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Abstract
Phase change materials (PCMs) have long been studied as thermal energy storage media. However, the
Swedish company, Exencotech AB, reaching beyond this usual scope of PCMs, has designed a system that
uses PCMs as working medium to produce electricity from waste heat. To achieve high system energy
efficiency, PCMs with low heats of fusion and large volume expansions are favored. Interestingly, this is the
opposite of the desired properties of a PCM working in energy storage applications.
This work has aimed to find suitable alternative PCMs for Exencotech. After an intensive literature survey,
eight candidates are identified from several PCM types. They are subjected to T-history test and volume
expansion test in order to map out their volume expansion density chart. After analyzing the results from the
tests, four most promising candidates with different melting temperatures, A, B, C, D, are finally proposed.
The results of the work show that A has the highest volume expansion density which is 0.97 cm3/kJ. It is
the most promising candidate found out of the many that were considered, that gives the highest energy
efficiency for Exencotech, if they are able to find a suitable heat source and a heat sink.
(In order to keep some information confidential to the general public, certain names and values are coded
in this report)
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Chapter 1 Introduction
EU aims to reduce greenhouse gas emissions to 80-95% below the 1990’s levels by 2050 [1], of which one
very important approach is to improve the energy efficiency. A main reason of the need for increasing energy
efficiency is the availability of surplus heat at various points without proper utilization of it, especially for low
grade heat [2]. Therefore, utilizing the low grade heat can contribute to achieve EU’s goal to a large extent.
The temperature range for low grade heat sources is typically from ambient temperature to 250 °C, which
means low grade heat is abundant in many industries as by-products and in renewable energy resources based
energy production processes like using solar energy [2]. In Sweden, most industries have a surplus of low
grade heat resulting in an increasing export of heat for district heating system (5.9 TWh in 2012) [3]. There
are technologies already to harvest this low-grade heat for appropriate uses, such as thermal energy storage,
chemical heat pumps and thermodynamic cycles, and they are developing very fast.
Another possibly promising technology is proposed by Exencotech AB (ECT), a Swedish company. They
propose to use very low temperature (as low as 25 °C) waste water to produce electricity with phase change
materials (PCMs) through their innovative technology. Phase change material stored in metal containers
under high pressure is heated up and melted by the waste water, since a large volume expansion accompanies
the phase change, the volume change under high pressure creates work to a hydraulic system, and finally, the
work is conversed into electricity. They have built a prototype of the system and are currently improving its
performance.

1.1 Background

There are many types of PCMs available in the market, and currently ECT is testing some with their lab
setups and the prototype. But the efficiency of the system still requires improvements to make the product
viable for commercial utilization. Besides the modification of the mechanical configuration, the search for a
better PCM also plays a significant role in improving the overall efficiency of the system.

However, it is practically not possible to test every potential PCM with the lab setups in ECT because of
the complexity of the prototype and high cost of purchasing a large amount of PCMs. Therefore, an initial
screening of the potential candidates is required prior to the prototype testing. This screening may be done by
comparing the theoretical efficiencies of the potential candidates, which may be obtained after carrying out a
literature survey and some experiments.

1.2 Aim and objectives

The thesis is done in cooperation between the Royal Institute of Technology (KTH) and ECT. While the
current thermal energy storage research in the broader sense, as well as at KTH favors PCMs that have high
heats of fusion and low volume expansions, ECT is interested in those with low heats of fusion and large
volume expansions to reach a higher energy efficiency for their system. Thus the aim of this work is to find
suitable PCM candidates to serve the requirements of both KTH and ECT, but with more significant over
the specifications of for ECT. To reach this aim, the following objectives are achieved:
•

Finding potential candidates from various PCMs by a literature survey and a careful comparison of
their essential properties to comply the requirements of ECT to narrow down the number of
candidates.
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•

Evaluation of the validity of heat of fusion measurement setup and volume expansion test setup;
making or suggesting possible modifications and conducting heat of fusion and volume expansion
tests for the selected candidates from the initial screening.
Plotting energy densities against volume expansion data for these candidates for the distinct
identification of the suitability of each PCM, and proposing several most suitable candidates for ECT.
Literature based theoretical explanation of volume expansion phenomena.

•
•

1.3 Work limitations

This work is done to find the most suitable candidates for ECT, but this work only considers energy
efficiency as the criterion for selection. But in reality, other factors like power output, environmental impacts
and economic feasibility are also important but are not included in this work.

1.4 Method of attack

This work follows a concrete logic line in order to achieve the aim and objectives. Literature review,
experiments and result analyses are done to accomplish this work, the detailed methodology is presented
below.
•

•
•

•

An intensive literature review is done to understand the topic, find possible candidates, collect
necessary data, choose suitable test methods, seek for relevant theories and design procedures of
the work.
Comparing the properties of the possible candidates to scale down the number of candidates and
propose several intermediate candidates.
Measuring the heats of fusion and volume expansions of the intermediate candidates, and
identifying final candidates that have the highest ratio between volume expansion and heat of
fusion.
Further studying the properties of final candidates in terms of their volume expansion behaviors.
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Chapter 2 Literature review
As was mentioned before, the literature review is done in the very beginning of the work. It mainly
consists of introductions to phase change materials, heat of fusion and volume expansion measurements, and
volume expansion theories. Since phase change materials are largely used in thermal energy storage (TES)
system, and the application of PCM in ECT is also closely related to TES, the literature review also includes
some information about PCM for TES application. Furthermore, the literature review also serves as the
preliminary selection for possible candidates.

2.1 Phase change materials

Phase change materials (PCMs) belong to latent heat storage materials, which can absorb and release a large
amount of heat at a nearly constant temperature where phase changes happen [4]. Although phase change can
happen between any two phases (solid, liquid, gaseous, plasma), this study mainly focuses on phase change
between liquid and solid, and in this work, here onwards the term PCM refers only to this phase change. The
amount of heat absorbed or released during phase change is termed as heat of fusion. In a real application,
the actual heat absorbed/released depends on the temperature range of the application. Sensible heat may
also be considered in some cases for the total heat exchange.
2.1.1 Ideal PCM for thermal energy storage
In general, a PCM having the following features can be considered as an ideal PCM for a TES system [5],
[6].
•

•

•

•
•

•
•
•

Suitable phase change temperature: Different applications require heat sources and heat sinks
with different temperatures. Hence the PCM used in a certain application should have suitable
melting/freezing temperature to enable phase change.
High heat of fusion: This indicates the available energy that can be stored or released when
melting or freezing. It can be expressed on a weight basis or a volume basis according to the
application. High heat of fusion is favored because it results in high energy storage density.
Reversible Solid to liquid transition (Cycling stability): The solid and liquid phases in
equilibrium during the phase change should have the same composition, (i.e. no phase separation
occurs) and the material do not decompose during phase change (in terms of solubility), so that
the change is reversible in both directions. But for some materials, undesirable phase separation
may happen when freezing.
Small subcooling effect: This ensures that melting and freezing happen at almost the same
temperature.
High thermal conductivity: With high thermal conductivity, temperature gradient across the
PCM can be mitigated. For materials with poor thermal conductivity, necessary modifications on
materials or fillers can help to improve it.
Long term chemical stability: The material itself must be chemically stable for the application
temperature thresholds to ensure a long life time.
Compatibility with other materials: This assures a long life time of containers for PCM, and
protects the surrounding materials in case PCM leakage happens.
Low volume change during phase transition: The volume of PCMs will mostly change when
melting or freezing, either increases or decreases. In most heat storage applications, low volume
change is expected to reduce the complexity of the system design.
- 10 -

•
•

Low vapor pressure: This means when phase change happens, the equilibrium vapor pressure is
low, which simplifies the design of the container.
Other criteria like being non-corrosive, non-flammable, low in cost should also be considered
when choosing a PCM for a real application.

2.1.2 Ideal PCM for Exencotech application
As mentioned before, an ideal PCM for TES should have as many of the favorable properties in order to
be qualified for its application. However, those criteria as a whole are only applicable for thermal energy
storage (TES) systems; while for other systems, different criteria will be taken into account, some of which
may be contradictory to that for a TES system. In ECT, PCM is used as the working medium which absorbs
heat from heat supply and produces work to generate electricity, so different properties are favored compared
to a TES system. The following is a general description of favored properties of PCMs for ECT.
•

Suitable melting temperature: Since this technology focuses on reuse of low grade heat, the
melting temperature should not be too high and should match the heat source and heat sink given
for the product. Materials with melting temperatures from 20 - 40 °C are favored in this case.
• Small melting temperature interval: This ensures a small temperature difference between heat
source temperature and cooling source (heat sink) temperature, and thus improves the energy
efficiency of the system.
• High ratio of volume expansion to heat of fusion: This means under a certain pressure, the
energy output is large while the energy input is small, which results in a high energy efficiency.
• Negligible/no subcooling effect: This is the same for PCM used in TES systems. A high
subcooling effect makes it necessary to reduce the temperature well below the phase change
temperature to start crystallization, which is not suitable in this application.
• No phase separation: This is also similar as in TES context. Phase separation will change the
properties of the original PCM, which may reduce the life time of PCM and prevent further use of
the whole system.
• High thermal conductivity: A high thermal conductivity will ensure small temperature gradients
across the PCM system; and as with this application, it means less time for melting and freezing,
which therefore generates higher power (also similar to TES expectations).
These are the main properties that should be taken into account for the initial selection stage, other
criteria like low compressibility, inexpensiveness, non-corrosivity, good compatibility with metal
containers, low flammability, environmentally friendliness may also be considered when making the final
choices.

2.1.3 Comparison between TES and ECT regarding requirements for PCMs
Requirements for PCMs in TES and ECT have been discussed in the previous sections. In order to get a
clear view of what requirements are commonly favored, what are not, a comparison is given in Table 1.
Table 1. Properties favored by TES and ECT

Suitable melting temperature

Common

No/negligible subcooling
Small melting temperature interval
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Reversible Solid to liquid transition
High thermal conductivity
Long term thermal stability and compatibility
Low vapor pressure
Non-corrosiveness, non-flammability
Inexpensive
High heat of fusion

TES

Different

Small volume expansion

ECT

Low heat of fusion
Large volume expansion

2.1.4 PCM classification
There are various PCMs being studied, produced and used nowadays, from organics to inorganics, from
pure materials to mixtures. Each PCM has different properties, advantages, disadvantages and applications, of
which no single material can fulfill all the desired properties for an ideal PCM. An overview of different
classes of PCMs and their typical melting enthalpies and melting temperatures are shown in Figure 1 [6].
Different ways are used to classify PCMs, for example, in a review from A. Sharma in 2009 [4], PCMs are
classified into organic, inorganic and eutectics, while a different classification of PCMs can be obtained
according to Mehling and Cabeza, 2008 [6] and N. Sarier and E Onder, 2012 [7], which is shown in Figure 2.
It divides PCMs into organic materials, inorganic materials and clathrates. Inorganic materials are further
sorted into eutectic water-salt solutions, salt hydrates, salts and mixtures of inorganic materials; while organic
materials include paraffin, polyethylene glycols, fatty acids & derivatives, and sugar alcohols &derivatives.
More detailed discussion on different classes of PCMs can be found below.

Figure 1. Typical range of melting temperature and melting enthalpy of PCMs (Source: ZAE Bayern [6])

- 12 -

Figure 2. The classification of phase change materials (Source: Redrawn based on [6], [7])

2.1.4.1 Organic materials
Organic PCMs like paraffins and fatty acids are among the mostly studied PCMs. Organic PCMs usually
possess desirable properties like congruent melting, self-nucleation and non-corrosiveness [4].
2.1.4.1.1 Paraffin
Paraffins are straight-chain or branched saturated organic compounds with the chemical formula of
CnH2n+2. Paraffin waxes usually refer to the mixtures of various hydrocarbon groups, especially paraffins and
cyclo-alkanes that are solid at ambient temperature [8]. Paraffins are reliable, safe, non-corrosive and have
predictable phase change behaviors. They have relatively high heat of fusion between 200 – 250 kJ/kg, and a
wide range of available melting temperature from 5-130 °C, with a thermal stability up to 250 °C [7]. They
display no phase segregation with repetitive phase transitions, and show negligible subcooling effect.
However they are well-known to have very low thermal conductivity which confines their application, and
they are also moderately flammable and incompatible with plastic containers due to their softening effect [5].
But their disadvantages can partly be eliminated by modifications on the materials or the systems, so paraffins
are among the most widely studied PCMs in the past 40 years [9].
2.1.4.1.2 Polyethylene glycols
Polyethylene glycols (PEGs), also referred to polyoxyethylene, are polymers with linear dimethyl ether
chains that end with hydroxyl groups, and are general represented by C2nH4n+2On+1. Polyethylene glycols are
denoted as PEG + number (PEG600), corresponding to its average molecular weight of the PEG chains.
They are soluble in water and organics due to their special structure. PEGs can be produced by the
interaction of ethylene oxide with water, ethylene glycol, or ethylene glycol oligomers. They possess high heat
of fusion, low and moderate melting temperature intervals, low vapor pressure, and chemical and thermal
stability [4]. They are nonflammable, biodegradable, non-toxic, non-corrosive and inexpensive [4]. But they
have considerable subcooling effect due to the difficulty of crystallization of long PEG chains, and also have
very low thermal conductivity (~ 0.2985 Wm-1K-1) [7].
2.1.4.1.3 Fatty acids and derivatives
A fatty acid is a carboxylic acid with a long aliphatic chain, whose general formula can be written as
CH3(CH2)2nCOOH. Fatty acids are among the few renewable feedstock that have comparable properties to
- 13 -

paraffins when using as PCMs. Fatty acids melt congruently, have high heat of fusion, good chemical and
thermal stability, non-toxicity and biodegradability [7]. They don’t show phase separation and thus have a
good cycling performance [6], and also show little or no subcooling effect like paraffins, although their
thermal conductivity is low. The derivatives of fatty acids and their eutectic mixtures have recently been
studied and regarded as promising PCMs because of their good thermal and physical properties [7].
2.1.4.1.4 Sugar alcohols and derivatives
A sugar alcohol is a hydrogenated form of a carbohydrate, whose carbonyl group has been reduced to a
primary or secondary hydroxyl group. The general chemical formula for sugar alcohols can be written as
HOCH2[CH(OH)]nCH2OH, and the simplest sugar alcohol is methanol which has only one carbon.
There is only little available information on sugar alcohols, since they are a rather new class of PCMs.
Usually they have high heat of fusion per mass and high heat of fusion per volume, because of their high
densities. They are safe, non-toxic, but show some subcooling effect [6].
2.1.4.2 Inorganic materials
Inorganic PCMs cover a wide melting temperature range, as evident from Figure 1. Compared to organic
PCMs, they have higher melting enthalpy per volume due to their high mass density. Their main disadvantage
is their compatibility with metal containers due to corrosive nature [6].
2.1.4.2.1 Salt hydrates
Salt hydrates can be regarded as alloys of inorganic salts and water with a fixed number of water molecules
forming typical crystalline solid of general formula AB⋅nH2O. When temperature rises, most salt hydrates will
decompose (due to for e.g. decreasing solubility), forming lower salt hydrates and water vapor. The lower
hydrates usually settle to the bottom of the container which render an incongruent melting temperature and
thus unsatisfactory reversibility of melting and freezing. Besides, they have subcooling effect to a marked
extent, although it can be minimized with suitable nucleating agents. But they have advantages, for example,
high heat of fusion per unit weight and volume, small volume change upon melting, and relatively high
thermal conductivity [5].
2.1.4.2.2 Eutectic water-salt solutions
Eutectic water salt solutions are minimum melting compositions of water and salts, their melting
temperatures are below 0 °, because the addition of the salt reduces the melting temperature of water. Since
the solutions have eutectic compositions, both of the components can solidify simultaneously out of the
liquid phase at the minimum freezing point, and hence the phase separation can be prevented enabling a good
cycling performance [6]. They have low vapor pressures, but considerable volume changes upon phase
change in the magnitude of 5-10 vol. % like water [6]. They are chemically stable, but have the potential to
cause corrosion to metals, which is even more intense than water itself [6].
2.1.4.2.3 Salts
Salts usually have melting temperatures higher than 150 °C [6], and there are different salts that can be used
as PCMs. Their melting enthalpy increases approximately proportional to the melting temperature in Kelvin
[6]. They show good thermal conductivity compared to organic materials, small subcooling up to several K,
and low vapor pressure, good chemical stability except for carbonates and nitrates which can decompose in
certain conditions [6]. However, as PCMs, they have large volume changes up to 10 vol. %, and are corrosive
to metals. Examples of salts as PCMs are LiNO3, NaNO3, KNO3, MgCl2, NaCl and so on [6].
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2.1.4.2.4 Mixture of inorganic materials
Mixtures of inorganic materials are used as PCMs in order to get suitable melting temperature and
improved properties for different applications. Only few experiments have been done to investigate this class
of materials, because of a lack of theoretical analysis like liquidus curves, and the experiments themselves are
time-consuming. Some examples of the mixture systems are [6]:
1. 4.3 wt.% NaCl+ 0.4wt.% KCl+ 48wt.% CaCl2+ 47.3wt.% H2O
2. 58.7wt.% Mg(NO3)2⋅6H2O+ 41.3wt.% MgCl2⋅6H2O
3. 67wt.% KNO3+ 33wt.% LiNO3 and 54wt.% KNO3+ 46wt.% NaNO3.
2.1.4.3 Clathrates
Clathrate is another class of PCMs that has rarely been investigated and discussed. Clathrates are crystalline
structures where molecules of one type are enclosed in the crystal lattices of another [6]. Since very little
information is available, this study does not consider clathrates as potential candidates.
2.1.5 Summary of PCMs
Different classes of PCMs have been discussed in this section. They have some common properties, as well
as some different properties. To enable a quick overview of main properties of different classes of PCMs,
Table 2 is shown below.
Table 2. Main properties of different classes of PCMs [4] - [9]

PCMs

Main properties
High heat of fusion between 200 – 250 kJ/kg
Available melting temperature from 5-130 °C

Paraffin

Thermal stability up to 250 °C
No phase segregation

Negligible subcooling effect
Low thermal conductivity
Softening effect to plastic containers
Congruent melting, no phase separation
High heat of fusion
Fatty acid

Good chemical and thermal stability
Little or no subcooling effect
Low thermal conductivity
High mass specific heat of fusion

Sugar alcohol

High volume specific heat of fusion
Subcooling effect

PEG

Water solubility and organic solubility
High heat of fusion
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Low or moderate melting temperature intervals
Chemical and thermal stability
Considerable subcooling effect
Low thermal conductivity (~ 0.2985 Wm-1K-1)
No phase segregation, good cycling performance
Water-salt solution

Low vapor pressure
5-10 vol. %volume change upon phase change
Chemically stable, but corrosive
High energy storage density with respect to mass and volume
High thermal conductivity

Salt hydrate

Incongruent melting
Subcooling effect to a marked extent
Small volume change upon melting
Melting temperatures higher than 150 °C
High thermal conductivity

Salt

Small subcooling up to several K
Low vapor pressure
Large volume changes up to 10 vol.%
Corrosive to metals
Suitable melting temperature

Inorganic mixture

Other properties are quite similar to the mixture’s pure
components

2.2 Heat of fusion measurements

There are different ways of getting heat of fusion data for a PCM, among them the most commonly used
are: differential thermal analysis (DTA), differential scanning calorimeter (DSC) and Temperature history (Thistory) [4], [6].

2.2.1 Differential thermal analysis (DTA)
DTA is a technique developed by ceramists and mineralogists [10] and is commonly used as a technique to
study the first order transitions (melting, crystallization, polymorphic transformation, sublimation, etc.) in
materials [11]. It is carried out by heating the sample together with a standard reference under identical
thermal conditions in the same oven and measuring the temperature difference between the sample and
reference substance during the period of heating. The temperature difference between the sample and a
reference are then recorded versus time or temperature during a temperature cycle. The basic setup can be
seen in Figure 3 [12].
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Figure 3. The schematic of differential thermal analysis (Source: Redrawn based on [12])

2.2.2 Differential scanning calorimetry (DSC)
DSC is similar to DTA in terms of the principle it follows, but in DSC, there are separate furnaces and
temperature control systems for reference sample and test sample. If the temperature of the sample lags
behind the reference, extra heat will be needed to keep the sample temperature the same with the reference.
By comparing the difference in the signal from sample and reference, the heat stored in the sample can be
determined [6]. A commercial DSC setup is shown below in Figure 4 [12].

Figure 4. A commercially available DSC setup (Source: [12])

2.2.3 Temperature history tests (T-history)
In DTA and DSC tests, the sample size is usually very small, thus if the materials is inhomogeneous, the
sample may not be representative; besides the subcooling effect for small samples and bulks are different [6].
Therefore, T-history method is introduced here for measuring bulk samples.
T-history method is first proposed by Zhang et al. in 1999, and is an effective way for researchers to
determine the heat exchange as a function of temperature of the bulk PCMs. It is based on the continuous
comparison of temperature changes of the test sample to a known reference sample located in the same
thermal environment [13]. A schematic of the T-history setup using climate chamber proposed by Chiu, 2011
[13] is shown in Figure 5.
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Figure 5. A schematic of the T-history setup (Source: [13])

Compared to DSC, T-history test has several advantages, besides the one mentioned before about size of
the sample, there are other advantages.
In temperature ranges where little heat is released or stored, little time is needed to run the measurement
due to the fact that the cooling down or heating up of a PCM in this stage is very fast. Only during phase
change happens, where a large amount of heat is released or stored and the temperature change is very slow,
more time is needed. But in DSC, the cooling and heating rate is fixed, which make the whole scanning
process slow [6].
Another advantage of T-history method is that the signal recorded is based on the difference between the
sample/reference and the ambient, which is usually larger than that of DSC (the temperature difference
between sample and reference). This results in a high ratio of signal to noise even for slow measurements [6],
which makes the measurement more accurate.

2.3 Volume expansion measurements

Volume expansion of a material can be determined by different ways with various kinds of experimental
setups. One method to measure the thermal expansion of a material is to use dilatometer. Also there are
different types of dilatometers available, for instance, pushrod dilatometer, capacitor dilatometer and optical
dilatometer [14].
2.3.1 Pushrod dilatometer
A pushrod dilatometer converts the displacement of the pushrod to a voltage by a linear differential
variable transformer (LVDT). Then the voltage and corresponding temperature of the free end of the
pushrod will be recorded, thus the temperature dependent thermal elongation properties of a material can be
determined. A schematic of a horizontal configured dilatometer is shown in Figure 6 [14].
2.3.2 High pressure dilatometer

Most of the conventional dilatometers measure volume changes at a fixed pressure, in most case,
atmospheric pressure. But in many cases, data of elongation properties under high pressure are
needed for a material. Thus efforts are devoted to develop high pressure dilatometers. N. Mizouchi
1973 [15] proposed a high pressure dilatometer which can measure the volume expansion under
pressure as high as 22 k bars. So et. al., 1992 [16]proposed a high pressure dilatometer design, in
which pressure is measured as a function of controlled volume changes.
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Figure 6. A schematic of dilatometer in horizontal configuration (Source: [14])

2.4 Theoretical explanation of volume expansion

Thermal expansion indicates the tendency of a substance to change in volume in response to a change in
temperature. When a substance is heated up, the amplitudes of the thermal vibrations of the atoms increase
[17], thus the volume of the substance increases. Another type of volume expansion comes from structural
change of the substance, like from one crystal structure to another, from crystalline to amorphous. In this
work, volume expansion includes both of them. Since there are only a limited amount of theoretical data
available to explain volume expansion mechanisms for all the types of PCMs selected as candidates in this
work, only explanations on paraffin are discussed below. Other materials may also have some similar volume
expansion mechanisms as paraffin.
2.4.1 Paraffin
Paraffin waxes are well known to have a large volume change, when melting, with an increase of 10%~20%
[18], which includes three parts:
1) 𝐾𝑠 , the thermal expansion occurring during heating up from a certain temperature to the melting
point;
2) 𝐾𝑐 , the expansion taking place during liquefaction and, if any, solid to solid phase transition;
3) 𝐾𝑙 , the thermal expansion during heating up from melting point to a certain temperature;

Therefore, the total expansion for a paraffin wax equals to the algebraic sum of the partial expansion [8]:
𝐾𝑡 (𝑣. %) = 𝐾𝑠 + 𝐾𝑐 +𝐾𝑙

(1)

where the average 𝐾𝑙 value for various paraffin waxes is 0.072 𝑣. %/°𝐶, with a maximum error of ± 0.008
𝑣. %/°𝐶 [8]; the 𝐾𝑠 value normally changes with temperature, but for amorphous waxes, it’s identical to that
of 𝐾𝑙 ; 𝐾𝑐 combines both thermal expansion and structural change, but cannot be separated experimentally [8].

Aside from the thermal expansion due to the temperature increase, structural change of paraffin results in a
large volume expansion. Solid state paraffin waxes are crystals with hexagonal (αH), orthorhombic (βO),
monoclinic (βM) or triclinic (βT) structures, of which αH is the solid structure stable in higher temperature,
when, if any, solid transition happens [8]. The molecules in these structures pack closer to each other in an
ordered form than in liquid phase, so they occupy less space (see Figure 7 [19]). The more crystal in solid
phase the larger volume expansion is to be expected at phase change [19].
Volume expansion from solid to solid transition usually happens on paraffin waxes that have carbon
numbers between 21 and 36 [8]. Solid-solid transition refers to the structural change from hexagonal to
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orthorhombic, monoclinic or triclinic structure (hexagonal structure is more compact than others), and the
volume expansion resulted from solid-solid transition is included in 𝐾𝑐 [8].

Figure 7. The specific volume of paraffin as a function of temperature (Source: Redrawn based on [19])

2.5 Theoretical calculation of thermodynamic parameters

The goal of this work is to evaluate the heat of fusion (ΔHf) and volume expansion upon phase change
(ΔVm), and phase change temperature (Tm) of certain PCMs under various pressures. These parameters could
also be obtained through theoretical calculations involving certain thermodynamic relations.

By using the state equations, the relation of specific entropy s, specific volume v and temperature T for a
homogenous substance can be written as [20]:
𝜕𝑠
𝜕𝑠
𝑑𝑠 = ( ) 𝑇 𝑑𝑣 + ( )𝑉 𝑑𝑇
𝜕𝑣
𝜕𝑇

(2)

𝜕𝑠
𝑑𝑠 = ( ) 𝑇 𝑑𝑣
𝜕𝑣

(3)

𝜕𝑃
𝑑𝑠 = ( )𝑣 𝑑𝑣
𝜕𝑇

(4)

∆𝑠 𝑑𝑃
=
∆𝑣 𝑑𝑇

(5)

When phase change happens, the temperature is constant, the above equation (2) becomes:

Using one of the Maxwell relations gives [20]:

Since the temperature and pressure remain constant during a phase change, the derivative of pressure with
respect to temperature is not a function of the specific volume. Thus the partial derivative can be transferred
into a total derivative and be factored out when doing an integral from one phase to another [20]. Thus the
integral of equation (4) becomes:

where ∆𝑠 and ∆𝑣 are the change of specific entropy and specific volume change upon phase change,
respectively.
Assuming the system is closed and undergoing an internally reversible process, the first law is:
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𝑑𝑢 = 𝛿𝑞 − 𝛿𝑤 = 𝑇𝑑𝑠 − 𝑃𝑑𝑣

(6)

𝐻 = 𝑈 + 𝑃𝑣

(7)

𝑑ℎ = 𝑑𝑢 + 𝑃𝑑𝑣

(8)

𝑑ℎ = 𝑇𝑑𝑠

(9)

∆ℎ = 𝑇∆𝑠

(10)

𝑑𝑃 ∆𝑠
∆ℎ
=
=
𝑑𝑇 ∆𝑣 𝑇∆𝑣

(11)

∆ℎ𝑓
𝑑𝑃
∆𝑠𝑚
=
=
𝑑𝑇𝑚 ∆𝑣𝑚 𝑇∆𝑣𝑚

(12)

The definition of enthalpy gives:

and T and P are constant during phase change, the derivative of the definition of enthalpy becomes

Combining equation (6) and (8) gives:

thus

From equation (5) and (10), the famous Clausius–Clapeyron relation describing the pressuretemperature slop of the co-existing solid-liquid phase is derived as:

[21]:

As for the relation between volume change, pressure and melting temperature of PCMs, (11) becomes

where P is the pressure, 𝑇𝑚 is the melting temperature, ∆𝑣𝑚 is the specific volume change upon melting, ∆𝑠𝑚
is the specific entropy change and ∆ℎ𝑓 is the heat of fusion.

And to know the volume expansion of PCMs after melted, the Tait equation of state (EOS) [22]can be
used:
𝑉0 − 𝑉
𝐵+𝑃
= 𝐶𝑙𝑜𝑔[
]
𝑉0
𝐵 + 𝑃0

(13)

where 𝑉0 represents the initial volume at low pressure 𝑃0 , usually 0,1 MPa or saturation pressure, B and C are
parameters determined by curve fitting, and normally for n-alkanes, C=0.2172 [22].
Then with Tait EOS, the specific heat capacity of melted PCMs under different temperature and pressure
can be calculated by [23]:
𝑝

𝜕2𝑣
𝑐𝑝 (𝑇, 𝑝) = 𝑐𝑝 (𝑇, 𝑝0 ) − 𝑇 �( 2 )𝑝 𝑑𝑝
𝜕𝑇
𝑝0

(14)

where 𝑐𝑝 (𝑇, 𝑝0 ) is the value of the specific heat capacity at reference pressure 𝑝0 , as a function of
temperature, which can be taken from the literature or experimental data.
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Chapter 3 Candidates identification
The aim of this study is to find suitable PCM alternatives for ECT. In order to make a comprehensive
research, possible candidates are selected from different types of PCMs discussed in section 2.1.4 PCM
classification, following the criteria described in section 2.1.2 Ideal PCM for Exencotech application.

3.2 Preliminary selection

After an intensive literature survey, a number of possible candidates are selected mainly according to their
melting temperatures, fulfilling temperature requirement of 20 - 40 °C for the application in ECT. Some of
their thermal and physical properties are also obtained from the literature, which are shown in Table 3
(Hereafter, in all tables Tm is the melting temperature, ΔHf stands for heat of fusion, ρs and ρl are solid density
and liquid density, respectively, ΔV is the volume expansion, λl represents the thermal conductivity. And due
to the confidential issue, heats of fusion for coded materials are given only in relative values, and the basis of
the relative values is hidden).
Table 3. Possible candidates from different PCM classes

Material

Formula

E
Heneicosane

C21H44

°C

Acetic acid

C2H4O2

16.7 [5]

187 [5]

-

F
Tridecylic acid

C13H26O2

32
41.4 [7]

0.437
154 [7]

A
PEG 600

H(OC2H2)nO
H
H(OC2H2)nO
H
LiCl.4C2H6O

22
17-22 [6]

0.489
127 [6]

35-40 [6]

149.5 [7]

1004
1025
[27]
1232
[6]
1126

21 [5]

188 [5]

C3H6O3

26 [5]

184 [5]

Diphenyl oxide

C12H10O

28 [5]

100 [5]

B
Methyl palmitate

C17H34O2

28
29 [5]

0.691
205 [5]

1,3 Methyl pentacosane
Tetradecyl carbonate
Glycerol trimyristate

C26H54
C29H58O3
C45H86O6

29 [5]
31.8 [7]
32 [7]

197 [5]
227 [7]
154.3 [7]

930
852
[29]
-

Camphenilone

C10H16O

39 [5]

205 [5]

-

Docasyl bromide
Caprylone

C22H45Br
C15H30O

40 [5]
40 [5]

201 [5]
259 [5]

897

PEG 1000
Lithium chloride
ethanolate
D-Lactic acid

Tm

ΔH f

ρs

32
40.2 [8]

0.634
201 [7]

-
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kJ/kg

3

kg/m

ρl

ΔV

λl

797.6
778.2
[8]
1049
[5]
886
-

-

0.15
0.154 [24]

%

W/m.K

15.6 0.18 [5]
[5]
0.532 0.149
-

776.7
1126
[6]
1093

9.4

0.144
0.19 [6]

3

-

-

-

-

-

1357
[28]
-

1249
[5]
1073
[5]
776.7
-

12.15 -

1080
[30]
986
[31]
-

-

-

-

0.157 [32]

-

-

-

0.142

0.788 0.15
-

Phenol

C6H5OH

41 [4]

120 [4]

[33]
1070
[34]
932
1736
[5]
1710
[6]
1550
[5]
1460
[5]
1440
[5]
1520
[5]

-

-

0,153 [35]

787.7
-

0.724
-

0.15
-

1562
[6]
-

9.5

-

8 [5]

-

-

-

0.554 [6]

-

-

-

1442
[6]

5.1

0.476 [6]

-

-

-

-

-

-

-

-

-

1-Cyclohexylooctadecane C24H48
41 [5]
4-Heptadacanone
C17H34O
41 [5]
C
36.7
B +Heneicosane
25.8-26
B+Docosane
25.5-27
73.5 wt. % F +26.5 wt. % Myristic
21.4
G
22.1
66 wt. % Lauric + 34 wt. % Palmitic
33-37 [7]
63 wt. % Lauric + 37 wt. % Myristic
33-37 [7]
76 wt. % Lauric +24 wt. % Stearic
37 [7]
Sodium hydrogen
Na2AsO4⋅12H2O 28 [5]
arsenate dodecahydrate
Calcium chloride
29.4
CaCl2⋅6H2O
hexahydrate
[5]
Lithium nitrate trihydrate LiNO3⋅3H2O
29.88
[5]
Sodium sulfate
32.4
Na2SO4⋅10H2O
decahydrate
[5]
Sodium carbonate
33 [5]
Na2CO3⋅10H2O
decahydrate
Sodium Hydrogen
Na2HPO4⋅12H2O 36 [5]
Phosphate
dodecahydrate
Ferric chloride
37 [5]
FeCl3⋅6H2O
hexahydrate
Cobalt sulfate
40.7
CoSO4⋅7H2O
heptahydrate
[5]
50 wt. % CaCl2+ 50 wt. % MgCl2.6H2O
25 [4]

218 [5]
197 [5]
0.706
0.497
0.582
152
0.437
169 [7]
170 [7]
171 [7]
-

95 [4]

1820
[37]
2030
[38]
-

50 wt. % CH3CONH2+ 50 wt. %
NH2CONH2
62,5 wt. % Triethylolethane + 37,5 wt. %
urea
47 wt. % Ca(NO3)2.4H2O + 53 wt. %
Mg(NO3)2.6H2O
40 wt. % CH3COONa.3H2O + 60 wt. %
NH2CONH2
H
D
-

27 [4]

163 [4]

-

-

-

-

29.8
[4]
30 [4]

218 [4]

-

-

-

-

136 [4]

-

-

-

-

30 [4]

200.5 [4]

-

-

-

-

22-24
32

-

-

0.822
0.808

-

-

3.3 Intermediate selection

107 [5]
296 [5]
253 [5]
251 [5]
280 [5]
226 [5]
170 [5]

The preliminary selection is mainly based on the melting temperature, but as we can see, there are too
many candidates matching this criterion. So to scale down the candidates, other criteria like subcooling effect,
phase separation, compatibility, corrosiveness, availability, inexpensiveness, and so on were taken into
consideration. This selection leads to the identification of the intermediate candidates (Table 4), which have
been tested by T-history test and volume expansion test later on. Their heats of fusion and volume expansion
values have been then used to map the energy density and volume expansion chart.
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Table 4. Intermediate candidates

Material

Tm (°C)

ΔHf

ΔV

A

22

0.489

-

G

22.1

0.437

-

H

22-24

-

-

B

28

0.691

0.788

E

32

0.634

-

D

32

-

-

F

32

0.437

0.532

C

36.7

0.706

0.724

- 24 -

Chapter 4 Experiments
In this chapter, detailed experimental methods are introduced, experimental conditions and procedures are
illustrated. The two main tests explained here are T-history test and Volume expansion test.

4.1 Heat of fusion

In this work, T-history method has been used to evaluate the heat of fusion of different PCMs. As was
mentioned before, one advantage of the T-history method is the ability to utilize bulk samples which makes
the test results more representative for PCMs in real application.
T-history method is derived from the determination of phase diagram, which records the temperature
history of a material when cooling down from liquid state to solid state. But temperature history itself is not
sufficient to get the heat capacity and heat of fusion data of a PCM because the heat exchanged during
cooling is not measured. Therefore, a reference (the reference should not be undergoing phase change within
the experimental temperature range, and usually water is used) with known thermal property (heat capacity) is
used to enable the acquisition of thermal property data of the PCM sample. The sample and reference will be
filled in two identical containers, and be subjected to the same thermal condition ( in this work, these samples
are placed in a water bath which has a temperature controller) when their temperature history is recorded. A
typical temperature history figure of a PCM sample and the reference is shown in Figure 8 [6].

Figure 8. T-history of a sample with a latent heat, and a reference with only sensible heat, during cooling down at a
constant temperature (Source: [6])

T-history method relies on the isothermal condition of the samples and its calculation is based on lumped
capacitance method, where both of them require that the temperature gradient inside both of the reference
and sample are small. In thermodynamic sense, the external convective heat transfer should be much smaller
than the internal conductive heat transfer, which interprets to a small Biot number (Bi <<1) ( [13]). To
maintain a small Bi, usually an insulation layer around the sample and reference is added ( [6]), like the one
shown in Figure 9 [40], so the heat transfer rate is small enough. The calculation of Biot number can be done
by the following equation.
𝑈∗𝑟
(15)
2∗𝑘
where U is the overall heat transfer coefficient from the water bath to the sample, r the radius of the test tube,
and k the thermal conductivity of the sample.
𝐵𝑖 =
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Since the reference and the sample are filled in identical containers and cool down under the same thermal
conditions, the heat transfer coefficients from ambient (water bath) to the sample and reference are also
identical (the same Rth in the equation (16) and (17)). Thus, by comparing the two curves recorded, the heat
stored within the sample can be calculated based on the following steps.

Figure 9. An insulation layer used to reduce the convective heat transfer (Source: [40])

The heat flux (𝑄̇) from the reference to the ambient when cooling can be calculated with equation (16) [6].
Since the heat capacity (𝐶𝑟𝑒𝑓𝑒𝑟 ) and temperature change of the reference are known, the thermal resistance
Rth of the system can be derived. (𝑇𝑟𝑒𝑓𝑒𝑟1 , 𝑇𝑟𝑒𝑓𝑒𝑟2 , 𝑇𝑎𝑚𝑏𝑖𝑒𝑛𝑡1 , 𝑇𝑎𝑚𝑏𝑖𝑒𝑛𝑡2 are temperatures of reference and
ambient at t1 and t2, respectively)
𝑄̇ =

1
𝑑
∙ [�𝑇𝑟𝑒𝑓𝑒𝑟1 − 𝑇𝑎𝑚𝑏𝑖𝑒𝑛𝑡1 � + �𝑇𝑟𝑒𝑓𝑒𝑟2 − 𝑇𝑎𝑚𝑏𝑖𝑒𝑛𝑡2 �] = −𝐶𝑟𝑒𝑓𝑒𝑟 ∙ 𝑇𝑟𝑒𝑓𝑒𝑟
2𝑅𝑡ℎ
𝑑𝑡

(16)

Then by following the same principle and using the same Rth, the heat capacity of the measured sample
(𝐶𝑠𝑎𝑚𝑝𝑙𝑒 ) at different temperature can be calculated by equation (17) [6].
𝑄̇ =

1
𝑑
∙ [�𝑇𝑠𝑎𝑚𝑝𝑙𝑒1 − 𝑇𝑎𝑚𝑏𝑖𝑒𝑛𝑡1 � + �𝑇𝑠𝑎𝑚𝑝𝑙𝑒2 − 𝑇𝑎𝑚𝑏𝑖𝑒𝑛𝑡2 �] = −𝐶𝑠𝑎𝑚𝑝𝑙𝑒 ∙ 𝑇𝑠𝑎𝑚𝑝𝑙𝑒
2𝑅𝑡ℎ
𝑑𝑡

(17)

Then the heat stored (𝑑ℎ𝑃𝐶𝑀 ) within the PCM sample and the specific heat capacity of the PCM (𝑐𝑃𝐶𝑀 )
can be calculated employing equation (18) [6].

𝑑ℎ𝑃𝐶𝑀 = 𝑐𝑃𝐶𝑀 ∙ 𝑑𝑇 =

𝑄̇ 𝑑𝑡
𝑚𝑃𝐶𝑀

4.2 Experimental procedure of T-history test

(18)

The temperature interval recorded in this work is 13 °C above and below the melting temperature of a
PCM (Tm ±13 °C, for B, its melting temperature is 28 °C, the temperature interval recorded is 15-41 °C), and
each time when the temperature of the water bath reaches the boundary line, it was allowed to remain in the
same temperature for 7 h for the sample to reach steady states. The procedures is described below.
1. Marking three tubes as R, S1, S2
2. Weighing the empty tubes and writing down their weights as mR1, mS1.1, mS2.1
3. Placing one reference sample and two test samples into these tubes according the names written
above, the heights of the samples in the tubes are preferably to be the similar
4. Weighing the tubes with samples again and writing down their weights as mR2, mS1.2, mS2.2
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Calculating the weights of the samples, denoted as mR, mS1, mS2
Sealing the tubes with rubber caps and insert temperature sensors (PT100) into each tube
Placing the tubes into the insulation setup (shown in Figure 10) and fixing the setup in the water bath
Placing another temperature sensor (PT100) in the middle of the insulation setup (see Figure 11) to
measure the temperature of the water in the bath
9. Configuring the program of the water bath and start the program
10. Configuring the data logger software and start logging temperature data

5.
6.
7.
8.

Figure 10. Insulation layer for T-history tests

Figure 11.Schematic of T-history test in this work

4.3 Volume expansion

Previously, several standard volume expansion test methods have been mentioned, but in this work, a
different method is used to conduct volume expansion tests. The setup is designed in ECT, of which the
main components can been seen in Figure 12. A force is applied at the free end of the lever of the setup to
create a high pressure on the piston, then the pressure is transferred to the PCM in the chamber; the chamber
can be heated up and cooled down with hot and cold water, so the state and volume of the PCM can be
changed accordingly. The height of the free end from the ground will change, indicating the volume change
of the PCM; hence by recording the height of the free end, the volume change can be calculated by these data.
To calculate the applied pressure from the applied weight on the free end, and the volume expansion from
the height change of the free end, the dimension of the setup (see Appendix) and the transfer functions
(Equation (19)and (20)) are used.
𝑃(𝑀𝑃𝑎) = 0.259 𝑚(𝑘𝑔)
- 27 -

(19)

∆𝑉(%) = 0.288 �𝐻𝑓 − 𝐻𝑖 �

(20)

where Hf and Hi mean the final and initial height of the free end of the system.

Figure 12. Volume expansion setup designed in ECT

The advantages of the system are very obvious. It’s very easy to change the applied pressure on the PCM,
and the pressure will the always the same throughout the test. And since the chamber is made of steel, the
pressure on the PCM can go very high without damaging the setup. And the system is very easy to maintain
and clean, since it only contains mechanical components but not electronic ones. But it also has some
disadvantages, for example, the temperature of the PCM cannot be measured accurately, nor the height of the
free end of the frame; since the piston has a very small diameter, it’s hard to maintain the system 100% sealed
in high pressure and temperature, a small amount of liquid leakage can be observed.

4.4 Experimental procedure of volume expansion test

The same to T-history tests, the temperature interval recorded in the volume expansion tests is also Tm
±13 °C, because it’s the working temperature of the system in ECT. The height of the free end is measured
by a ruler. The test chamber is divided into two parts, the upper part and the bottom part, but they are
connected. The PCM in the upper part will always in liquid state to make sure there will be no pores
generated when the bottom part is frozen (when the PCM in the bottom part freezes and shrinks, the whole
small pores generated can be filled by molted PCM from the upper part). A clear configuration of the
chamber can be seen in Figure 13. The detailed volume expansion test procedure is listed below.
1. Melting the PCM sample and fill it into the test container, making sure there is no gas inside by
releasing it from the air release hole in the bottom of the chamber
2. Fixing the whole test setup in frame
3. Putting some certain weight (10 kg, 25 kg, etc.)on the free end, recording the value of the weight
4. Connecting all hoses properly to the tunnels in the chamber
5. Starting the hot water flow to melt PCM in the whole chamber
6. Starting the cold water flow with a temperature of (Tm -13) °C to freeze the PCM in the bottom part,
while keeping the hot water running in the upper part of the chamber
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7. When the bottom part is absolutely frozen, recording the height of the free end of the frame and
denote as Hi
8. Increasing the temperature of the water in the bottom part by several degrees according to a
temperature plan, waiting a few minutes and recording the height of the free end
9. Repeating step 8 until the temperature of the bottom part reaches (Tm +13) °C
The above mentioned procedure is general procedure for volume expansion tests, but there are two types
of volume expansion tests conducted in this work. The differences of their procedures are reflected in their
results. A schematic of the volume expansion setup is shown in Figure 14.

Figure 13. The actual configuration of the testing chamber

Figure 14. Schematic of volume expansion setup
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Chapter 5 Results and discussions
Using the experimental methods mentioned in the previous chapter, essential data are collected. In this
chapter, these data are processed, results are presented and necessary discussions are made. There are four
sub-topics being discussed in this chapter, heat of fusion, overall volume expansion tests under 116.5 bar,
volume expansion and energy density chart, and volume expansion tests at different temperatures and
pressures.

5.1 Heat of fusion

The heats of fusion of eight candidates selected before are measured by T-history tests with water bath.
Data are carefully processed with the method described in section 4.1, and the heats of fusion of the eight
candidates are calculated and compared to the literature data. Some typical phenomena are observed
discussed below. Since the analyses of the results are similar from sample to sample, in this section, only the
most representative data are presented to illustrate certain phenomena, and all other results can be found in
Appendix.
Figure 15 shows the temperature profiles of samples and water bath in the test for C. From this figure, it’s
clear that C shows a sharp phase change temperature at around 35.7 °C both for melting and freezing, which
is a little lower than the literature data 36.7 °C. The melting (freezing) temperature of C can also been seen in
its enthalpy change curve (Figure 17).
From Figure 15, it can also be seen that the temperature curve of sample 2 lags in some part of the curve
compared to the temperature curve of sample 1, this may be because sample 2 is placed farther from the
heater in the water bath (see setup schematic in Figure 11) and the temperature of water around sample 2
changes actually slower than that around sample 1. As a consequence, the heat of fusion of sample 2
calculated with the previously mentioned method is larger than that of sample 1 when using the same
measured water bath temperature for both samples. This can be clearly seen from the melting and freezing
enthalpy curves of two samples in Figure 16 and Figure 18. Furthermore, the temperature of water around
sample 1 changes faster than measured water bath temperature, while the temperature of water around
sample 2 changes slower than the measured water bath temperature, therefore, a more accurate value of heat
of fusion will be the average of heats of fusion of two samples.
Again, from Figure 17, we can see that the freezing enthalpy is also higher than the melting enthalpy for the
same sample. The reason behind this phenomena is that the temperature sensors are located in the middle of
testing tubes, when phase change happens, the solid PCM tends to go to the bottom of the tube because of
higher density, thus the temperature measured by the temperature sensors are actually a little higher than the
real temperature in the tube. This phenomenon has already been explained by Justin Chiu, 2013 [41], where
he also suggested that using horizontal testing setup can reduce or eliminate the gravitational impact. Thus, in
this work, the average value of the melting and freezing enthalpies will be considered as the real heat of
fusion.
Therefore, the values of heat of fusion for the eight candidates measured in this work will be the average of
the melting and freezing enthalpies of both sample 1 and sample 2 (four enthalpy values), like in equation (21)
shown below (except for some candidates, where only freezing and melting enthalpies for one sample are
available because of the shortage of quantities). Their uncertainties are also calculated by these four enthalpy
values with equation (22), namely their standard deviations. The relative heats of fusion (in the form of
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average value ± standard deviation) determined for these eight candidates are shown in Table 5 accompanied
with the temperature ranges over which the values are measured. As we can see, the melting temperatures
measured for these PCMs are mostly closed to those stated in the literature, where the G shows the largest
difference. A has the lowest heat of fusion from 11-40 °C, while E has the largest from 11-53 °C. Since the
calculated heats of fusion for each PCM may include some sensible heat, the comparison between the
calculated values and literature values is difficult to make. Their relative melting and freezing enthalpy curves
are shown in Figure 19 and Figure 20.
����
∆𝐻 = ∆𝐻𝑓𝑟,1 + ∆𝐻𝑚𝑒,1 + ∆𝐻𝑓𝑟,2 + ∆𝐻𝑚𝑒,2
𝜎∆𝐻

(∆𝐻𝑓𝑟,1 − ����
∆𝐻 )2 + (∆𝐻𝑚𝑒,1 − ����
∆𝐻 )2 + (∆𝐻𝑓𝑟,2 − ����
∆𝐻 )2 + (∆𝐻𝑚𝑒,2 − ����
∆𝐻 )2
=�
3

(21)
(22)

where ∆𝐻𝑓𝑟,1 , ∆𝐻𝑚𝑒,1 are the freezing enthalpy and melting enthalpy of sample 1, ∆𝐻𝑓𝑟,2 , ∆𝐻𝑚𝑒,2 are the
freezing enthalpy and melting enthalpy of sample 2, respectively.

Figure 15. Temperature profiles of T-history test for C
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Figure 16. Relative melting enthalpy and freezing enthalpy for C

Figure 17. Relative melting enthalpy of two C samples
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Figure 18. Relative freezing enthalpy of two C samples

Figure 19. Relative melting enthalpy for all eight candidates
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Figure 20. Relative freezing enthalpy for all eight candidates
Table 5. Relative heats of fusion for the eight selected candidates

PCM

Meas. Tm (°C)

Meas. ΔHf

Theo. Tm (°C)

Theo. ΔHf

A

19.8-21.1

0.608±0.036 (11-40 °C)

21

0.489

H

22.2-23.8

0.698±0.0034 (10-46 °C)

23-25

-

G

23.6-27.4

0.676±0.020 (7-39 °C)

22.1

0.437

B

27.7

0.695±0.061 (11-45 °C)

28

0.691

F

28.9-31.0

0.632±0.049 (11-47 °C)

32

0,437

E

31.5

0.874±0.007 (11-53 °C)

32

0.634

D

31.8

0.702±0.049 (14-46 °C)

32

-

C

35.7

0.748±0.049 (13-50 °C)

36.7

0.706

Subcooling is an unfavored property for the application in ECT, but it is observed in the tests for some
candidates. Figure 21 shows the relative freezing enthalpy curves of H. We can see that, the temperature of
the samples has reached 23.2 °C before freezing, when considering its freezing temperature as 23.8 °C, the
degree of subcooling is 0.6 °C. There are three out of the eight candidates that have subcooling effect, D, H
and G, their relative freezing enthalpy curves are shown in Figure 23 and their degrees of subcooling are
given in Table 6, where the G exhibiting the highest degree of subcooling. Subcooling can also be identified
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by referring to the temperature profile of the PCM sample, if subcooling happens, there will be a sudden
temperature increase before the freezing plateau (See Figure 22, circled).

Figure 21. Relative freezing enthalpy curves of H

Figure 22. Temperature profiles of T-history test for H
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Figure 23. Relative freezing enthalpy for three candidates that have subcooling effect
Table 6. Subcooling degrees of three candidates

PCM

TSubcooling (°C)

TFreezing (°C)

Degree of subcooling (°C)

H

23.2

23.8

0.6

G

26.0

27.4

1.4

D

31.4

31.8

0.4

Two other peculiar phenomena are observed in the test for E. Figure 24 and Figure 25 show the
temperature profiles and relative enthalpy curves in the T-history test for E, respectively. From Figure 24, we
can see that the temperatures of the water bath and water sample are behaving as expected, but the
temperature of the E sample shows two peculiar points. It apparently has two phase change stages both in
melting and freezing; and the temperature goes up and then goes down again in melting part. These can also
been noticed in Figure 25.
The first phase change is at a temperature around 22 °C, but it lasts for a very short time and creates much
lower enthalpy than the main phase change (See Figure 25). Since at 22 °C, E is still in the solid state, this
phase change is believed to be solid-solid phase change. But according to some studies, solid-solid phase
change only happens in normal paraffin with medium carbon numbers from C21 – C36 [8], while E only has X
(X<21) carbon atoms. So this phase change stage should be further studied to verify if it is in fact a solidsolid phase change or merely happens because of other reasons, like impurities. Regarding the abrupt
temperature change in melting part, in fact, this is quite contrary to the usual and reasonable expectations for
the phase change behavior of paraffins. The real causes are yet to be determined, but a possible
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malfunctioning of the temperature sensor can be eliminated from the reasons because in all the three melting
and heating cycles, this phenomenon was always observed and the sensor was used for other tests later and
earlier on. Therefore, further studies should be done to confirm this phenomenon and get its actual reasons.
This phenomenon, however, is also observed in the G (See Appendix D, VIII: Results for ).

Figure 24. Temperature profiles in T-History test for E

Figure 25. Relative melting and freezing enthalpy curves for E
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5.2 Overall volume expansion tests at 116.5 bar

In order to map the volume expansion against energy density for the intermediate candidates and identify
the final candidates for further tests, overall volume expansion tests at 116.5 bar, from around Tm-13 °C to
Tm+13 °C are carried out using the procedures mentioned in Section 4.4 Experimental procedure of
volume expansion test. The test for each candidate consists of 3 heating and cooling cycles, and thus three
readings for each PCM. The reading of volume expansion (Δl) are initially in mm, but since the size of solid
PCM is known, the volume expansion percentages (ΔV) can be easily calculated. Their average values and
standard deviations (σ) are calculated and listed in Table 7. The detailed calculation procedure can be found in
Appendix B: Calculation of Volume expansion test. Since volume expansion data are very limited in the
literature, the comparison of literature data with experimental data is not discussed in detail. But for B, since
the difference between measured value and literature value is really small, the setup designed by ECT should
be effective and sufficient in measuring the volume expansion for industrial application.
Table 7. Overall volume expansion of the eight selected candidates

PCM

Tm (°C)

Average ΔV

σ

A

21

0.766

0.018

G

22.1

0.573

0.0067

H

23-25

0.654

0.029

B

28

0.820

0.031

D

32

0.766

0.018

E

32

0.785

0.012

F

32

0.642

0.024

C

40

0.816

0.0067

5.3 Volume expansion against heat of fusion, and final selection

According to the results presented above, the energy density and volume expansion chart can be mapped,
as shown in Figure 26. Here, we can see that B has the largest volume expansion and a medium heat of fusion;
A has the smallest heat of fusion but a relatively high volume expansion. E, on the other hand, has a high
volume expansion, but its high heat of fusion makes it uncompetitive; where F has low heat of fusion, but its
volume expansion is relatively too small. Paraffins normally have high volume expansion, and D can be
comparable to them.
Therefore, the most promising candidates for ECT are A, B, C and D (although D shows subcooling
effect, its degree is very small, only 0.4 °C). This deduction is more evident when referring to Figure 27,
which shows the volume expansion density (volume expansion per unit heat absorbed) of 8 candidates. These
four candidates are further tested to understand their volume expansion property at different temperatures
and pressures. But to study the properties of paraffins with odd carbon numbers, E is also included in these
further tests.

- 38 -

Figure 26. Volume expansion versus heat of fusion (with standard deviations) for the eight selected candidates (Relative)

Figure 27. Volume expansion density of 8 candidates

5.4 Volume expansion tests at different temperatures and pressures

After the preliminary selection, intermediate selection and final selection, four most promising candidates
have been identified for the application of ECT. These are then subjected to more detailed volume expansion
tests in order to learn more about their volume expansion behaviors, and are discussed in this section. The
same experimental setup and similar procedure are used to study the relations between volume expansion and
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temperature and pressure. But due to system and time limitations, not all designed tests are carried out,
however still, representative results are obtained and discussed.
Figure 26 shows the temperature dependent volume expansion curve of B at a pressure of 25.9 bar. From
this figure, we can see that most of the volume expansion is accumulated from 26-30 °C (near the melting
temperature of B), and before 26 °C and after 30 °C, the volume expansion is very small. So for ECT, when
considering the selection of heat source and heat sink in their system, they can take this into account to
ensure a maximum energy output. The volume expansion – temperature curves of other candidates at a
pressure of 25.9 bar are shown in Figure 29, and their separated curves are shown in the Appendix E:
Volume expansion test results. The temperature ranges that give the highest volume expansion for the final
candidates are given in Table 8.

Figure 28. Relative volume expansion curve of B at 25.9 bar

Figure 29. Relative volume expansion curves of final candidates at 25.9 bar

- 40 -

Figure 30. Relative volume expansion curves for B at different pressures
Table 8. Temperature ranges that give the highest volume expansion for final candidates

PCM

Trange (°C)

Volume expansion

A

8-23

0.64/0.69

B

26-30

0.72/0.88

C

33-40

0.77/0.85

D

28-35

0.67/0.74

Also, from the Figure 28, we can see, from 15°C to 41 °C, the overall volume expansion for B at 25.9 bar
is only slightly larger than that for volume expansion at 116.5 bar. This is most probably because of the small
compressibility of B. But, due to the configuration of the test setup, it is not possible to calculate the
compressibility of B from this work. The reduction of volume expansion following the increase of pressure
can also be observed in Figure 30. (In the figure, 10kg corresponds to a pressure of 25.9 bar, and 25 kg
corresponds to 64.7 bar. The actual reduction because of pressure increase should not be as big as shown in
the figure, because a leakage is observed for 64.7 bar test at high temperature)
As mentioned before in Clausius–Clapeyron equation, the melting temperature is related to the pressure
applied. From Figure 30, this phenomenon can be observed by relating volume change to phase change.
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When the pressure is increased to 64.7 bar (25 kg) from 25.9 bar (10 kg), the volume expansion curve moves
to a higher temperature, the approximate melting temperature difference between these two curves is 1.6 °C.
Although this is just indicative and alone cannot offer a thorough understanding of the relation between
melting temperature and pressure, if more tests are done, it is possible to help ECT make a better design of
their system.
In T-history test, two phase change stages are found for E. Here, the same phenomenon is also observed
in the volume expansion test (see Figure 31). The temperature here for the first phase change is around 22 °C,
which is similar to that from the T-history test. Like the enthalpy change in T-history test, the volume
expansion created in this stage is also much smaller compared to the second phase change, which should be
solid-liquid phase change.

Figure 31. Relative volume expansion curve of E at 25.9 bar
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Chapter 6 Conclusions
This work is a combination of an intensive literature study and complementary experimental researches. Its
main aim is to find suitable alternative phase change materials for Exencotech AB.
The candidate selection process consisted of three phases. Firstly, 35 candidates from different PCM types
with a melting temperature of 20 - 40 °C were selected. Secondly, to scale down the number of candidates,
their thermal, chemical and physical properties were considered. This has led to 8 intermediate candidates.
Finally, after carrying out T-history and overall volume expansion tests for these 8 candidates, 4 most
promising ones were identified. They are A, B, C and D, which are listed along with some of their properties
in Table 9. These 4 final candidates have high volume expansion density, among which A gives the highest
volume expansion density, which is 0.97 cm3/kJ; they have no phase separation, little or no subcooling effect
and are all compatible with metal containers used in ECT.
Table 9. Main properties of the four final candidates

PCM

Tm (°C)

ΔH

ΔV

A

19.8-21.1

0.608±0.036
(11-40 °C)

0.766±0.018

Volume expansion
density (cm3/kJ)
0.97

B

27.7

0.695±0.061
(11-45 °C)

0.820±0.031

0.90

C

35.7

0.748±0.049
(13-50 °C)

0.816±0.0067

0.82

D

31.8

0.702±0.049
(14-46 °C)

0.766±0.018

0.81

Aside from the main achievement from the study which fulfills the goal, some other conclusions could also
be drawn.
The heats of fusion of eight candidates were calculated by obtaining the average values of melting and
cooling heats of fusion of two samples. If improvements, like using horizontal setup, measuring the
temperature of water very close to the sample are made and using climate chamber instead of water bath, the
accuracy of the measured values of heats of fusion can be largely improved.
The heats of fusion obtained from T-history tests may include some sensible heat, therefore, the
comparison between the measured values and literature data is difficult to make. But T-history test serves as a
good tool to research qualitative properties of PCMs, behaviors like subcooling, and multiple phase change
stages were observed in this work.
The volume expansion test setup is designed by ECT, it is not complicated but it works well at low
temperature and low pressure. The volume expansion value of B measured with this setup agrees well with
the literature data. Therefore, this setup should be an effective tool to measure volume expansion for various
materials. If we can give a better sealing solution between the piston and the chamber, it will become effective
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at even higher temperature and pressures, and can be used for more detailed investigations. Furthermore, if
improvements regarding the temperature measurement and height measurement can be made, the results
from this setup will be more accurate. But for industrial application, this setup should already be sufficiently
accurate.
E shows strange behaviors duirng phase change. In the T-history test, a sharp drop of temperature has
been observed in the melting curve at the temperature a little above its melting point. But there is no
explanation available for this phenomenon, so further study is needed. On the other hand, E shows two
phase changes, the first one happens around 22 °C, which is thought to be solid-solid a phase change in C21 –
C36 [8] paraffins; the second one should be the normal melting like other paraffins. This phenomenon was
also observed when carrying out volume expansion test, however, more study is needed to confirm the solidsolid transition.
Paraffins have a big volume expansion even under high pressure, and it is mostly created when phase
change happens. Because, during phase change, the structure of paraffins changes dramatically, from
crystalline structure (organized and compact) to disordered structure (loose pack). For some paraffins, phase
change also happens in solid state, where their structural changes also contribute to volume expansion slightly.
The Clausius–Clapeyron equation can be used to study thermodynamic parameters during phase change
under different conditions. Tait equation can be used to calculate volume change in liquid phase under
different pressure, and together with Equation (14), specific heat for liquid under different pressures and
temperatures can be calculated. But to be able to carry out more theoretical calculations, more experimental
investigations are needed.
Future work could be focused on improving the accuracy of test setups, conducting more tests under
different conditions and carrying out more theoretical study on phase change behaviors.
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Appendix A: Specifications of Devices and reagents
I: Specifications of devices
Device

Specifications

Data logger

22 bit Keithley 2701 Ethernet multimeter acquisition system with
multiplexer card 7706

Water bath

LAUDA alpha and LAUDA ECO GOLD RE 1050

Pt100

Pentronic 7404000 250 °C

Thermometer

CLE307 Thermometer

II: Specifications of Reagents
Product

Chemical composition

Purity

Manufacture

B

B

97%

Sasol Germany GmbH

A

A

-

Sasol Germany GmbH

C

C

97%

Sasol Germany GmbH

E

E

99%

Sigma Aldrich

D

D

-

Sasol Germany GmbH

H

H

96%

Sasol Germany GmbH

F

F

98%

Sigma Aldrich

Palmitic Acid

Palmitic Acid

99%

Sigma Aldrich

PEG 600

PEG 600

-

Sigma Aldrich

Isofol 24

2-Decyltetradecanol

97%

Sasol Germany GmbH

Hypure water

Water

Biology grade

Thermoscientific
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Appendix B: Calculation of Volume expansion test
Figure 1 (Designed by Anders Wiberg) shown below gives the detailed dimensions of the setup used for
volume expansion test in this work. By following the equations listed below, the pressure applied and the
volume expansion measured can be easily calculated.

Figure 1. Dimensions of volume expansion test setup

The pressure on the piston, thus on the PCM, is calculated by diving the force applied on the piston with
the area of the piston.
𝑃=

𝐹𝑝
𝐴𝑝

The force applied on the piston can be calculated by the lever law with a R2 of 313.18 mm, a R1 of 649.001
mm (got from the figure), and the area of the piston can be easily obtained from the diameter of the piston,
which is 10 mm.
𝐹𝑝 × 𝑅2 = 𝐹 × 𝑅1
𝐴𝑝 = 𝜋 × 𝑟𝑝 2

When the volume expansion happens, the piston moves along the arc of the smallest circle in the figure,
considering the working mechanism of the system, which is mentioned previously, the volume expansion can
be calculated by dividing the elongation length of the piston with the length of the bottom part of the
chamber (167.5 mm).
∆𝑉 (%) =

∆𝑣 𝐴𝑝 × ∆𝐿 ∆𝐿
=
=
× 100%
𝑉
𝐿
𝐴𝑝 × 𝐿
- 49 -

By analyzing the geometry of the setup, it is simple to get the relation between the elongation of piston and
the measurement height difference of the frame tip (∆x).
∆𝐿 =

∆𝑥
× 𝑅2
𝑅1

Figure 2 below is the calculation sheet for volume expansion results, which integrates all the above
mentioned equations into an excel sheet and provides convenient evaluation of volume expansion property
when necessary data are gained.

Figure 2. Relative volume expansion calculation sheet
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Appendix C: Programming of the water bath
In the T-history test, LAUDA ECO GOLD RE 1050 water bath is used to provide heating and cooling
environment for the samples. Three heating and cooling cycles are needed for each test, the programming
code for C is shown below, which is quite familiar with codes for testing other materials.
Table 1. Water bath programming for C

NO.

Tend

hh

mm

Tolerance

Pump

Start

12

--

--

0,5

3

2

10

00

10

0,1

3

3

10

07

00

0,0

3

4

60

00

30

0,1

3

5

60

07

00

0,0

3

6

10

01

00

0,1

3

7

10

07

00

00

3

8

60

00

30

0,1

3

9

60

07

00

0,0

3

10

10

01

00

0,1

3

11

10

07

00

00

3

12

60

00

30

0,1

3

13

60

07

00

0,0

3

14

10

01

00

0,1

3

15

10

07

00

00

3

16

60

00

30

0,1

3

17

60

07

00

00

3
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Appendix D: Graphs of T-history test results
I: Results for B

Figure 3. Temperature profiles of T-history test for B

Figure 4. Relative enthalpy curves of melting and heating for B
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Figure 5. Relative enthaply curves of freezing for 2 B samples

Figure 6. Relative enthaply curves of melting for 2 B samples
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II: Results for A

Figure 7. Temperature profiles of T-history test for A

Figure 8. Relative enthalpy curves of melting and freezing for A
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Figure 9. Relative enthaply curves of freezing for 2 A samples

Figure 10. Relative enthaply curves of melting for 2 A samples
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III: Results for C

Figure 11. Temperature profiles of T-history test for C

Figure 12. Relative enthalpy curves of melting and freezing for C
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Figure 13. Relative enthaply curves of freezing for 2 C samples

Figure 14. Relative enthaply curves of melting for 2 C samples
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IV: Results for E

Figure 15. Temperature profiles of T-history test for E

Figure 16. Relative enthalpy curves of melting and freezing for E
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V: Results for H

Figure 17. Temperature profiles of T-history test for H

Figure 18. Relative enthalpy curves of melting and freezing for H
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Figure 19. Relative enthalpy curve of freezing for 2 H samples

Figure 20. Relative enthalpy curve of melting for 2 H samples
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VI: Results for D

Figure 21. Temperature profiles of T-history test for D

Figure 22. Relative enthalpy curves of melting and freezing for D
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Figure 23. Relative enthalpy curve of freezing for 2 D samples

Figure 24. Relative enthalpy curve of melting for 2 D samples
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VII: Results for F

Figure 25. Temperature profiles of T-history test for F

Figure 26. Relative enthalpy curves of melting and freezing for F
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VIII: Results for G

Figure 27. Temperature profiles of T-history test for G

Figure 28. Relative enthalpy curves of melting and freezing for G
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Appendix E: Volume expansion test results
The results shown below are obtained in the tests at a pressure of 25.9 bar. For B, one test at 64.7 bar is
also carried out, the result can be seen in chapter 5.

Figure 29. Relative volume expansion curve for B

Figure 30. Relative volume expansion curve for A
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Figure 31. Relative volume expansion curve for C

Figure 32. Relative volume expansion curve for E
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Figure 33. Relative volume expansion curve for D
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