraffin; therefore these types of compounds
are considered as physical mixtures. Shape-stable PPCMs can be used in all previ-
ously described areas. Due to the thermoplastic properties of these composites, it is
possible to melt and crystalize them for many cycle numbers. Shape-stable PPCMs
have several advantages over other PCMs. They are also nontoxic and do not require
high-energy consumption during production process.

Inaba and Tu [59] developed a new type of shape-stable PPCM and determined
their thermophysical properties. These materials can be used without encapsula-
tion. Feldman et al. [60] prepared plates of shape-stable PCM and determined
their high thermal energy storage capacity when used in small chambers. In this
type of polymer-based plates, fatty acids are used as PCMs that absorb or releases
large amounts of heat during melting and solidification, without altering the
composition of the shape-stable PCM. The same researchers determined the role of
polymer-PCM sheets in stabilizing the shape and size of the plates when PCM was
liquefied. The composition of paraffin and high-density polyethylene (HDPE) has
been studied by Lee and Choi [61] and has been introduced as a shape-stable energy
storage material. In this study, the amount of energy stored by the mentioned
composites is also studied. They also studied the morphology of the high-density
polyethylene crystal lattice (HDPE) and its effect on paraffin through scanning
electron microscopy and optical microscopy (OM) analysis. On the other hand,
they also reported of high thermal energy storage capacity of the prepared paraffin/
HDPE-based shape-stable PCMs. Hong and Xin-Shi [62] synthesized polyethylene-
paraffin as a shape-stable PCM and characterized its morphology and structure by
scanning electron microscopy and its latent heat of melting by differential scanning
calorimetry. In this study, a composition consisting of 75% paraffin as a cheap,
effective, easy-to-prepare, low-temperature shape-stable PPCM is recommended.
In another study, Xiao et al. [63] prepared a shape-stable PCM based on the com-
position of paraffin with a thermoplastic elastomer (styrene butadiene rubber)
and determined its thermal properties. The obtained results show that the stable
mixture has the phase changing property and the amount of latent heat of melting
stored in this compound is estimated to be 80% of pure paraffin. In another part of
this study, the thermal conductivity of PCMs was significantly increased by using
graphite.

Despite the above benefits, some disadvantages of shape-stable PPCMs are also
reported. One of the major problems is the softening and paraffin leakage phe-
nomenon at elevated temperatures. Seiler partly resolved this problem by adding
a different ratio of silica and copolymers to the polyethylene-paraffin composition
[64]. Another problem is the low thermal conductivity of the polyethylene-paraffin
compound. A lot of research has been conducted to increase this property. A. Sari
[65] prepared two types of paraffin with different melting temperatures (42-44°C
and 56-58°C) and combined each with HDPE as phase modifier. By addition of
3% expanded graphite, the thermal conductivity of composites increased by 14
and 24%, respectively. Zhang et al. [66] developed new PCMS based on graphite
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and paraffin with high thermal energy storage capacity and high thermal conduc-
tivity. Zhang and Ding et al. [67] have used various additives such as diatomite,
Wollastonite, organic modified bentonite, calcium carbonate, and graphite to
improve the thermal conductivity of shape-stable PCMs.

It should be noted that metal particles and metal oxides due to their higher
thermal conductivity are widely used to improve this property of PCMs. One of the
materials that has received more attention in recent years is alumina. Aluminum
oxide nanoparticles were added to paraffin to increase its thermal conductivity in
both liquid and solid states [57, 68]. This compound coupled with its high thermal
conductivity is cheaper and more abundant than other metal oxides.

Another problem with shape-stable PPCMs is their flammability. The effect
of various additives has been studied by scientists to eliminate this problem. One
of the most effective of these substances is halogenated compounds, but they
cause environmental pollution and also release toxic compounds while burn-
ing. Researchers have used hybrid and environmentally friendly materials to
enhance the durability of flame retardant materials. They studied the effect of clay
nanoparticles and organo-modified montmorillonite. Adding these materials not
only increases their resistance to burning but also increases their mechanical and
thermal properties [69-71]. In another study, Y. Cai et al. added paraffin, HDPE,
and graphite, then added ammonium polyphosphate and zinc borate separately,
and studied their resistance to burning. The results show that the addition of
ammonium polyphosphate decreases flammability, while zinc borate increases
the flammability risk [72]. One of the most interesting and harmless fire retardant
compounds is metal hydroxides, especially aluminum hydroxide, magnesium
hydroxide, or their combination [73-75].

Some researchers have used other advanced materials as supporting materials
to prepare shape-stable PPCMs instead of using the polymer matrix [76-78]. Rawi
et al. used acid-treated multi-walled carbon nanotubes (A-CNT). They reported
that adding 5% by weight A-CNT to paraffin decreases 25% of the latent heat while
increasing heat conductivity up to 84% [79]. Y. Wan et al. used pinecone biochar
as the supporting matrix for PCMs. They prepared shape-stable PCM materials at
different ratios and studied the leakage behavior. The optimal ratio is suggested as
60% of the PCM. For the above ratio, no PCM leakage was observed after the melt-
ing temperature. The results showed that the thermal conductivity of the same ratio
shape-stable PCM increased by 44% compared to the pure PCM [80].

5. Criteria for selection of PCMs and application fields of PPCMs

PCMs are available in a wide range of desired temperature ranges. Obviously,
a PCM may not have all the properties required to store heat energy as an ideal
material. Therefore, it would be more appropriate to use these materials in combi-
nation with either other PCMs or various additives to achieve the required features.
However, as latent heat storage materials, while using PCMs, the thermodynamic,
kinetic, and chemical properties as well as the economic and availability issues of
them must be taken into account. Employed PCMs must have the optimum phase
change temperature. On the other hand, the higher the latent heat of the material,
the lower its physical size. High thermal conductivity also helps to save and release
energy. From the physical and kinetic point of view, the phase stability of PCMs
during melting and crystallization contributes to optimum thermal energy storage.
Their high density also enables high storage at smaller material sizes. During phase
change, smaller volume changes and lower vapor pressures are appropriate for
continuous applications.
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H. Nazir et al. in their review article [12] have explained the criteria for selection
of PCMs as a pyramid. In this pyramid, at the bottom, known as the fundamentals,
there are several items such as cost, regularity compliance, and safety. In the next
section, the thermophysical properties such as energy storage capacity and runtime
are discussed. In the upper section, reliability and operating environment consist
of degradation, cycle life, shelf life, and thermal limits are reflected. Finally, at the
top section of pyramid, user perception and convenience are located. These criteria
help us to find a proper PCM for certain application fields.

These criteria may also be extended to paraffinic PCMs. Nowadays, paraffinic
PCMs (PPCMs) are widely used as thermal energy storage materials, including
solar energy storage systems, food industries, medical fields, electrical equipment
protection, vehicles, buildings, automotive industries, etc. [24, 29, 81-85].

Generally, application fields of PPCMs can be considered in two main sections:
thermal protection and energy storage purposes. The major difference between
these two areas of application is in thermal conductivity of the PPCMs.

Protection and transportation of temperature-sensitive materials is one the men-
tioned area. Sometimes a certain temperature is required to transport sensitive
medicines, medical equipment, food, etc. In all cases, using of PPCMs would be
appropriate as they can regulate and stabilize the temperature over a given range.
Similarly, in sensitive electrical equipment, these materials are also essential to
prevent the maximum operating temperature. On the other hand, they can be used
to prevent possible engine damage at high temperatures [86, 87].

One of the studies related to these issues is the use of paraffin containing heavy
alkanes to protect electronic devices against overheating. In this study, paraffin has
been used as a protective coating for the resistor chip, and its effect on cooling of
the devices has been investigated. Experimental results show that paraffin coating
increases the relative duration of overheating by 50 to 150% over the temperature
range of 110-140°C [88]. In another study, a mixture of paraffin and polypropylene
has been used as an overheating protector in solar thermal collectors [89].

However, energy storage purposes are the most important part of PPCM applica-
tion. In general, PCMs act as passive elements and therefore do not require any
additional energy source. Most studies on the application of energy storage proper-
ties of PPCMs have been confined to buildings, textiles, and solar systems. In the
following, building applications will be further attended.

One of the main drawbacks of lightweight building materials is their low
thermal storage capacity, which results in extensive temperature fluctuations as a
result of intense heating and cooling. Therefore, PPCMs have been used in buildings
due to their ability to regulate and stabilize indoor temperatures at higher or lower
outdoor temperatures [90].

Generally, PPCMs in buildings are used as thermal energy storage at daytime
peak temperature, and they released the stored energy at night when temperatures
are low. The result of this application is to set the comfort condition for a circadian
period. This application minimizes the amount of energy consumed for cooling
during the day and warming up at night.

In contrast, in order to stabilize the ambient conditions at low temperatures,
some special PCMs are also used in air conditioner systems. In this case, cool air is
stored during the night and released into the warm hours of the day.

Y. Cui et al. [91] in a review article categorized PPCM application methods based
on their location of use such as PCMs in walls, floor heating systems, ceiling boards,
air-based solar heating systems, free cooling systems (with ventilation systems), and
PCM shutter (in windows). Both types of encapsulation and shape-stable PPCMs
could be used in all of the above classification of building applications. Sometimes
these materials can be added directly to concrete, gypsum, etc. [90, 92-95].
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In order to increase the performance of PPCMs in this application field, great
deals of studies have also been done on improving their thermal conductivity. On
the other hand, extensive research into safety issues has been done to reduce the
flammability of PPCMs by adding flame retardants to these materials.

Overall, these studies cover the importance of using PPCMs in heating and cool-
ing as well as indicate the general characteristics, advantages, and disadvantages of
these materials used for thermal storage in buildings.

6. Conclusion

It is clear that at this time, where renewable energy is particularly important, the
use of PPCMs is on the rise. As it has been mentioned, PPCMs have many applica-
tion fields due to their advantages. For example, they can be used in the construc-
tion, pharmaceutical and medical industries, textiles, automobiles, solar power
systems, transportation, thermal batteries, heat exchangers, and so on.

This chapter of the book has attempted to focus more on how to use paraffins.
For this reason, two methods, namely, encapsulation and shape-constant, have been
widely discussed. In addition, improving their weak properties such as thermal
conductivity and flammability has also been studied. Depending on the benefits of
paraffins, new applications are suggested every day. Extensive studies are underway
on other new applications in recent years.
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Paraffin waxes make up the majority of commercial waxes. Waxes are characterized
by the carbon number, hardness, crystal shape, composition, and molecular weight.
These characteristics determine the condition of separating the wax. Paraffin wax
is widely used in different industries such as ink, paper, cosmetics, ceramics using
powder injection molding and energy storage as phase change materials. Consumption
of wax products has increased in the world; especially for food, pharmaceutical
products, cosmetics, as well as specialty products. The increase of profitability of wax
production will lie in the improvement of blending and modification techniques for
macro and micro-crystalline waxes used as the base materials.
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