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Abstract

Materials that store a significant amount of heat in a narrow temperature range by a solid-liquid or
solid-solid phase change are called Phase Change Materials (PCMs). The most well-known is water,
widely used for centuries in commonly called “ice storge”. Today, there are probably hundreds of
commercial PCMs, many of them pure substances, mainly from the material classes of the alkanes,
alkanols, and fatty acids, as well as mixtures, mainly of water and salts. As the phase change
temperature of a PCM determines the temperature range where it can be used, mixtures can extend
the choice. In this review, published literature on binary mixtures is analyzed. It is subdivided into
binary mixtures of the same material class, e.g., alkane — alkane mixtures, and of different material
classes, e.g., water — salt mixtures. The focus is on the questions what can be mixed, what has been
mixed, and what was the outcome, thus covers the composition, information on how the components
interact (e.g. salt hydrate), phase change temperature and enthalpy. The review shows the amount of
work done in the past decades, reveals promising as well as not promising combinations, and
highlights where more R&D should be performed.

Keywords: phase change material; PCM; compound; mixture; eutectic; alkane; alkanol; sugar alcohol;
fatty acid; salt hydrate;

1. Introduction
1.1. Background on PCMs

Thermal energy storage (TES), often also called heat and cold storage depending on the
application, already has a vital role in the energy system, and even more in the future. Different
effects can be used for TES. Among them are phase change between solid and liquid or different solid
phases, which typically occur in a narrow temperature range. If phase change is at a single
temperature the heat is also called latent heat as it cannot be sensed without a temperature change.
Materials that store a significant amount of heat in a narrow temperature range by phase change
solid-liquid or solid-solid are called Phase Change Materials (PCMs), often also latent heat storage
materials (even if some temperature change is involved). Precisely, the materials should also be
technically useful, e.g., not gold. Due to the ability of PCM to store a significant amount of heat in a
narrow temperature range, they are preferably used for thermal energy storage (heat or cold storage)
with high storage density (per mass or volume) in a small temperature range, and for passive
temperature stabilization (temperature control). Today, PCMs are used commercially in many
applications (Mehling et al. [1]), and there are many other potential applications where intense R&D
is going on (Mehling [2], Garcia et al. [3], Kriiger et al. [4], Dumont et al. [5], Novotny et al. [6]).

The most common PCM is water, with a phase change temperature Tpc between solid and liquid
at 0 °C, and an enthalpy change on phase change Apch of 333 kJ/kg or 306 kJ/L (at lowest density of
0.92 kg/L). For other application temperatures other materials with suitable Tpc have to be used. Well
known are paraffins, fatty acids, alcohols, and salts, as well as mixtures of two or more materials, e.g.,
eutectic mixtures of water with salts, salt hydrates, or mixtures of salts. And many more are
investigated and developed today to keep up with the growing demand for PCMs and the increasing
range of applications.
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1.2. Classification of PCMs

PCMs can and should be classified in different ways, depending on the goal and focus of
classification. In a review of classification of PCMs (Mehling [7]) a consistent classification scheme
was developed to give an overview of options for the search for new PCM candidates, including also
established PCM. It focusses on the chemical composition, using the approach and terms already
established in chemistry (e.g., Brown et al. [8]). The top level shows Figure 1. Its basis is crucial to

understand mixtures.

pure non-pure
substances substances
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chem. binary ternary
elements - -
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Figure 1. Top level of classification optimized for development of new PCMs (Mehling [7]).

Pure substances are elements, or chemical compounds which are composed of two or more
elements in integer proportions, e.g., in H20 being H:O as 2:1. Origin of the integer proportions are
primary bonds, built by electron sharing respectively transfer: molecules have covalent bonds, salts
have ionic bonds. Due to their fixed composition, pure substances have fixed physical and chemical
properties, e.g., Tpc. In contrast, non-pure substances are mixtures that have variable composition,
thus variable properties. Substances combined in a mixture are called component (Atkins [9]); the
ratio states the composition. Origin of possible variable composition, instead fixed, is a bonding that
is neither covalent nor ionic; e.g., present in metal - metal mixtures (called alloys, metallic bond),
water - salt mixtures (permanent dipole - ion), water - alcohol mixtures (permanent dipole -
permanent dipole), water - Oz mixtures (permanent dipole - induced dipole), and alkane - alkane
mixtures (induced dipole - induced dipole). Despite having overall variable composition, there is still
the possibility of specific proportions, e.g., in clathrates due to the arrangement of the host molecules.
Mixtures can be split up into those with both components being from the same subclass of materials
and those where they are from different subclasses (Mehling [7]). For binary mixtures this shows
Figure 2.

binary mixtures
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Figure 2. Classification of binary mixtures as PCM (Mehling [7]).

1.3. Advantages and Possible Drawbacks of Mixtures

With regard to the search for new, suitable PCM candidates, two main options exist:
investigation of pure substances, and investigation of mixtures. For both the requirements are the
same, as they originate from the demand for applying PCMs in different applications. Always,
storage of a significant amount of heat in a narrow temperature range is required, and typically it is
required for many cycles.
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Mixtures have a distinct advantage regarding the choice of phase change temperatures. Figure
3 shows the melting temperatures of 15 pure fatty acids, and additionally 97 of their binary eutectic
mixtures (predicted, as described by Kahwaji and White [10]), thus mixtures of the same subclass
(Figure 3).
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Figure 3. Melting temperatures of 15 pure fatty acids and calculated ones for their binary eutectic mixtures (data
source: Kahwaji and White [11]).

Figure 4 shows a phase diagram of H>O - CaCl: mixtures, thus mixtures from two different
subclasses, namely water and simple salts. There are three salt hydrates, in addition to water and the
pure salt CaClz, namely CaCl>-2H20, CaCl>-4H:0, and CaCl>-6H:0, and at a composition of about 30
wt.% CaClz also a eutectic mixture of water and the salt hydrate CaCl2-6H-O.
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Figure 4. Phase diagram (schematic) of H20 - CaCl: mixtures in a wide composition range.

However, Ty is not the only important criterion. Addition of salt to water can actually lead to
higher enthalpy change on phase change Apch. For example, Voigt and Zeng [12] list 475 kJ/L for
KF-4H-0 and 358 to 419 kJ/L for NaOAc-:3H20, both values significantly higher than the value of pure
water which is 306 kJ/L (at lowest density of 0.92 kg/L). Another advantage of mixtures is the option
to use, as a significant component, materials optimized for cost, availability (incl. bio-, waste-based
etc.), or disposal; all are relevant criteria for large scale use of a PCM. For example, an advantage of
salt hydrates is that a large fraction is water, which is cheap and abundant. These advantages make
mixtures very interesting when searching for new options for PCM.

Mixtures also have distinct, potential drawbacks, specifically with regard to their phase change
behavior. As non-pure substances they have variable composition, thus variable physical and
chemical properties. Thus, mixtures can undergo a local change of composition and phases. Having
different density, if at least one of the phases is liquid to allow motion, phases can separate
macroscopically. This is denoted by the terms congruent, incongruent, or semicongruent melting. A
change of composition, then different than intended, causes a change of the phase change
temperature (or temperature range) and typically a reduction of the overall phase change enthalpy.
This is related to the type of phase transition of a mixture, which can be peritectic, eutectic, etc.
Mixtures with a eutectic transition usually change phase at a single temperature without separation,
thus congruent, while mixtures with a peritectic transition by their very nature have a phase change
temperature range and probably show phase separation, thus are semi- or incongruent. Options to
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reduce phase separation are gelling, thickening, and stirring. However, these options are not useful
in many situations, and even if they are, require additional effort. Thus, a simple, congruent phase
change behavior is preferred. The potential drawbacks must be considered, and should be tested, for
any specific mixture before judging its potential to be used as PCM.

1.4. Goal, Method, and Scope of This Review

Having a classification scheme for the material options for the search for new, suitable PCM
candidates, including already established PCM (Mehling [7]), next is to use it to review results of past
R&D. Goal of this review is to get an overview on binary mixtures, specifically regarding what can
be mixed, what has been mixed until today, and what was the outcome. This starts with the
composition (chemical and physical), comprising the components being mixed (material class, e.g.,
alkane, and specific components, e.g., hexadecane, if applicable molecular structure, e.g., linear),
maybe information on how the components interact (e.g., salt hydrate). Next are the thermal
properties phase change temperature Tpc and enthalpy change on phase change Apch, and the phase
change properties, comprising the type of phase change (e.g., solid-liquid), type of phase transition
(e.g., peritectic), and information on the formation of phases with different composition (e.g.,
congruent melting). Also of interest is information about production and life cycle, specifically if a
significant component is available at low cost, abundant, waste-based etc.

The method for the review is to collect and evaluate the available literature on binary mixtures
for PCM.

For binary mixtures the options can be organized in a matrix (Figure 5) with the vertical and
horizontal direction covering the options for the two components. The vertical axis also shows the
classification details. The options for the individual components are, in the most basic form, selected
from the pure substances. Pure substances are subdivided into elements and chemical compounds
(Figure 1). Elements are split up into metals, non-metals, and semi-metals. Chemical compounds are
formed by electron sharing or transfer, so must be molecules or salts. These can be subdivided further
by their complexity, into small to large molecules and macromolecules (polymers), as well as simple
and more complex salts (like ionic liquids). Small to large molecules are further subdivided, because
of their importance in PCM development, into water, alkanes, alkanols, sugar alcohols, fatty acids,
esters, amines, and amides (Mehling [7]). Altogether, 14 subclasses were selected, and as one of them
is water, there are 13 options for binary mixtures of the same subclass. For binary mixtures of different
subclasses there are in total 13+ 12 + ... + 2+ 1 =91 options.

It must be stressed that impurities in small concentration, additives that act as nucleators,
additives to prevent or reduce phase separation (by gelling or thickening), or additives to enhance
heat transfer are not counted as component in mixtures in this review. They typically have no
significant effect in the phase diagram, thus are out of the focus.
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Figure 5. Overview on options for binary mixtures.

2. Review of Binary Mixtures

2.1. Binary Mixtures of the Same Subclass

For binary mixtures of the same subclass, e.g., alkane — alkane binary mixtures, generally a
positive outcome can be expected for mixing, at least in part. The reason is that both components
have the same bond type. Binary mixtures of the same subclass are found on the diagonal in the
overview in Figure 5.

2.1.1. Alkane - Alkane Binary Mixtures

For alkane - alkane binary mixtures, substantial literature exists. Specifically, linear alkanes,
called n-alkanes, are in the focus, as non-linear alkanes have lower melting enthalpy. Linear alkanes
have melting temperatures far below zero for small # (n = number of C atoms), rising above zero at n
=14, and approaching temperatures around 100 °C at large n. Bo et al. [13] looked at binary mixtures
of tetra-, penta-, and hexadecane (n = 14, 15, 16), specifically studied the phase diagram and behavior
of tetra- and hexadecane mixtures. Many n-alkanes show not only a phase change solid-liquid but
also phase change solid-solid of different types, which also affects the behavior of their mixtures.
Phase diagrams of alkane — alkane binary mixtures, specifically n-alkanes, were studied by Mondieig
et al. [14], including crystal structure. They covered n = 8 to 28, and mixtures with a difference in n of
the components being 1 or 2. The phase diagrams of the mixtures investigated show a complex
behavior, often having more than one solid-solid transition. Gunasekara [15] focused on crucial PCM
properties, from literature and own experiments. For binary mixtures, reported are eutectics,
peritectics, and isomorphous congruent minimum melting solid solutions, and phase change
temperatures between -60 °C and 82 °C, and enthalpies between 130 J/g and 227 J/g. Mentioned is
also that in some cases a risk for phase separation exists, but that it was negligible in thermal cycling.
This is not surprising. Macroscopic separation of phases requires (Mehling [16]) besides the existence
of different phases also that at least one is liquid (for mobility) and that a density difference exists
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(for a driving force). For mixtures of n-alkanes the density difference is however small, and the
viscosity is also high, thus that phase separation of their mixtures is not very probable.

2.1.2. Alkanol - Alkanol Binary Mixtures

For alkanol - alkanol binary mixtures, available literature is rather scarce. Generally, similar to
alkanes, focus is on linear alkanols, and specifically on alkanols with a single OH-group at one end.
They have melting temperatures far below zero for small #n, rising above zero at n = 10, and
approaching 80 °C at n = 26. Ventola et al. [17] determined phase diagrams of binary mixtures, with
n in the range of 15 to 20 and a difference in n of 1, 2, and 4, and identified mixtures having total
miscibility as well as ones without. Focusing on the crucial properties of PCM, Li et al. [18]
investigated binary mixtures of 1-dodecanol with 1-hexadecanol, and also 1-dodecanol with 1-
octadecanol, and identified eutectics at 82:18 wt.%, melting at 16.4 °C with 194 J/g, and respectively
at 82:18 wt.%, 18.1 °C, and 206 J/g. Bidiyasar et al. [19] collected values, and list for mixtures of cetyl
and lauryl alcohol a eutectic at 20:80 wt.%, melting at 20.0 °C with 192 J/g, and for lauric and myristyl
alcohol a eutectic at 40:60 wt.%, with 21.3 °C and 152 J/g.

2.1.3. Sugar Alcohol - Sugar Alcohol Binary Mixtures

Generally, alcohols with more than one OH-group, called polyols, are promising for use as PCM.
Thus, regarding pure substances, besides alkanols with one OH-group at one end also diols having
one OH-group at each end are investigated. Most R&D on polyols for PCM is however on sugar
alcohols, which are alcohols having one OH-group at each C-atom, being derived from sugars. Some
show outstanding phase change enthalpies, including solid-solid transitions, and are thus treated
separately.

For sugar alcohol - sugar alcohol binary mixtures, Palomo Del Barrio et al. [20] tried to find
eutectic mixtures with melting points lower than the individual sugar alcohols but still high melting
enthalpy. They investigated 16 binary systems of sugar alcohols, derived the phase diagrams, and
experimentally verified four eutectic mixtures with melting point around 80 °C and enthalpy above
225 J/g. Diarce et al. [21] tried to find binary eutectic mixtures of erythritol, xylitol, and sorbitol,
determined the phase diagrams, and found eutectic mixtures with suitable melting temperature and
enthalpy. They also determined the crystallization rates and found them to be low, thus limiting the
use as PCM. A literature study and some experimental investigations were performed by Gunasekara
[15].

2.1.4. Fatty Acid - Fatty Acid Binary Mixtures

For fatty acid - fatty acid binary mixtures, literature is quite abundant. Similar to alkanes and
alkanols, focus is on saturated, linear fatty acids, and specifically on those with a single COOH-group
at one end. They have melting temperatures well below zero for small , rising above zero at n =8,
and approaching 85 °C at n = 26. Gunasekara [15] reviewed available literature and found data for
binary mixtures, specifically eutectics having phase change temperature between 4 °C and 53 °C and
enthalpy between 130 J/g and 220 J/g, and peritectics between 8 °C and 57 °C and enthalpies between
84 J/g and 106 J/g. Kahwaji and White [10] reviewed available literature on fatty acid mixtures,
specifically investigated models to predict the composition and the thermal properties of eutectic
binary mixtures, and then systematically investigated binary mixtures of 15 pure fatty acids. These
were 14 saturated, from n = 7 (heptanoic acid) to n = 20 (eicosanoic acid), and one unsaturated with n
= 18 (oleic acid). The outcome of calculating (predicting) melting temperatures and enthalpies was
the identification of 97 eutectics (Kahwaji and White [11]). Figure 3 shows the melting temperatures,
which reach as low as -20 °C. This shows how mixtures extend the options compared to the
components. Zhou et al. [22] investigated binary eutectic mixtures of capric acid, lauric acid, myristic
acid, palmitic acid, and stearic acid, and experimentally verified melting temperatures and enthalpies
of 10 eutectics. Saher et al. [23] investigated binary mixtures of boric and succinic acid, and identified
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a eutectic at around 150 °C with an outstanding enthalpy of 394 J/g. Their findings are additionally
important as they proved that during phase change reversible dehydration of the boric to metaboric
acid occurs, which is a chemical reaction.

2.1.5. Ester - Ester Binary Mixtures

For ester - ester binary mixtures, the focus of R&D is on fatty acid ester - fatty acid ester binary
mixtures. Here numerous literature studies are available. Fatty acid esters are promising for use as
PCM due to their physical and chemical properties, and also the possibility to extract them from
vegetable or animal oils. The latter makes them also interesting in biodiesel. Rubio-Pérez et al. [24]
collected and analyzed published literature on fatty acid ester mixtures, covering fatty acid ester -
fatty acid ester, fatty acid ester - alkane, and fatty acid ester - fatty acid mixtures, and concluded that
“having a better understanding of the behavior of biodiesel is the main goal of most of the literature
reported”. For example, Boros et al. [25] studied the solid-liquid temperature of binary mixtures of
fatty acid ethyl esters, however not the phase change enthalpy. Nikoli¢ et al. [26] however list three
eutectic mixtures with phase change temperatures of about 24 °C, 28 °C, and 22 °C, and also the phase
change enthalpy being 220 J/g, 189 ]/g, and 180 J/g. The systematic study of binary mixtures is thus a
logic next step, specifically because esters as pure substance, thus the component, have been studied
as PCM already extensively in the past with good results. Ravotti et al. [27] measured melting points
from 15 °C to 48 °C and enthalpies in the range of 190 J/g to 204 J/g.

2.1.6. Amine — Amine Binary Mixtures

For amine — amine binary mixtures, no literature on experimental data regarding use as PCM
was found. However, for amines as pure substance, thus the component in mixtures, very promising
values exist. Soodoo et al. [28] list melting temperatures of amines from below 0 °C to above 50 °C,
and some melting enthalpies around 260 J/g to 280 J/g. For symmetric diamines they report melting
temperatures between about 40 °C and 80 °C and enthalpies between 240 J/g and 260 J/g.

2.1.7. Amide — Amide Binary Mixtures

For amide — amide binary mixtures also no literature on experimental data regarding use as
PCM was found. But again, for amides as pure substance, thus the components, very promising
values exist. Soodoo et al. [28] collected data for monoamides, with melting temperatures from below
0 °C to close to 100 °C, and enthalpies in the range of about 160 J/g to 190 J/g. For symmetric diamides,
melting temperatures between about 140 °C and 160 °C and enthalpies between 150 J/g and 220 J/g
are stated. Schranzhofer et al. [29] measured for sebacamide 210 °C and 375 J/g, for dodecanediamide
191 °C and 338 ]/g,

2.1.8. Polymer - Polymer Binary Mixtures

Many materials can be classified in different ways, e.g., polyethylene glycol (PEG) is not only a
polymer, but also a polyether, and due to the OH-groups at its ends an alcohol. And polyvinyl alcohol
(PVA) is a polymer, and a polyol. Because polymers, being macromolecules, have distinct properties
compared to substances with small to large molecules, here the classification as polymers is chosen.
Macromolecules are, e.g., able to form crystals from parts of a single molecule (with amorphous parts
between) or can be crosslinked. The simplest example is polyethylene (PE), the macromolecular
version of the alkanes.

For polymer - polymer binary mixtures little information was found. Only Stewart et al. [30]
investigated high density polyethylene (HDPE) - polypropylene (PP) mixtures, in fixed 25 wt.% steps.
According their results both can be mixed, but still show their unaltered phase change temperatures
and phase change enthalpies, and crystallinities are only slightly lower than calculated by their
fractions. This indicates that both exist as separate crystals with their molecules having no energetic
interaction.
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2.1.9. Simple Salt - Simple Salt Binary Mixtures

As for molecular substances, which are split up by size due to the specific properties, ionic
substances, thus salts, are also split up that way having simple or more complex ions.

For simple salt - simple salt binary mixtures literature is abundant. Simple salts, like NaCl or
Na2COs, melt at high temperature, often with high melting enthalpy (per volume) and also good
thermal stability. By mixing them, PCM with lower, often more useful melting temperatures can be
found. First investigations, e.g., for solar thermal powerplants, date back decades. Fricke and Borst
[31] collected melting temperature and enthalpy data of simple salts, and for some mixtures the phase
diagrams. More recently, Gomez [32] lists binary mixtures of salts, comprising chlorides (e.g. LiCl,
NaCl, KCl, CaClz, FeClz), bromides (e.g. LiBr, KBr), hydroxides (LiOH), carbonates (e.g. Li2COs,
Na2COs, K2COs), and nitrates (KNOs), among others, with melting temperatures between 308 °C and
503 °C. According collected data, addition of KCI to KNOs lowers the melting temperature from 335
°C to 308 °C while the melting enthalpy even rises 100 J/g to 105 J/g. A detailed investigation of
mixtures in the 210 °C to 270 °C range was published by Maldonado et al. [33]. Reis [34] studied a
range of mixtures for PCM in detail, calculating phase diagrams and comparing them with literature
data. Gage et al. [35] investigated formate salts as PCM, precisely sodium formate and its eutectic
mixtures with potassium and calcium formate. According their measurements, sodium formate has
a melting temperature of 256 °C and enthalpy of 252 J/g, the eutectics have 134 °C and 155 J/g,
respectively 171 °C and 229 ]/g. The latter however degraded on cycling.

2.1.10. Complex Salt — Complex Salt Binary Mixtures

The example of formate salts, where the cation, e.g., Na*, is simple, but the anion COOH- is a bit
more complex than the previously discussed, shows something important: there is, of course, no clear
boundary between simple and complex salts. Still, it is advantageous to make a difference here. The
term ionic liquid, IL, is often used for salts that are liquid below 100 °C, even at room temperature.
They are a material class that came up in the early 2000s, however investigation as PCM is more
recent. ILs usually comprise an organic cation, sometimes also an organic anion, thus are complex.
Piper et al. [36] shows the chemical structures of some of the main cations and anions used in ILs that
have been studied for use as PCMs or are discussed in the publication. Most of the ions have a more
complex chemical structure than those in simple salts, and cover a wide variety. Listed melting
temperatures are from 31 °C to 209 °C and enthalpies from 6 J/g to 190 J/g, however in general melting
temperatures range from -100 °C to +300 °C. Regarding mixtures of ILs there is no R&D yet. This
could be because ILs as PCM are a new material class. However, the inherent variety of ILs might
also make mixtures of them less interesting.

2.1.11. Metal - Metal Binary Mixtures

For metal - metal binary mixtures literature exists and covers several decades of R&D. In the
discussion here the term “alloy” for metal — metal mixtures is avoided as it is defined differently in
different sources and also does not add any crucial information here. Also, the type of phase
transition is not given despite that many references specify “eutectic”; the reason is that the term is
often used in a wrong way, and as for metal — metal mixtures it is specifically hard to say if it is correct
without a phase diagram. Liu et al. [37] collected data of some metals (Pb, Al, Cu), and a number of
binary, ternary, even quaternary mixtures. Costa and Kenisarin [38] also collected data on a large
number of pure metals and metal — metal mixtures, including melting temperature and enthalpy. In
contrast to these collections, Kageyama and Morita [39] performed detailed studies on a few selected
metal — metal mixtures, however ternary or higher, so out of the scope here, and just list again some
binary metal — metal mixtures.
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2.1.12. Semi-Metal — Semi-Metal Binary Mixtures

Semi-metals form the transition between metals and non-metals. However, which elements are
classified as semi-metals differs in literature. The reason is that different criteria are used to
distinguish between metals, semi-metals, and non-metals, but also different states (e.g., ambient, at
melting). Looking at the melting behavior and the composition on the atomic and molecular level
(Mehling [40]), it is appropriate to classify as follows. Metals are, as common, defined by having a
metallic bond, so are electrically conducting. B, C, Si, Ge, As, Sb, Bi, Se, and Te are semi-metals,
substances with atoms bound by covalent bonds in a 3-D arrangement, or layers or chains of atoms
that interact by weak bonds; they are electrically semi-conducting (C if it is graphite, however not if
itis as diamond). N, P, O, S, the halogens, and the noble gases, being molecular substances, from the
class of non-metals and are due to their structure electrically non-conductors.

For semi-metal — semi-metal binary mixtures there is no example of a potential PCM in literature.
Mixtures with phase change solid-liquid in an interesting temperature range for application, at
reasonable cost, are also not expected. Among the semi-metals only C and Si are abundant, and
combining them results in SiC, which is a compound and solid until about 2300 °C.

2.1.13. Non-Metal — Non-Metal Binary Mixtures

For non-metal — non-metal binary mixtures, no example of a potential PCM was found in
literature. Looking at the options it is also not expected. Halogens and noble gases mix as gas, they
do not mix with N, P, O, and S, and mixtures between the latter also are not expected to have any
relevance.

2.2. Binary Mixtures of Different Subclasses

Binary mixtures of different subclasses, e.g., water — alkanol binary mixtures, are located in
Figure 5 off diagonal. Due to the large number, and some issues that become clear in the analysis
process, it is useful to discuss them in groups.

2.2.1. Mixtures Containing the Elements: Metals, Semi-Metals, and Non-Metals (Group 1)

The elements comprise metals, semi-metals, and non-metals. Their discussion is split up into
mixtures among them (except previously discussed), and mixtures with others, which are discussed
afterwards.

Binary mixtures between metals and semi-metals (B, C, Si, Ge, As, Sb, Bi, Se, and Te) exist,
according literature. SERI [41] looked at PCM-TES for concentrating solar power plants and
mentioned AlSi as a candidate. The phase diagram of Al - Si is given, showing a eutectic at 12 wt.%
Si, and also a density of 2.34 kg/L and melting enthalpy of 516 k]/kg. Kageyama and Morita [39] did
a study, measured a melting temperature of 578 °C, a melting enthalpy of 440 J/g, and a volume
specific value of about 1150 kJ/L. Liu et al. [37] collected data of more metal — semimetal mixtures as
PCM candidate, also with Si and Sb. Costa and Kenisarin [38] also collected interesting materials and
thermal data, including Cu - Si, Ca - Si, Mg - Si, and Mg — Bi mixtures. For steels, Wilthan et al. [42]
determined properties of five industrial steels, and found melting enthalpies that look very
promising. However, the melting temperature of the steels is between 1450 °C and 1550 °C, too high
for common applications. With regard to binary mixtures between metals and non-metals (N, P, O,
S, halogens, and noble gases), no mixtures seem to exist. Instead, they seem to prefer formation of
compounds, like Fe2Os. The same seems to be the case for binary mixtures between semi-metals and
non-metals.

Binary mixtures of metals and semi-metals with any other subclass are not expected from the
bond types, and consistently also none were found in literature. Binary mixtures of the non-metals
(N, P, O, S, the halogens, and the noble gases) with any of the other subclasses are also not expected.
N and O are gases, and like the noble gases probably only dissolve. Halogens can interact well, but
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form new compounds. For P and S also no mixtures are expected. This is in accordance with the
literature on PCM candidates.

2.2.2. Mixtures Containing Salts, Except Mixtures of Salts with Water (Group 2)

Next, binary mixtures of salts (simple or complex), are discussed, except mixtures with water.
For salts, being composed of ions, the potential for mixing with other substances is good as long as
they are also ionic, so other salts, or are polar, e.g., have an induced or a permanent dipole moment
like water.

For salt — alkane binary mixtures, no literature on such mixtures was found. This is expected,
because alkanes are non-polar and thus should not mix with salts that are ionic.

For salt — alkanol or salt — sugar alcohol binary mixtures mixing should be possible as alkanols
and sugar alcohols are polar. Silva et al. [43] investigated mixtures of choline chloride and some
polyalcohols. Choline chloride, ChCl, is an ammonium salt consisting of choline cations
(CHs3)sNCH2CH20OH* and chloride anions CI-. The polyalcohols used were ethylene glycol, glycerol,
1,3-propanediol, meso-erythritol, sorbitol, and xylitol. The phase diagrams were determined in the
full composition range and some new eutectics discovered, but no melting enthalpies are reported.
Krolikowski et al. [44] investigated binary mixtures of alcohols, specifically the diols 1,6-hexanediol,
1,8-octanediol, 1,10-decanediol, and 1,12-dodecanediol, with one of two ILs. The phase diagrams
show a eutectic in each case, with eutectic temperatures in the range of 41 °C to 80 °C, and enthalpies
between 200 J/g and 244 ]/g.

For salt — fatty acid binary mixtures, salt — ester binary mixtures, and also salt — amine binary
mixtures, no information on research regarding the potential as PCM was found. However, in all
cases the polarity of the functional group should at least make partial miscibility in some cases
possible. For small esters it is known that they are partly soluble in water, thus should also mix with
salts.

For salt — amide binary mixtures the situation is somewhat better, having an example. Urea,
CO(NHz)2, actually a diamide, is soluble in water, so expected to mix with salts. Diarce et al. [45]
investigated binary mixtures of sodium nitrate, NaNOs, and urea, for use as PCM. They determined
the phase diagram, and identified a eutectic with melting temperature 85 °C, enthalpy 172 J/g, and
liquid density 1.42 kg/L. Lizana et al. [46] researched materials suggested as PCM for building
applications, and list eutectics of ammonium nitrate NHsNOs and urea, and of ammonium bromide
NHa4Br and urea. For the complex salt Choline chloride, ChCl, with [(CHs)sNCH2CH2OH]* and CI-,
Meng et al. [47] determined the solid-liquid phase diagram of the urea — ChCl system, with a eutectic
at about 25 °C and a phase change enthalpy of 93 J/g.

Finally, salt — polymer binary mixtures should also be possible as polymers with a wide variety
of functional groups exist. However, no literature was found that indicated a thermal effect thus that
the mixture would qualify as a new PCM, different from just adding its components.

Binary mixtures between simple and complex salts can be expected, but were not found in
literature. Reasons might be that R&D on complex salts, e.g. ILs, is still focused on their own
properties, their vast number to be studied, and last, but not least, also that complex salts already
have low melting temperatures thus that lowering it further by mixing is less attractive.

2.2.3. Mixtures of Water with Remaining Options (Group 3)

Mixtures of water with remaining options is the next, larger group of mixtures, vertically in
Figure 5. They are discussed together because mixtures with water play a crucial role among
established PCMs. Generally, a substance containing water is called a hydrate. Origin and result of
hydrate formation vary with the bond type and geometric situation. Several characteristic cases are
distinguished. First, water can be bound by covalent bonds forming a new compound (often said to
be chemically bound). For example, hydration of ethene gives ethanol, or carbohydrates release
bound water on decomposition. Second, water molecules, being dipoles, can bind by an electric
interaction to ions and to dipoles. In the solid, the water molecules can be arranged in a crystal lattice,
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e.g., in salt hydrates. Third, water molecules can have little energetic interaction with a substance,
while mutually interacting by their hydrogen bonds. In a clathrate, guest molecules are incorporated
in a cage that is formed by host molecules (if water then called clathrate hydrate), or by a lattice of
host molecules, e.g., zeolites. In clathrate hydrates, when solid, the cage of water molecules has a
different crystal structure than ice. While the hydrate shell in common salt hydrates typically has no
more than a dozen water molecules, a water cage in clathrate hydrates typically has far more than a
dozen water molecules per guest molecule. Common guest molecules are small, non-polar (typically
gases, then called gas hydrate, e.g., methane), or they are polar but have a large non-polar part. A
somewhat mixed case is a semiclathrate hydrate. It can be formed by a salt with a larger organic
cation and a small anion, the cation giving rise to a clathrate hydrate structure, the anion just
interacting with the water molecules.

For water - alkane binary mixtures, the lack of polarity of alkanes leads to practically zero
miscibility, precisely at typical conditions for PCM. Methane hydrate forms at ambient pressure
below some -80 °C, and for higher temperatures formation requires significantly higher pressure, so
it is no promising PCM candidate.

For water - alkanol binary mixtures, the polar OH-group in alkanols allows mixing. If miscibility
is full or to a lesser degree depends on the length of the nonpolar part of the alkanol, and if present
other functional groups. Sugar alcohols are discussed together with them, due to the similar
structure. For water — methanol, Dougherty et al. [48] present a phase diagram with a mono-hydrate
CHsOH-H20 at 69 wt.% with a peritectic transition at -102 °C, and at about 88 wt.% a eutectic
composed of solid methanol and solid hydrate at -123 °C. For water — ethanol, Anderson et al. [49]
present a phase diagram that shows several hydrates: a eutectic at -120 °C, and various peritectics
that all melt around -75 °C. Regarding polyols, Martinez [50] collected phase diagrams of mixtures
of water with ethylene glycol (ethane-1,2-diol), propylene glycol (propane-1,2-diol), and glycerol
(propane-1,2,3-triol); each shows only a eutectic, of water and alcohol, at -55 °C, -60 °C, and -47 °C.
The first and last have an OH-group at each C-atom. For water — maltitol, a sugar alcohol, Gunasekara
[15] reports a eutectic that is melting at -19 °C, however again no enthalpy. Next are branched
alcohols. Rathgeber et al. [51] show the phase diagram of water and pinacol (2,3-dimethylbutane-2,3-
diol), with a hexahydrate melting around 45 °C with a melting enthalpy of about 300 J/g, a
monohydrate at 41 °C with 134 J/g, and two eutectics at 40 °C with 180 J/g (mono- and hexahydrate)
and at 30 °C with 126 J/g (monohydrate and pinacol). Another example is trimethylolethane (TME),
2-(hydroxymethyl)-2-methylpropane-1,3-diol; Koyama et al. [52] report a 60 wt.% mixture with
water, melting at 29 °C with 190 J/g.

For water — fatty acid binary mixtures, mixing can be expected, similar as for alcohols; the
solubility decreases with increasing length of the non-polar chain. Investigations with regard to
binary mixtures with water as PCM seem to be limited to oxalic acid, (COOH)z, which is the simplest
dicarboxylic acid. Han et al. [53] investigated oxalic acid dihydrate for use as PCM, and report
measured values of about 100 °C for the melting temperature and 372 J/g for the melting enthalpy.

For water — ester binary mixtures only a single investigation was found, on mixtures with corn-
oil ester. Corn-oil ester is in fact a mixture of many esters, but lacking other data it is nevertheless
included. Suamir et al. [54] tested mixtures of water with corn-oil ester, containing 5 %, 7.5 %, 10 %,
12.5 %, 15 %, 20 %, 25 %, 30 % and 35 vol.% corn-oil ester. They observed in all a phase transition
below 0 °C while that of water disappeared in the DSC curves, proving that the mixture is not just an
emulsion. For the 5 vol.% mixture a phase change enthalpy of 228 J/g and onset temperature of -3 °C
were measured, and with increasing vol. fraction both decreased further.

With regard to water — amine binary mixtures, Kiyokawa et al. [55] investigated mixtures of
water and piperazine (1,4-Diazacyclohexane), a diamine, of different composition. At 0.443 wt.%,
which corresponds to piperazine hexahydrate, their DSC measurements showed a transition
temperature of 43 °C and enthalpy of 250 J/g.

For water — amide binary mixtures mixing is also possible. Durickovic et al. [56] report for water
— urea mixtures a eutectic at about -18 °C, however, no phase change enthalpy was determined.
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For water — polymer binary mixtures, it is important to remember that in the context here they
refer only to such cases that result in a different phase change temperature and enthalpy than the two
components. In contrast, polymers are also combined with PCM to avoid phase separation by gelling,
or to make PCM shape-stable, where phase change temperature and enthalpy of the PCM should
remain unchanged. Polyethylene (PE) consists of C2Hs monomers (polymer version of an n-alkane),
thus is not polar, and therefore does not dissolve in water. Polyvinylaclchol (PVA) consists of
CH:CH(OH) monomers, thus is polar, and therefore dissolves in water; in fact, it is a common basis
for hydrogels. Regarding calorimetric data, however, no information was found. PolyEthyleneGlycol
(PEG) consists of monomers of C2H4O and has an OH-group at both of its ends. Precisely, the name
is used for molecular masses where the ends have an effect (200 to 20,000 g/mol). Jablonski [57]
investigated water — PEG mixtures, covering the full composition range, and testing different
molecular weights of PEG, namely PEG 300, 400, 600, 900, and 1500. Their DSC results showed a
eutectic for PEG 600, 900, and 1500, with melting temperature of about -40 °C, -30 °C, and -20 °C,
melting enthalpy of about 60 J/g, 90 ]/g, and 120 J/g, at PEG concentrations of about 62 wt.%, 55 wt.%,
and 52wt.%. Thus, with increasing molecular weight the eutectic temperature and enthalpy
systematically increase, while the eutectic composition shifts to lower PEG concentration. These
general observations are in accordance with investigations by Huang and Nishinari [58], who
investigated PEG 400, 1540, and 70000, found the eutectic temperature to be below -40 °C, about -17
°C, and about -12 °C, the enthalpies to be about 60 J/g, 105 J/g, and 125 J/g, at concentrations of about
40 wt.%, 30 wt.%, and 20 wt.%. Kuttich et al. [59] studied the structure of the mixtures by X-ray
scattering, found that below the eutectic temperature both components de-mix microscopically, and
are present as hexagonal ice and as crystalline PEG.

For water — simple salt binary mixtures, R&D is going on for decades, since the start of PCM
technology. The key features of such mixtures are shown in the phase diagram of H20 - CaClz
mixtures (Figure 4). Salts dissolve in water up to some concentration by water molecules building
hydrate shells around the ions. Specific compositions, typically with integer molecular ratio, are
called hydrates, e.g., with increasing water content CaCl2-2H20, CaCl2-4H:0, and CaCl2:6H20. The
transition can be eutectic, peritectic etc., and the melting temperature is between that of water and
the pure salt, for CaCl2 772 °C. Closer to pure water is typically a eutectic, formed by crystals of water
and crystals of the hydrate with the highest number of water molecules, in Figure 4 crystals of
CaCl2:6H20. The melting temperature of these eutectics can be far below -40 °C. At such low
temperatures crystallization can become a problem as water tends to form a glass if supercooled to -
40 °C or below. Simple salts are often at low cost, and the additional fraction of water then makes
water — simple salt mixtures economically attractive. For the hydrates however the transition is often
not congruent, which can potentially cause problems regarding stability upon their repeated melting
and solidification. Yang et al. [60] list eutectics with melting temperatures below 0 °C. Salt hydrates
are discussed by Kenisarin and Mahkamov [61]. Common salt hydrates have melting temperatures
below 100 °C and enthalpies up to 300 kJ/kg. Salt hydrates with higher melting temperature exist, but
they have not been in the focus of R&D so far. Common ions involved are from the main group metals
Li*, Na*, K¥, Mg?, Ca*, Sr%, Ba?*, AI**, not from the main groups Cu?, Mn?, Zn?, Fe¥, further on NH*,
and for the anions Cl,, Br, OH;, NOs, COs%, SOs%, PO4*, HPOs?, H2POx, 52052, CHsCOO:, P2074. Most
of them have a quite simple structure.

For water — complex salt binary mixtures, more complex ions should be considered. As
discussed before, complex ions are found in ILs, but no literature on investigations on mixtures with
water as PCM exist. A reason could be that ILs are a rather new class such that mixtures have not
received much attention so far. However, there has been significant R&D in a different area: on
clathrate hydrates. Specifically clathrate hydrates formed by Tetrabutylammonium (TBA) and
Tetrabutylphosphonium  (TBP) salts. These salts have [(CHsCH2CH2CH2)sN]* and
[(CHsCH2CH2CH2)4P]* cations, thus with a complex structure. Yin et al. [62] reviewed hydrates for
cold TES, and list 13 semiclathrate hydrates formed by TBA salts, having hydration numbers between
26 and 38. This shows the difference between salt hydrates from simple salts and clathrate hydrates.
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The phase transition temperatures are between 9.1 °C and 27.4 °C and the enthalpies between 161 J/g
and 203 J/g. Probably the most well-known is Tetrabutylammonium bromide (TBAB), [(CsHo)sN]* Br-
, forming two semiclathrate hydrates. Miyamoto et al. [63] list clathrate hydrates formed by TBP salts,
with phase transition temperatures between 9.2 °C and 15.6 °C, and enthalpies between 186 J/g and
214]/g.

2.2.4. Mixtures of Alkanes with Remaining Options (Group 4)

Mixtures of alkanes with the remaining options is the next, larger group of mixtures, vertically
in Figure 5. While the previous group, mixtures of water with other subclasses, was about mixtures
with polar, hydrophilic materials, mixtures of alkanes with other subclasses are preferably with non-
polar, hydrophobic ones.

For alkane - alkanol binary mixtures, any OH-group adds a polar site in an alkanol molecule.
Thus, mixtures of alkanes with alkanols exist preferably with long chain alkanols having only one
OH-group. Rathgeber et al. [64] performed measurements on pentadecane (CisHs2) — undecanol
(C11H230H) and icosane (C20H42) — myristil alcohol (C1sH200H), and identified a 55:45 wt.% mixture
with melting temperature of 7 °C and enthalpy 178 J/g, respectively at 30:70 wt.% melting at 32 °C
with 230 J/g. About polyols, Wieckowski et al. [65] investigated binary mixtures of n-alkanes and
o,w-diols. Specifically, they determined the phase diagrams of n-tetradecane (CisHsz) — 1,6-
hexanediol (CsH14O2) and n-tetradecane (CisHso) — 1,12-dodecanediol (Ci2H2602), and as expected,
found a miscibility gap in the liquid phase over a wide range of compositions. Therefore, not
surprising, no literature was found on alkane - sugar alcohol binary mixtures at all. The situation
changes if not all C-atoms have an OH-group but instead some have a methyl CHs-group. Serrano et
al. [66] investigated mixtures of some commercial paraffins, namely RT28, P55, and RT100, with
neopentylglycol NPG (2,2-dimethyl-1,3-propanediol), pentaglycerine PG (1,1,1-
tris(hydroxymethyl)ethane), and pentaerythritol PE (2,2-bis(hydroxymethyl)-1,3-propanediol).
According their DSC results, a binary mixture of RT28 — NPG behaves different than the simple
combination of components added by the fraction. This was also observed in the ternary mixtures
P55 — NPG - PG and RT100 - PE - PG. Yet, for polyols, including sugar alcohols, no promising heat
storage data were found.

For alkane — fatty acid binary mixtures, a behavior similar to alcohols can be expected as their
functional group COOH is also polar. The earliest work found in literature is by Dimaano and
Watanabe [67], who investigated mixtures of pentadecane with an earlier developed mixture of capric
and lauric acid, so actually a ternary mixture. A decade later, Mazman et al. [68] prepared PCM-
graphite compounds for use in a domestic hot water system, using as paraffin commercial RT54 from
Rubitherm, which was then mixed with 20 wt.% stearic acid, and the same for palmitic acid.
Rathgeber et al. [64] investigated mixtures of hexadecane (CisHss) — caprylic acid (C7HisCOOH), and
nonadecane (CivH) — capric acid (CoHi9COOH), and identified two mixtures, one of 35:65 wt.%
melting at 9 °C with 179 J/g, the other of 40:60 wt.% melting at 23 °C with 181 J/g. Dixit et al. [69]
mixed commercial OM 18 from Pluss Advanced Technologies, a mixture of fatty acids that melts at
16 °C with melting enthalpy of 140 J/g, and hexadecane (melting at 18 °C with 206 J/g) in steps of 10
wt.%. They identified a mixture with a single peak, melting from about 7 °C with a melting enthalpy
of 170 J/g.

For alkane — ester binary mixtures, some literature is available. As pointed out when discussing
ester - ester binary mixtures, fatty acid esters can be extracted from vegetable or animal oils, and are,
e.g., used in biodiesel. When sourcing them, as well as using them, they are often present in mixtures,
thus that knowledge of their physical and chemical properties, pure and in mixtures, is widely
needed. Rubio-Pérez et al. [24] collected and analyzed published literature on fatty acid ester
mixtures, including mixtures with alkanes. For example, for an octadecane — ethyl palmitate mixture
they list a melting temperature of 21 °C and enthalpy of 180 J/g, for an eicosane — methyl palmitate
mixture they list 22 °C and 225 J/g, and for an octacosane — methyl stearate mixture 36 °C and 210 J/g.
Branco et al. [70] studied binary mixtures of the three alkanes eicosane (C20Ha2), octadecane (CisHss),
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and hexadecane (CicHs4), with the two fatty acid methyl esters methyl stearate (C19H3802), and methyl
palmitate (Ci7H302). They determined the phase diagrams and found a somewhat complex behavior.

For alkane — amine as well as for alkane — amide binary mixtures, mixtures should be possible,
but no literature was found.

For alkane — polymer binary mixtures, a well-known example are alkane — polyethylene PE
mixtures. Both components have the same structure, differ only in length; thus, they easily mix, but
also have no new interaction. Their mixing is however known for a long time to get alkanes shape
stabilized by the solid PE matrix. Further on, as alkanes have no functional group, no other specific
interaction is possible. Consequently, even if mixing is possible, an advantage with regard to phase
change and heat storage is unlikely.

2.2.5. Mixtures of Alkanols, Sugar Alcohols, and Fatty Acids with Remaining Options (Group 5)

Mixtures of alkanols, sugar alcohols, and fatty acids with the remaining options is the next group
of mixtures in Figure 5. In contrast to water, which is polar, and alkanes, which are non-polar,
alkanols, sugar alcohols, and fatty acids have a polar OH-group and non-polar molecule parts, with
size and accessibility depending on the number, location, and orientation.

For alkanol — sugar alcohol binary mixtures, the existence of mixtures can be expected due to the
common OH-groups. Nevertheless, no literature on such mixtures was found. However, for
completeness, indicating that the current classification must be improved, there is literature on a
mixture with an alcohol that is no alkanol: trimethylolethane (TME), 2-(hydroxymethyl)-2-
methylpropane-1,3-diol. Shockner et al. [71] found in erythritol - TME mixtures two phase transitions
at 82 °C and 97 °C, with a total phase change enthalpy of 198 J/g.

For alkanol - fatty acid binary mixtures, a number of publications with promising results can be
found. Gunasekara [15] reports literature values for a lauric acid — 1-tetradecanol eutectic mixture,
with melting temperature between 24 °C and 28 °C and enthalpy of 161 J/g to 163 J/g. Liu et al. [72]
investigated lauric acid — octadecanol mixtures and identified a eutectic with melting temperature of
40 °C and enthalpy of 187 J/g. For diols, Rathgeber et al. [64] report, from DSC measurements, for
lauric acid — hexane-1,6-diol of 20:80 wt.% a melting temperature of 35 °C and enthalpy of 199 J/g,
and for stearic acid — decane-1,10-diol of 45:55 wt.% a melting temperature of 64 °C and enthalpy of
236 ]/g. For sugar alcohol - fatty acid binary mixtures no information was found at all.

For alkanol - ester binary mixtures, no information regarding PCM was found at all, and the
same holds for sugar alcohol — ester binary mixtures.

For alkanol — amine binary mixtures, as well as for sugar alcohol — amines binary mixtures, also
no information regarding PCM was found.

For alkanol — amide binary mixtures, Duraipandi et al. [73] report a eutectic mixture of stearyl
alcohol and benzamide at 70:30 mol%, with a melting temperature of 54 °C and melting enthalpy of
157 J/g. For sugar alcohol — amide binary mixtures, Gohl et al. [74] attempted to affect the phase
transition temperature and supercooling of sugar alcohols by mixing with urea. They investigated
erythritol — urea and mannitol — urea binary mixtures, determined the phase diagrams, found that
even small amounts of urea have a significant effect including reduction of supercooling, and
identified for both combinations eutectic mixtures. However, they do not report their phase change
enthalpies. For the first, erythritol-urea, Diarce et al. [75] identified a eutectic at 55:45 wt.%, with
melting temperature 81°C and enthalpy 248 J/g. Shockner et al. [71] found 82 °C with 227 J/g.

For alkanol — polymer binary mixtures, as well as for sugar alcohol — polymer binary mixtures,
no information regarding PCM was found at all. However, the existence of such mixtures must be
expected because polymers with OH-groups or other polar groups should show at least some
miscibility.

For fatty acid — ester binary mixtures some literature is available. Alipour et al. [76] report on a
novel bio-based PCM, a methyl palmitate — decanoic acid eutectic mixture at 30:70 wt.%, with melting
temperature of 20 °C and enthalpy of 201 J/g. Without details, Rubio-Pérez et al. [24] list a eutectic
mixture of methyl palmitate and lauric acid.
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For fatty acid — amine binary mixtures, no information regarding PCM was found at all.

For fatty acid — amides binary mixtures, some literature is available. Toifane et al. [77] report on
a propionamide — palmitic acid eutectic at 25:75 wt.%, with melting temperature around 125 °C and
enthalpy of about 185 J/g. Lizana et al. [46] report on an acetamide — stearic acid mixture of 50:50 wt.%
with melting temperature 65 °C and enthalpy of 218 J/g.

For fatty acid — polymer binary mixtures, no information regarding PCM was found. However,
as in several cases before, the variability of functional groups in polymers should make mixtures
possible.

2.2.6. Mixtures of Esters, Amines, and Amides, with Remaining Options (Group 6)

Mixtures of esters, amines, and amides, with remaining options, is the last group in Figure 5.
Explicitly, these are ester — amine, ester — amide, and ester — polymer binary mixtures, amine — amide
and amine - polymer binary mixtures, and finally amide — polymer binary mixtures. They are
grouped for two reasons. While, alkanols, sugar alcohols, and fatty acids, all have one or several OH-
groups which have a strong dipole moment, esters, amines, and amides in contrast have polar groups
that are less strong. This should affect miscibility, and also thermal behavior in a different way.
However, and this is the second reason to put them in a group, for none of them any literature was
found.

3. Discussion

At first sight, already the large number of options is impressive, and shows the sheer size of the
R&D topic. Altogether, 14 subclasses were selected, and as one of them is water, this results in 13
options for binary mixtures of the same subclass and 91 options for binary mixtures of different
subclasses. Thus, a total of 104 options of mixtures were reviewed. The review shows that for many
of these options already promising specific mixtures have been identified. Even more, some options
have already been investigated intensively, e.g., alkane — alkane binary mixtures. But so far, none has
been investigated comprehensive, in a systematic way, not even just regarding the phase change
temperature and enthalpy. The most comprehensive review that was found is the one by Rubio-Pérez
et al. [24], who collected and analyzed literature on mixtures with fatty acid esters. For that case,
many mixtures have been tested, however not as PCM, thus without determining phase change
temperature and enthalpy.

That not a single option has been investigated systematically, not even just with regard to phase
change temperature and enthalpy, is however only the tip of the ice berg. Major gaps already exist in
characterizing specific mixtures. Information on the phase change properties, comprising the type of
phase change (e.g., solid-liquid), the type of phase transition (e.g., eutectic), and information on the
formation of phases with different composition (e.g., congruent melting), is available for many but
by far not all of the investigated mixtures. However, almost never hysteresis, incl. supercooling, is
investigated. Regarding the formation of phases with different composition and possible
consequences, in fact even the necessary understanding is still missing, as discussed by Mehling [16].
The identification of the potential for phase separation from phase diagrams is well-known, and
testing its consequences upon repeated phase change, called cycling, under more or less justified
conditions too. However, what happens if the conditions change is still not understood. Therefore,
many researchers reject mixtures that do or might show phase separation, without knowing if it is a
problem; instead, they focus on safe solutions: pure substances and eutectic mixtures. This
significantly reduces the choice of candidates. Even worse, the accuracy of the information is often
unclear. Regarding measurements, several critical issues exist. First, it is common to simply assume
a phase change temperature and not even test if it is really a phase change range. Also, solid-solid
transitions often occur close to solid-liquid transitions; thus, enthalpies might refer to both together.
Besides measured data, often the term eutectic seems to be used for all mixtures, or there is no
sufficiently detailed phase diagram as a proof.
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While characterizing is an important part of PCM R&D, understanding must follow. The
questions why components mix, and why a specific outcome results, are vital in R&D. Without such
knowledge R&D is limited to simply mixing substances and characterizing the resulting mixtures.
Currently, however, not even for pure substances a comprehensive understanding of what happens
on the atomic and molecular level on phase change exists. This can be studied experimentally, e.g.,
determining the crystal structure, or by molecular dynamic simulations. How components interact is
presently only known for few types of mixtures, and on a very basic level, e.g., for salt hydrates and
for clathrate hydrates.

Last, but not least, while what can be mixed, what has been mixed, and what was the outcome
is crucial to understand the basic potential of mixtures, information on production and life cycle (e.g.,
if components are at low cost, abundant, waste-based) is crucial regarding any possible real
application. This information, relevant at least for the most promising mixtures, is hard to get and
thus, not surprising, rarely available.

4. Implications and Future R&D Directions

Following the discussion, a main topic of future R&D is the systematic investigation of the
different options, starting with the determination of the phase diagram for varying composition, and
then for promising mixtures the type of phase transition (e.g., eutectic), the phase change temperature
or range and enthalpy, hysteresis including supercooling, to some degree also the stability on
repeated phase change, maybe also crystallization. They justify, or not, any further characterization
of a specific mixture (e.g., regarding compatibility), or any work to develop an optimized mixture
with an improved performance. Regarding future R&D, it is necessary to stress that thermal
characterization is still often not done appropriately; results are then unclear, questionable, or in the
worst case useless. Most important, calorimetric measurements require a suitably low heating and
cooling rate to give good temperature resolution. Generally known long before, for PCM the effect
was studied the first time almost 20 years ago by Mehling et al. [78]. This led to the development of
a measurement standard for DSC that reliably reduces related inaccuracies (Gschwander et al. [79]).
The use of well-founded and established experimental standards in future R&D is essential for the
use of the results.

Systematic investigations of options for binary mixtures are the basis for application, but not
sufficient. Due to the vastness of the R&D topic, reviews that focus on individual options are required.
An excellent example is “Evolution of the Study of Phase Diagram of Binary and Ternary Mixtures
Involving Fatty Acid Esters” by Rubio-Pérez et al. [24], who collected and analyzed literature with
the same systematics as in this general review, as mixtures of fatty acid esters and mixtures of fatty
acid esters with other compounds. The fatty acid esters were split up into fatty acid ethyl esters and
fatty acid methyl esters. This is a point of classification, thus refers to the classification scheme that
was used here. It is a significant improvement compared to commonly used schemes (Mehling [7]),
but it is not perfect. For example, alcohols, defined by having an OH-group, were split up into
alkanols and sugar alcohols, both being the focus of R&D on pure substances. However, this does not
include pinacol, nor TME, which show up in mixtures. Also, PEG and PVA, both alcohols, were
classified otherwise, as polymer. The reason was that being a polymer is another, crucial issue for the
use as PCM. PEG is however not only an alcohol and a polymer but also a polyether, thus an example
with two different functional groups. Thus, for future reviews that focus on individual mixture
options it is recommended to check, and if necessary adjust and refine the classification scheme for
the individual option.

Understanding how mixtures work is next. As a simple, but helpful contribution, review papers
on a mixture option could include also a brief review on the components used as background
information. Deeper goes understanding the physics and chemistry behind mixtures and their phase
transition. Here a new, specific R&D topic is coming up. Commonly, the simple model of phase
change solid-liquid, with the same particles and the same interaction in both phases, is assumed.
However, evidence accumulates that it does not cover all cases, and that the cases not covered show

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202507.0706.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 11 July 2025

17 of 23

exciting thermal properties. This also affects classification, as a new material class, deep eutectic
solvents, DES, shows. The key to the complication is the difference between mixtures that contain
only ions and mixtures that contain not only ions but also neutral molecules of the mixed
components. Ils, by definition, belong to the first. DES belong to the latter, so cannot be classified
easily. For example, protic ILs form by proton transfer from an acid to a base, e.g., after mixing.
Depending on the acid and the base, proton transfer might not be complete, thus that the mixture
contains not only ions but also still neutral molecules of the mixed components. It is called deep
eutectic solvent as long as the mixture is eutectic, having exceptionally deep melting temperature.
An example of a DES is the eutectic mixture (molar ratio of 1:2) of choline chloride, a salt, and urea,
an amine. Matuszek et al. [80] collected thermal data of different IL and DES, and plotted their
melting enthalpy versus temperature. The melting temperature is from below room temperature to
above 220 °C, with enthalpies reaching as high as 250 J/g. DES are also reported for mixtures of
choline chloride with polyols (Silva et al. [43]), or with CaCl-6H20 (Shahbaz et al. [81]). The latter is,
counting chemical compounds, a ternary mixture of the two salts choline chloride and CaCl: with
H20. These examples, which fit regarding their mixed components (e.g., salt — amine mixture) into
the classification scheme used here, however do not fit into it from the result of mixing because they
contain ions as well as neutral molecules. Consequently, they have not been listed in the results
section. The issue is however not limited to DES, or to mixtures. Mehling [40] investigated data of
1120 different materials, elements and many chemical compounds, and collected information on the
structure in the liquid and the solid phase. In the liquid phase, C, Si, Ge, behave metallic, As, Sb, and
Bi, are small molecules, and AICIs exists in as dimers; however, in the solid phase all of them form 1-
, 2-, or 3-dimensional infinite structures. They solidify by a polymerization, meaning a chemical
reaction. It is however not completely clear if the changes occur directly and completely at the phase
change, or if they occur in some cases later; in sulphur S the change in the molecular structure occurs
after melting. A breakthrough is thus a mixture mentioned in the results on fatty acid - fatty acid
binary mixtures. Saher et al. [23] investigated binary mixtures of boric and succinic acid, identified a
eutectic at about 150 °C with an enthalpy of 394 J/g, and proved that during phase change reversible
dehydration of the boric to metaboric acid occurs, thus a reversible chemical reaction. It is the first
proof of a chemical reaction for a PCM candidate. And the phase change enthalpy is outstanding,
much better than for similar mixtures. Thus, the physics and chemistry behind mixtures that are PCM
candidates should be investigated deeper with regard to the particles and interactions involved.

Finally, R&D is needed also needed on the issues advantages and possible drawbacks of
mixtures. Based on the phase diagram, the potential for phase separation can be seen. How much
phase separation occurs under repeated phase change, and the degree of degradation on the heat
storage capacity caused, depends however on the temperature profile used for phase change (heating
rate etc.), on the mixture investigated (e.g., density difference of phases) and on the height of the
container used (Mehling [16]). These can vary in an application and between applications, thus a
good general understanding is crucial. And while doing the review, it became clear that not all
potential advantages and possible drawbacks have been identified in published literature. In addition
to those already named in section 1.3, specifically lowering the phase change temperature in a
mixture compared to the components can be an advantage or a potential drawback. For example, if
one component in a eutectic mixture is water, its tendency to form a glass instead a crystal below -40
°C can become a problem in case the eutectic temperature is in that range. In reverse, if a component
thermally decomposes close to its phase change temperature, e.g., choline chloride, it might be more
stable in a mixture with a much lower phase change temperature than its own phase change
temperature.

Future R&D on mixtures thus covers a wide range of areas: thermal characterization of specific
mixtures and systematic for the different mixture options (alkane — alkane etc.), investigation of the
physical and chemical processes on the atomic and molecular level, and last but not least
understanding how these affect the usefulness of a specific mixture for application as PCM in heat or
cold storage.
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Abbreviations

The following abbreviations are used in this manuscript:

PCM Phase Change Material

TES Thermal Energy Storage

PE PolyEthylene

HDPE High Density PolyEthylene
PEG PolyEthyleneGlycol

PP PolyPropylene

PVA PolyVinylAclchol

ChCl Choline chloride

TME Trimethylolethane

TBA Tetrabutylammonium

TBP Tetrabutylphosphonium

TBAB Tetrabutylammonium bromide
NPG Neopentylglycol

PG Pentaglycerine

PE pentaerythritol

DES Deep Eutectic Solvents

IL Ionic Liquid

DSC Differential Scanning Calorimetry
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