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Abstract: This study investigates improvements in low-cost latent heat storage material calcium
chloride hexahydrate (CaCly.6H,O). Its melting point is between 25 and 28 °C, with relatively high
enthalpy (170-190 J/g); however, this phase change material (PCM) shows supercooling and phase
separation. In CaCl,.6H,0O incongruent melting causes lower hydrates of CaCl, to form, which
affects the overall energy storage capacity and long-term durability. In this work, PCM performance
enhancement was achieved by adding SrCl,.6H,O as a nucleating agent and NaCl/KCl as a stabilizer
to prevent supercooling and phase separation, respectively. We investigated the PCM preparation
method and optimized the proportions of SrCl,.6H,O and NaCl/KCl. Thermal testing for 25 cycles
combined with DSC and T-history testing was performed to observe changes in enthalpy, phase
transitions and supercooling over the extended period of usage. X-ray diffraction was used to verify
crystalline structure in the compounds. It was found that the addition of 2 wt.% of SrCl,.6H,O
reduced supercooling from 12 °C to 0 °C compared to unmodified CaCl,.6H,O. The addition of
5 wt.% NaCl or KCI proved to effectively suppress separation and the melting enthalpy achieved
was 169 ]/g-178 J /g with congruent melting over 25 cycles, with no supercooling and almost no
reduction in the latent heat.

Keywords: latent heat storage; PCM; building application; CaCl,.6H,O; supercooling; phase separation;
thermal cycles

1. Introduction

Energy demands have exponentially increased over the past few decades, leading
to massive consumption of fossil fuels all over the world. The depletion of fossil fuels
resources has accelerated work towards sustainable energy sources, but the detrimental
effects of fossil fuel use remain a threat to the environment. The building sector is a
frontrunner in energy consumption. Building energy demand is projected to rise by
about 50% by 2050 worldwide [1]. The majority of this energy consumption is related
to heating ventilation and air conditioning (HVAC) systems; demand for this energy
could be mitigated via improved thermal performance of building envelope materials [2].
Thermal energy systems (TES) are a solution to improve the energy efficiency of the building
sector [3]. TESs store thermal energy and release that same energy at a later time as a passive
heating and cooling application [4]. Two parts of TES include latent heat storage (LHS) and
sensible heat storage. LHS changes temperature with a change in material phase, while
sensible heat changes temperature while leaving the phase of the TES material unaltered.
Comparisons between LHS and sensible heat storage suggest that LHS performed better
when evaluating capacity, power, storage duration and cost [5].

Phase change materials (PCMs) for LHS, which store and release energy by melting
and cooling, are steadily improving. PCMs are available with a wide range of melting
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temperatures with high storage density. Their stable performance and low cost make them
highly pursued for various applications in thermal management, including cold chain
shipping, renewable energy storage, photovoltaics and electronics cooling, and personal
thermal management [6]. PCMs typically fall into two distinct categories: organic (e.g.,
paraffins and non-paraffins) and inorganic [7]. Among these, salt hydrates are the most
important and widely researched group of inorganic PCMs because of their low cost,
wide availability, good thermal conductivity, high melting enthalpy and desirable melting
temperature range [8]. In salt hydrates, nH,O represents the number of water molecules
associated with each salt complex. As the water content decreases, the melting point
of the salt hydrate increases [9]. The salt crystal is solid, but it may contain more than
50% of water by mass. When the salt hydrate crystal is heated it melts and the water of
crystallization is released, into which the salt ions dissociate. Most salt hydrate PCMs have
very low health and safety risks and are naturally abundant. Inorganic PCMs can have
melting points anywhere from 5 °C to 130 °C, and many salt hydrates melt congruently
without phase separation, retaining the exact chemical composition as the solid phase.
Some of the congruently melting salt hydrates are, LiCl03.3H,0, NaOH.3.5H,0, KF.4H,O,
Zn(NO3),.6H,0, NaOH.H,;0 and Mg(NO3).6H,O [10]. Encapsulation of PCM in LHS for
buildings is a cost-effective and safe approach. In microencapsulation, PCMs are packed
in small, spherical or rod-shaped particles, whereas in macroencapsulation, PCMs are
enclosed in tubes, pouches, panels or containers [11]. In contrast to many organic PCMs,
salt hydrates are compatible with plastic packaging. Selection of a proper container for
PCM packaging is important because undesirable reactions between the packaging material
and PCM can affect its performance. Plastics are currently used to encapsulate PCM but
compatibility testing for long term product stability is required. Studies on compatibility of
salt hydrates with polyethylene (HDPE), polypropylene (PP) and polyvinylchloride (PVC)
showed negligible mass change of plastics when placed in contact with salts compared
to organic PCM [12]. Due to the corrosiveness of salt hydrate based PCMs, the long-time
durability of metal packaging is arguable. Stainless steel, carbon steel, aluminum alloys and
copper have been tested with salt hydrates of different melt temperatures. Stainless steel
was found to be the most corrosion resistant followed by copper, which initially corroded,
but remained stable over a longer time. Calcium chloride had no corrosion effect on copper.
Aluminum has been found compatible with sodium acetate based PCM [13]. Another
major advantage of salt hydrate PCMs over organic PCMs is that these inorganic PCM are
inherently non-flammable.

Despite the aforementioned attractive properties, salt hydrates exhibit many problems
which must be resolved before they can be commercialized for practical applications. Issues
with salt hydrates include change of volume at phase transition, supercooling, phase
separation, corrosion and loss of water upon cycling [14]. Supercooling is considered to be
a major disadvantage of salt hydrates, resulting from insufficient nucleation. Supercooling
is a condition where the solidification of the PCM is delayed to below the melting point,
requiring a wider operating temperature range. If solidification does not occur at the
desired temperature, the PCM is unable to release the crystallization heat right below the
melting point and the long-term stability can be affected. There are two supercooling
scenarios: poor nucleation means delay of crystallization because of no nucleation sites for
the crystal to grow or there is no effect of any nucleating agent if added and poor crystal
growth rate relates to crystallization kinetics. For most of energy related applications, it
is necessary to suppress the supercooling as it limits the widespread usage of PCMs [15].
Supercooling can be suppressed by either adding nucleating agents that have similar crystal
structures to the PCM, or by seeding with a solid crystal of the same material as PCM. It
can also be suppressed by agitation, electrical, mechanical and ultrasound means. There
are limitations with all these methods, but the most preferred method is the addition of
nucleating agent as it has been shown to suppress supercooling by more than 90% with
small proportion (1%) of material [16].
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Another challenge is incongruent or semi-congruent melting /freezing behavior of salt
hydrates, which leads to phase separation. Incongruent melting changes the composition
of the material, forming two different salt hydrates that melt at different temperatures,
whereas semi-congruent melting means that only a portion of anhydrous salt forms the
desired salt hydrate, which leads to loss of energy. The amount of water released in dehy-
dration is not enough for the complete dissolution of the salts, which leads to formation of
secondary phases of less hydrated PCMs; these secondary phases may erode the intended
thermal storage behavior. It is important to be aware of the possible other hydrates in
a particular PCM system to formulate final products such that incongruent melting is
avoided. There are many methods used to eliminate this phase separation such as the
addition of different stabilizers or thickening agents, addition of extra water, and mechan-
ical stirring to reach and maintain the eutectic point of PCM. It is critical to determine
a method that works well to stabilize the PCM over many thermal cycles, especially for
building applications [17].

Thermal cycling testing, supporting durability analysis, is another important factor
that needs to be undertaken in order for building thermal storage systems to be commercial-
ized. The initial thermal cycling just after the preparation of PCM formulations is critical
because some PCMs do not yield the expected latent heat until the crystallization process is
perfected, and others may not be stable after couple first cycles. Erosion of the melting en-
thalpy over repeated cycling can be indicative of incongruent melting and large-scale phase
separation, dehydration, and inhomogeneous heat distribution throughout the material.
That is why it is recommended that accelerated thermal cycle tests should be performed in
the lab conditions before the commercialization or production scale up. It is also important
to consider the effects of the heating and cooling rates as the PCM performance may vary
depending on the thermal cycle time.

There are many inorganic salt hydrate PCMs with melting temperatures between
30-36 °C such as sodium carbonate decahydrate (Nay,CO;3.10H,0), sodium sulfate decahydrate
(NaS04.10H,0) and di-sodium hydrogen phosphate do-decahydrate (Na,HPO4.12H,0),
etc., which exhibit supercooling and phase separation defects. Phase change behaviour of
these PCMs can be improved by adding nucleating agents and stabilizers/thickening agents.
There are also eutectic—salt hydrate-based PCMs, such as NayCO3.10H,O0—NaySO,4.10H,0,
NayHPO4.12H,0O—Na,504.10H,O and many more, all of which have phase transition temper-
atures around 30-35 °C. Once again, defects in these materials exist and need to be addressed
by adding nucleating and thickening agents [18,19]. However, for building applications,
CaCl,.6HyO with melt temperature between 25 and 30 is most suitable.

Calcium chloride hexahydrate (CaCl,.6H,0) is an example of inorganic salt hydrate
which has garnered much attention in the past and still has potential for additional investi-
gation and improvement. It exhibits phase transition in temperature range between 25 and
30 °C, with reported high latent heat between 170 and over 200 J/g. Thermal conductivity
of this PCM for solid and liquid is 1.08 and 0.56 Wm~'K~!, respectively, and solid and
liquid density of CaClp.6H,O is 1710 Kgm 3 and 1560 Kgm ~3 making it an ideal PCM for
building applications [20]. CaCl,.6H,O based PCM has a working temperature range in hu-
man comfort; thus, its use in building applications has been studied by packaging in panels
used as wall/ceiling or floor tiles (see: Figure 1). This results in an improvement of indoor
thermal comfort and enhances heat storage capability [21]. Despite this, CaCl,.6H,O faces
a major challenge, in that supercooling and semi-congruent melting lead to undesirable
phase separation [22].

PCM formulations using CaCl,.6H,O have a long history of research and usage
for building applications. In 1984, a high melting enthalpy of 209 J/g was reported for
CaCl,.6H,O with a melting point of 29 °C. In this work, crystal nucleation was required
to prevent supercooling [23]. SrCly.6H,0O is used as a nucleating because of its similarity
in crystal structure to CaCl,.6H,O. SrCl,.6H,0O has also been shown to help solubilize
the CaCl,.6H;0O. Incongruent melting of CaCl,.6H,O can be controlled through addition
of calcium hydroxide. An increase/decrease in the melting point was achieved with the
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several additives such as MgCl,.6H,O, KNOj, etc., however they are eutectic PCM [24].
Researchers have also tested the effects adding 1-5 wt.% of KCl, NaCl and LiCl on melting
temperature and crystallization temperature. They also suggested barium salts as nucleat-
ing agent for this PCM as the dimensions are similar to the CaCl,.6H,O [25]. On addition
of KCl alone, supercooling was not suppressed. It was observed that at least 5% of KCl
should be added to prevent phase separation [26]. The effect of excess water in prevent-
ing dehydration has been studied for over 1000 cycles. They changed the stoichiometric
composition of this PCM but kept the composition less than the peritectic point which
resulted in suppression of tetrahydrates. NaCl was utilized here to repeat the phase change
repeatability but was not used as a nucleating agent [27]. In terms of durability, thermal
testing of CaCl,.6H,O without any additives was carried out for 1000 cycles. Stability of
latent heat (120-125 J/g) and melting point (23-25 °C) was observed during this testing
with no phase separation [28].

Figure 1. Example of the PCM usage in a small house/hut/container where PCM panels are installed
on walls.

The relationship between CaCl,.2H,0O and anhydrous CaCl; has been investigated.
This work concluded that increasing proportion of CaCly.2H,O decreased the supercooling
in this PCM. It was found that supercooling reduced to 0.8 °C when the proportion of
CaCly.2H,0 was 66.21%. They also used silicon dioxide (SiO;) as a nucleating agent
which eliminated the supercooling [29]. XRD analysis of prepared CaCl,.6H,O was done
to verify the purity of the sample by comparing it with standard crystallography data.
Graphene oxide has also been used to suppress supercooling; on addition of 0.02% graphene
oxide supercooling reduced by 61.6% whereas addition of 0.8% SrCl,.6H,O (nucleating
agent) reduced supercooling by 76.5%. When both the materials were added together, it
suppressed supercooling by 99%. It concluded that supercooling cannot be eliminated
completely with independent use of nucleating agent [30]. Table 1 summarizes reported
results for CaCl,.6H,O with various nucleating agents and stabilizers.

All these cited above studies illustrate the wide array of nucleation agents and stabi-
lizers, compositions and the complex phase behavior observed in the CaCl,.6H,O system.
However, systematic analysis of the influence of multiple additives has not been reported
yet for this family of PCMs. The formulation material composition as well as the prepa-
ration method for this salt hydrate are critical for the PCM performance, and so far, very
few publications explain in detail all formulation preparation steps. The present work
reports on two preparation methods for CaCl,.6H,O resulting in a single phase PCM.
Suppression of supercooling is explored using different amounts of SrCl,.6H,O. The effect
of different proportions of SrCl,.6H,O on supercooling and latent heat was also discussed.
The expected result on addition of SrCl,.6H,0O is to have no supercooling for multiple
cycles. NaCl and KCl are explored as stabilizers of the hexahydrate form of CaCl, for phase
stability. The influence of each additive and their combinations is systematically studied
using DSC, XRD and T-history methods over multiple cycles. In this work, stability testing
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was done up to 15 cycles and stable combinations were carried out to 25 cycles to check for
continuous PCM behavior.

Table 1. Inorganic salt hydrates PCM.

Sr No. Nucleating Agent Stabilizer Supercooling Cycles Latent Heat Reference
GO + SrCl,.6H,O
1 (0.02 % + 0.8 %) - 17 250 198 [30]
2 SrCl,.6H,0O (3%) KClI (2%) <2 100 170 [31]
3 EG - NA NA 118 [21]
SrCly.6H,0 (3%) - 2 1
Graphite (3%) - 15.5 1
4 FeO (3%) - 3.8 1 [31]
Ca(OH); (3%) - 16 1
Wood - 6.2 1
5 - - - 1000 125 [28]
BaCOj3 (0.5%) ) 0.59 15 )
BaCOj3 (0.5%) 0.58 10
6 [32]
K,COj3 (0.5%) ) 1.07 13 i
K2CO3 (1%) 0.73 10
SrClg.éHZO - 1 -
7 [33]
Ba(OH),.8H,0O - No effect -
Bal, (0.5%) - 0 20 -
. 0-5 170
8 BaSOy (0.1%) - 0-15 281 - [34]
BaO - 0-3 25 -
SrCl,.6H,0 (2%) KCl (5%) 0 25 169
9 In this research
SrCl,.6H,O (2%) NaCl (5%) 0 25 178

This publication discusses only the development and optimization of the CaCl,.6H,O
based PCM formulations, as well as early thermal performance test results from the multi-
year project which also includes the field performance testing and thermal cycling for up to
2000 cycles, which will be discussed in the following reports.

2. Materials and Methods
2.1. Materials

All the materials were obtained from Carolina Biological Supply Company, Burling-
ton, North Carolina, and used as received. Calcium Chloride dihydrate (CaCl,.2H,0,
granular laboratory grade) which contained calcium chloride anhydrous (77-80%), water
(15-20%), Potassium chloride (2-3%) and Sodium chloride (1-2%) was used to prepare
Calcium chloride hexahydrate (CaCl,.6H,0). Sodium chloride (NaCl, ACS grade) and
Potassium chloride (KCl, granular, ACS grade) were used as stabilizers. Strontium chloride
hexahydrate (SrCl,.6H,O, 100% pure, ACS grade) was used as a nucleating agent. Distilled
water was used for this research work.

Preparation Method

In this paper, two methods were used to prepare 20 g batches of CaCl,.6H,O. In the
first method, CaCl,.2H,0O and water were weighed using an analytical balance (Mettler
Toledo) to achieve the stoichiometry of CaCl,.6H,O (CaCl:6H20 = 111:108). The molar
mass of CaCl,.2H,0 is 147 g/mol; in order to prepare CaCly.6H,0, 13.42 g of CaCl,.2H,0
and 6.58 g of distilled water were mixed together in glass vials. The mixture was placed on
the hot plate (VWR Scientific) and temperature was maintained at 60 °C until it completely
melted. After complete melting was achieved, it was stirred on a magnetic stir plate for
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about 30 min to get a uniform mixture of CaCl,.6H,O. The PCMs were then allowed to cool
down at room temperature and placed in the refrigerator overnight. In the second method,
no heating was applied to prepare CaCl,.6H,O in order to minimize evaporation of water.
On adding CaCl,.2H,0 in water, the temperature rises to 40 °C because of the exothermic
enthalpy of mixing. CaCl,.2H,0 and water were mixed in the same proportion as method
one and stirred with a magnetic stir bar continuously until complete melting was achieved.
The temperature of the mixture was not allowed to exceed 40 °C. After complete melting it
was allowed to cool down at room temperature and placed in the refrigerator overnight.
Figure 2 shows the preparation method used in this research work.

T
] - ——
CaCIz 2H20 MANeocc Cooling at room temp.
q |:: > and placed in
Method 1 v stir3omin. 7 At :
Water ~_ - refrigerator overnight
—
CaCIz 2H20 Q\\ No heat N\ . | Cooling at room temp.
Method 2 / Stir 30 min. ;'i:/ and placed in
Water s o refrigerator overnight
SN— -
Figure 2. Preparation method used for synthesis of CaCl,.6H,0O.
2.2. Modification of CaCl,.6H,0 with Additives
In order to achieve a stable PCM, both stabilizer and nucleating agent were added
following the Design of Experiments in Table 2. SrCl,.6H,O was used to prevent the
supercooling in CaCl,.6H,O, whereas KCI and NaCl were added to stabilize the PCM in
its hexahydrate form supporting congruent melting. Three weight percentages (2, 3 and
5%) of each additive were mixed into the melted CaCl,.6H,O. Samples were continuously
stirred with the help of stir bars and the temperature of the hot plate was maintained at
40 °C until complete melting was achieved, as confirmed by visual observation.
Table 2. CaCly.6H,0 design of experiment with different proportion of nucleating agent and stabilizer.
CaC12.6H20 SIC12.6H20 KC1 NaCl
2% 3% 5% 2% 3% 5% 2% 3% 5%
100%
98% X
97% X
95% X
98% X
97% X
95% X
98% X
97% X
95% X
Combination of two additives withCaCl,.6H,O
96% X X
95% X X
93% X X
96% X X
95% X X
93% X X
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3. Characterization Methods

Differential Scanning Calorimetry (DSC): In this research, DSC testing was performed
to find the melting onset temperature, peak temperature and latent heat of the PCM.
The DSC equipment used for this testing was Discover Q20, TA instruments (Newcastle,
DE, USA). Analysis of the results was carried out in the TA Universal Analysis software.
Amounts of 5-10 mg of samples were placed in aniodic coated aluminum pans. The
heating rate was kept at 2 °C/min. with temperature range of —15 °C to 60 °C. For multiple
cycle measurements, samples were heated and cooled at a rate of 2 °C/min outside of the
instrument, and then a DSC sample was prepared from the cycled bulk sample.

Temperature history method (T-history): This method was developed for getting
the thermal properties of the PCM for larger sample size. T-history method has been
used to analyze/estimate PCM melting point, latent heat of fusion, supercooling, specific
heat, and thermal conductivity for bulk materials. Thermal properties obtained from this
testing can be compared to the data obtained from DSC to understand the effects of sample
volume. In this research we utilized the T history method to record the supercooling
degree [34]. Heating and cooling of the PCM samples were done in a water bath in which
the water temperature was not held constant. Thermocouples (T type resolution) were
used to measure the temperature. The thermocouple was placed in the sample and was
connected to a data logger (CR 3000, Campbell Scientific, Logan, UT, USA) which recorded
the temperature. Figure 3 shows the T-history test setup showing the water bath, datalogger
and the laptop connected to use the PC200 software (version 4.5).

Figure 3. T-history setup for measuring supercooling.

X-ray diffraction (XRD): XRD analysis was done to verify the presence of the hex-
ahydrate of calcium chloride depending on preparation method, and also to compare the
data of the salt hydrate without any additives and with additives. The crystal analysis
of CaCl,.6H,O was carried out by X-ray powder diffractometer (AXRD Proto Benchtop,
Proto Manufacturing, Taylor, MI, USA) with CuK« radiation, which has a characteristic
wavelength of 1.5418 A. The diffraction patterns were collected over a 20 range of 10° to
50°. The samples were ground loaded into the XRD sample holder. The diffraction patterns
obtained from the software XRD WINPD were smoothed in the Origin software. The peak
identification was also done in Origin software. The diffraction patterns for two different
preparation methods of CaCl,.6H,O were compared with the standard XRD data.

4. Results and Discussion
4.1. Analysis Supporting CaCl,.6H,0O Preparation

The DSC testing was performed to compare the phase change behavior for both
the samples. It can be seen in Figure 4, the sample prepared without the heating had a
single peak for PCM melting. This means there is no phase separation (e.g., formation of
CaCl,.4H;0). For the other sample, which was prepared with heating, two melting peaks
can be observed which means CaCl,.4H,0O co-exists with the CaCl,.6H,O. Additionally, the
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phase change enthalpy is significantly lower for the PCM prepared with heating—145]/g
compared to the sample prepared with heating at 172 J/g. Based on these results, it can be
concluded that synthesis of CaCl,.6H,0O, should not include the heating process.

204 m=m \\Vithout heating
== \\\/ith heating

1.5 4

3

o

= 10

©

0

o
0.5+

0.0 —h

—
-10 0 10 20 30 40 50 60
Temperature

Figure 4. DSC curve of CaCl,.6H,0O showing the first melt cycle for both the preparation method.

XRD analyses of CaCl,.6H,O for both the samples was performed to verify the struc-
ture of the crystals present in the PCM. Figure 5 shows the XRD data for both the samples.
Diffraction patterns of both the prepared samples of CaCl,.6H,O were compared with the
reference results of CaCl,.6H,O which was obtained from the Standard X-ray Diffraction
powder patterns published by Institute of Material Research under National Bureau of
Standards [35]. Table 3 shows the comparison for the samples with the peak location
(diffraction patterns) in 26. CaCl,.6H,O without heating has almost the same location for
the peaks as the reference sample peaks whereas for sample prepared with heating, peaks
are missing. From these data, it is clear that the sample prepared without heating has simi-
lar diffraction patterns to the reference for CaCl,.6H;O, which means it actually contains
the hexahydrate part of the PCM. While no reference is available for the tetrahydrate form,
the sample prepared with heating shows a weaker diffraction pattern missing many of the
peaks identified as hexahydrate.

60

CaCl2.6H20 without heating
CaCl2.6H20 with heating

55

50 -
45 ]
40
35 -
30

o —

20

15 -

10 ‘

5

T T T T T T T T T

10 15 20 25 30 35 40 45 50
26

Intensity

Figure 5. XRD pattern of CaCly.6H,0O showing peak location and intensity of crystals.
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Table 3. Peak location of the XRD plot.

CaCl,.6H,O Sample Prepared CaCl,.6H,O Sample CaCl,.6H,O Reference
without Heating (20) ° Prepared with Heating (20) ° Sample (20) °
- 125 13
22.6 - 22.6
26.0 - 26.0
32.0 31.5 32.0
349 - 34.7
39.6 - 39.6
418 41.0 418
45.0 454 45.8
47.0 - 47.8

4.2. Analysis of Supercooling Effect in CaCly.6H,O

The T-history method was used for analyzing the magnitude of supercooling in
CaCl,.6H,O. It was observed that upon increasing the number of heating-cooling cycles,
the supercooling level also increased. Cooling curves can be seen in the Figure 6a for
CaCly.6H0. The temperature spike observed during cooling is indicative of the phase
transition occurring below the thermodynamic freezing temperature (~25 °C). The amount
of supercooling is taken to be the height of the spike (e.g., 12 °C for the 15th cycle in
Figure 6b). The bar graph shows the increase in the supercooling of this PCM with the
increase in heating-cooling cycle. The increase in supercooling must be controlled as it
leads to the decrease in available phase change energy; SrCl;.6H,O was added in different
proportions as a nucleating agent to suppress the supercooling.

60

CaCL2.6H20
{——2nd Cycle 121 =
50 4 = 5th Cycle
= 10th Cycle|

S = 15th Cycle| 104
3140 T o
o £
E s
= a0 2 81
— [<%
= >
[h} w
&

20 4 6

10+ 4l

T T ¥ T T T T T T
=20 0 20 40 60 80 100 120 140 160
) . Cycle 2 Cycle 5 Cycle 10 Cycle 15
Time (min)
(@) (b)

Figure 6. (a) T-history curve for 15 cycles for CaCl,.6H;O; (b) Increase in Supercooling graph for
CaC12.6H20.

4.3. Analysis of Phase Separation in CaCly.6H,0O

DSC testing was used to find the melting temperature and latent heat of melting. The
DSC curves shown in Figure 7a is for pure CaCl,.6HO. The melting point was found to
be 25.2 °C with latent heat of 172 J/g. As the number of heating-cooling cycles increases,
it can be seen in Figure 7a, melting range increases for CaCl,.6H,O which means it starts
losing water to form lower hydrates leading to incongruent melting. For cycle 15, the
peak temperature is 47.1 °C which proves the presence of CaCl,.4H,O in the sample (see
Figure 7a). A supernatant liquid was observed during the thermal cycles. Figure 7b shows
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anhydrous salt settled at the bottom indicating separation of CaCl,.6H,O into CaCl,.4H,O
at the time of freezing. Also, the latent heat of melting decreases with the increasing
thermal cycles. Table 4 shows the melting temperature, peak temperature and latent heat
up to 15 cycles. These results show that CaCl,.6H,0O is not stable and it is necessary to add
stabilizer to prevent the incongruent melting leading to phase separation.

16 ¥
CaCl,.6H,0 ;
1.4 4 = Cycle 2
j==Cycle 5
f=== Cycle 10
e Cycle 15

CaCl,.4H,0

Heat flow
o
o
L

T T T T T
20 10 0 10 20 30 40 50 60 70
Temperature

(a) (b)

Figure 7. (a) DSC curve for CaCl,.6H,O during the first 15 cycles; (b) CaCl,.6H,O sample showing
phase separation.

Table 4. Melt temperature (Tr), peak temperature (Tp) and enthalpy for CaCl,.6H,O up to 15 cycles.

Tm T

Cycle No. ©0) ¢ CP) Enthalpy (J/g)
2 25.2 304 172
5 24.8 29.5 152
10 249 294 148
15 251 471 145

4.4. Analysis of Modified CaCl,.6H,O with Stabilizer and Nucleating Agent
4.4.1. Addition of Nucleating Agent

SrCl,.6H,O was added in 2, 3 and 5 wt.% to the CaCl,.6H,O. It is theorized that
this salt hydrate has a similar crystal structure to CaCl,.6H,O which allows the crystal
growth (nucleation). The epitaxy effect is exploited as the CaCl,.6H,O is exposed to a
surface of similar crystal unit cell where nucleation takes place, facilitating growth of the
crystals of CaCl,.6H,O. Epitaxy effect is providing a surface by the nucleating agent to
have crystal growth, which in this CaCl,.6H,O PCM is exhibited by SrCl,.6H,O. Figure 8
shows the suppression of supercooling for different proportions of added SrCl,.6H,O
during T-history testing. Initially supercooling was notably decreased to 1 °C for all the
different proportions of SrCl,.6H,O up to 5 cycles, however on increasing the thermal
cycles it can be seen that supercooling increased for 3 and 5 wt.% to 3 °C and 4 °C for
10th cycle and 5 °C and 6 °C for 15th cycle, respectively. As the proportion of SrCl,.6H,O
increases, a SrCl, rich phase is present that is no longer effective as a nucleating agent.
This finding leads to the conclusion that minimal quantity of SrCl,.6H,O is required for
effective and repeatable nucleation effect on the PCM. DSC testing was also done for these
samples to check the impact on the latent heat of the PCM. Latent heat was found to be
182 J/g for 2 wt.% whereas on increasing SrCly.6H,O to 3 wt.% and 5 wt.% resulted in
decrease of about 20% and 23% of latent heat to 150 J/g and 144 respectively. Figure 9
shows the trend of decreasing latent heat with the increasing proportion of SrCl,.6H,O.



Buildings 2022, 12, 1762

11 of 19

For further investigations, we considered 2 wt.% of SrCl,.6H,O as the optimum proportion
to prevent supercooling.

12 4 —
[ cacieHz0

[ caci2.6H20 + 2% SrCi2.6H20

10 T
[ caci2.6H20 + 3% SrCi2.6H20

[ Tcaci2.6H20 + 5% SrCI2.6H20

Supercooling
(2] (o]
1 1

IS
1

N
1

o LT |

T T T T
Cycle 2 Cycle 5 Cycle 10 Cycle 15

Figure 8. Supercooling degree comparison with SrCl,.6H,O for different heating cycle.
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Figure 9. Enthalpy comparison for different proportion of SrCl,.6H,O for increasing thermal cycles.

4.4.2. Addition of Stabilizers to Prevent Incongruent Melting

KCl and NaCl were added separately with CaCly.6H,O in three different proportions
(2, 3 and 5 wt.%) to produce a stable PCM with congruent melting and to prevent the
formation of lower hydrates of CaCl,. On the addition of KCl, the melting range of
the PCM was broad, which means that a part of hexahydrate released water to form
CaCly.4H;O0. It can be clearly seen in Figure 10a for DSC curve of 2 wt.% KCl, there are
two melting peaks leading to phase separation after up to 5 cycles. After 10 cycles, PCM
stabilized with congruently melting. This was not maintained long—only till 15 cycles.
This experiment shows that the addition of 2 wt.% KCI was not enough to stabilize the
hexahydrate. Table 5 shows the melting point, peak temperature and the melting enthalpy
for the PCM. The enthalpy also reduced for 2 wt.% of KCI by about 25% when compared to
CaCl,.6H,0O (172 ]/ g) without any stabilizer. The trend was similar (Figure 10b) for 3 wt.%
K(l, the melting range was extended to higher temperature but after 15 cycles enthalpy
was observed to be higher by 5% (180 J/g) compared to CaCl,.6H,O without KCI. For
5 wt.% of KCJ, it can be seen in Figure 11a that the formation of CaCly.4H;O decreases
with the increase in thermal cycle. Peak temperature also decreased, and the peak was
narrower with the increasing thermal cycles, indicating the formation of a eutectic point
where the entire PCM melts at the equilibrium temperature of the system. The enthalpy for
5 wt.% KCl after 15 cycles is almost same as CaCly.6H,O without KCl. Supercooling was
observed for all weight percents of KCI which can be seen in Figure 11b. For 5 wt.% KCl,
supercooling was decreasing with the increase in thermal cycles.
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Figure 10. DSC curves showing multiple cycles (a) CaCl,.6HO + 2wt.% KCI; (b) CaCl,.6H,0O + 3wt.% KCL

Table 5. Reported data of CaCly.6H,O with KCl (2, 3 and 5 wt.%) from DSC and T-history.

ipe T Peak Temp. Enthalpy Supercooling
1 . m
Composition Cycle No €0) €0 (/g) e
2 24.6 30.6 146 8
25.5 28 144 6
CaClz .6H20 + 2% KCl
10 25.8 28.6 158 11
15 25.5 28 148 12
2 23.7 28.7 148 8
5 25.3 28.2 157 10
CaCl,.6H,0 + 3% KCl
10 254 29 160 10
15 26.2 31.4 180 10
2 254 304 141 8
5 25.5 28.9 141 4
CaCl,.6H,0 + 5% KCl
10 25.4 28.4 155 3
15 25.2 27.7 171 3
144
129 2% Kol ]
1.2 3% KCl —
10 4 [ 5% KC| - [
1.0
g 0.8 g‘ 8 -
= ©
§ o] :
T 5 6- ]
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Figure 11. (a) DSC curves of multiple cycles of CaCly.6H,O + 5 wt.% KCL; (b) Supercooling with KCI.

Initially, after the addition of NaCl, the melting point was reduced for all tested
formulations. Later, with increasing number of thermal cycles, the melting point increased
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and was similar to CaCl,.6H,O without additives. For all tested PCM compositions using
NaCl, it can be clearly seen in Figure 12a,b, that CaCl,.4H,O was formed up to 5 cycles.
The results for 10 cycles with NaCl showed a broad melting range implying that some
part of the system required higher temperature to melt. For 2 and 3 wt.% of NaCl after
10 cycles, enthalpy was found to be similar to CaCl,.6H,O withoout additives, whereas it
was about 5% higher for 5 wt.% of NaCl. After 2 cycles, and again after 15 cycles, the second
peak reemerged for 2 wt.% NaCl indicating that it is improper coumpound to stabilize
the hexahydrate for congruent melting. For 3 wt.% and 5 wt.% of NaCl, after 15 cycles
a small second melting peak was seen, again, indicating the formation of tetrahydrates.
Supercooling was also observed with each used proportion of NaCl. Figure 13b shows the
supercooling degree for all proportions of used NaCl, indicating the need for a nucleating
agent to prevent it. Table 6 shows the data for latent heat, melting point and supercooling
with NaCl

1.8 4
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= Cycle 10
=== Cycle 15

1.6 1
1.4 4

124
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084
06

Heat flow
Heat flow

0.4+
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(a) (b)
Figure 12. DSC curves of multiple cycles for (a) CaClp.6HyO + 2 wt.% NaCl; (b) CaCl,.6H,O + 3 wt.% NaCl.
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Figure 13. (a) DSC curves of CaCly.6H,O + 5 wt.% NaCl; (b) Supercooling for multiple cycles with
different proportions of NaCl.
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Table 6. Reported data of CaCly.6H,O with NaCl (2, 3 and 5 wt.%) from DSC and T-history.

Peak Temp. Enthalpy Supercooling

Composition Cycle No. Tm (°C) ©0) /g) ©0)
2 23.1 28.6 129 4
25.5 28 158 10
CaCl,.6H,0 + 2% NaCl
10 25.8 30.2 169 10
15 25.5 31.1 158 12
2 23.9 28.9 132 6
24.7 29.5 165 4
CaCl,.6H,0 + 3% NaCl
10 26.0 30.4 170 6
15 26.5 31.3 185 6
2 23.4 29.4 135 3
25.15 30.3 142 3
CaC12.6H20 + 5% NaCl
10 25.4 28.0 196 10
15 25.2 30.0 180 8

The conclusion from these experiments was that neither NaCl nor KCI alone can
effectively stabilize the CaCl,.6H,O and prevent supercooling. We hypothesized that
combinations of KCl and SrCl,.6H,O, or NaCl and SrCl,.6H;O may help in preventing
both effects. That is why the next set of PCM samples was prepared with using SrCl,.6H,O
and either NaCl or KCl separately.

4.4.3. Analysis of CaCly.6H,O with KCI and S5rCl,.6H,O

Several mixtures containing 2 wt.% SrCl,.6H,O and varying proportions of KCl were
tested in DSC and using T-history method for 15 cycles to check the stability of this PCM.
For the samples with KCl, initially the melting point decreases for the PCM, but with
increasing number of thermal cycles it returns to the same melting point of CaCl,.6H,O.
Tetrahydrate formation was observed for 2nd cycle and 5th cycle with the melting range
extending up to 40 °C. Conducting further heat cycles showed a stable PCM with single
melting peak for 3 and 5 wt.% of KCl; however, 2 wt.% KCl continued to show tetrahydrate
formation. This means 2 wt.% KCl was not enough to stabilize the CaCl,.6H,O. Formation
of supernatant liquid was observed after each thermal cycle for 2 wt.% KCI, but not for 3
and 5 wt.% KCl. After 10 cycles, for 3 and 5 wt.% KCl, it can be clearly seen in Figure 14a,b,
that there was no tetrahydrate formation. The stable behavior was seen through 15 cycles
for both 3% and 5%. However, two melting peaks reappeared in the 3 wt.% KCl after 20 and
25 cycles. The 5 wt.% KCl sample was stable up to 25 cycles with a single melting peak and
no tetrahydrate formation was found. Based on the above finings, we believe that 5 wt.%
KClis the eutectic composition for this PCM, yielding a single stable phase and suppressed
formation of tetrahydrates. Tables 7 and 8 show the melting temperature, peak temperature,
latent heat and supercooling for 3 and 5 wt.% of KCl up to 25 cycles respectively. For 5 wt.%
K(J, it can be seen that the latent heat decreases 5% after 20 cycles from 181 J/g to 170]/g
but remains constant after it. The melting point is also stable after 15 cycles. Findings from
the independent additive studies suggest that a combination of 5 wt.% KCl and 2 wt.%
of SrCl,.6H,O stabilizes the PCM by eliminating the phase separation, suppressing the
supercooling and reproducing the congruent melting behavior over a substantial number
of cycles. In this formulation, semi congruent melting of the PCM is prevented and the
solid and liquid phases are in stable equilibrium at the melting point.

Figure 15 shows the comparison of enthalpy for CaCl.6H,O without any additives
and with KCl at 2, 3 and 5 wt.% and 2 wt.% SrCl,.6H,O up to 15 cycles. It can be clearly
seen that enthalpy increases on addition of KCl. This shows that KClI also increases the heat
storage capacity and the improvement is maintained for the repeated thermal cycles.
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Figure 14. DSC curves for multiple cycles for (a) 3% KCl and 2% SrCl,.6H,O; (b) 5% KCl1 with
2% SrCl,.6H,0.

Table 7. Results for 3 wt.% KCl reported through DSC and T-history.

Heating Cycle Tm CO) Peak (°C) Enthalpy (J/g) CC4 Formation Supercooling (°C)
2nd Cycle 22.4 24.6 132 Yes 1.22
5th Cycle 24.6 27.3 183 Yes 11
10th Cycle 25.0 27.8 204 No 1
15th Cycle 25.6 27.6 190 No No
20th Cycle 26.9 30.7 181 Yes No
25th Cycle 25.7 29.3 160 Yes No
Table 8. Results for 5 wt.% KCl reported through DSC and T-history.
Heating Cycle Tm (°C) Peak (°C) Enthalpy (J/g) CC4 Formation Supercooling (°C)
2nd Cycle 224 25.1 128 Yes 2
5th Cycle 244 26.7 178 Yes 5
10th Cycle 25.1 28.4 196 No 5
15th Cycle 26.6 30.8 181 No 1
20th Cycle 26.2 29.68 170 No No
25th Cycle 26.3 29.3 169 No No
250
200
_E 150
@©
=
<
W 1004 —=— No KClI
—e— 2 wt% KCI
—a— 3 wt% KCI
0,
50 —v— 5 wt% KCI
0

T T T T
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Figure 15. Comparison of latent heat for CaCl,.6H,O for 15 cycles without KCl and with KCl1 (2, 3
and 5%).
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4.4.4. Modification of CaCl,.6H,O with NaCl and SrCl,.6H,O

Testing of PCM samples containing SrCl,.6H,O and 2 or 3 wt.% NaCl showed the
two melting peaks indicative of formation of CaCl,.4H,0O, whereas for 5 wt.% NaCl, there
was no CaCly.4H,0 formation for up to 25 cycles. Further evidence of phase stabilization
is shown in Figure 16; for 5 wt.% NaCl, the melting curves were sharp and the melting
point of this PCM also was stable. Table 9 shows the latent heat, melting point and the
supercooling for 5 wt.% NaCl and 2% SrCl,.6H,O up to 25 cycles. The latent heat for cycle
2is 168 J /g and it increases about 5% after 25 cycles, with no supercooling. Inclusion of
both 2% SrCl,.6H,0O and 5 wt.% of NaCl modifies the semi-congruent behavior of this PCM
so that the hexahydrate is no longer converted to lower hydrates.

1.6
——Cycle 2
1.4 1 ——Cycle 5 |
—— Cycle 10 |
124 ——cCydle 15
10 -Cycle 20
z ] Cycle 25
<]
L 084
§
L 06+
0.4 4
0.2
oof 1
_02 T T T T T T T

Temperature

Figure 16. DSC curve for 5 wt.% NaCl and 2 wt.% SrCl,.6H,O up to 25 cycles.

Table 9. Results for 5 wt.% NaCl reported through DSC and T-history.

Heating Cycle. Tm CO) Peak (°C) Enthalpy (J/g) CC4 Formation Supercooling (°C)
2nd Cycle 245 30 168 No 3
5th Cycle 25.4 29.9 170 No No
10th Cycle 25.1 29.9 171 No No
15th Cycle 24.6 30.8 172 No No
20th Cycle 24.2 29.8 173 No No
25th Cycle 25.3 30.5 178 No No

4.4.5. Analysis of XRD Pattern for CaCl,.6H,O PCM System

The XRD tests were conducted on the combination of CaCl,.6H,O with 5 wt.%
KCl/NaCl and 2 wt.% of SrCly.6H,O. Figure 17 shows the XRD pattern comparison for
three PCM samples. This comparison was done to see if there were any changes in peak
locations due to structural changes in the synthesized PCM. It was found that the peak
locations for all three samples were dearly identical, which verifies that there was no
chemical reaction of KCI or NaCl and SrCl,.6H,O with CaCl,.6H,O instead there is only
physical interaction. The CaCly.6H,O PCM system with additives behaved similarly to
CaCl,.6H,0O without any additives and had no impact on the crystal structure.
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Figure 17. XRD comparison of CaCl,.6H,O with and without additives.

5. Conclusions

This publication summarizes the work done on the CaCl,.6H,O PCM, which has
melting temperature at 25-27 °C and latent heat around 170 J /g, suitable for the building
applications. A series of thermal performance tests was conducted to understand the
challenges associated with preparing this PCM formulations. This includes the formulation
selection and synthesis method, thermal stability and supercooling. Three salt additives
were used to form a stable PCM system suitable for thermal cycling. Beginning with
the preparation method, the key finding of this research was that no heating is required
to prepare the CaCly.6H,O PCM. The use of heating during the PCM preparation may
couse the formation of lower hydrates of CaCl, and lead to congruent melting behavior.
Furthermore, the T-history method test showed increasing supercooling with repeated
thermal cycles for CaCl,.6H,O from 4 °C to 12 °C after 15 cycles. DSC test results showed
that initially CaCl,.4H,O was not formed, and latent heat was 172 J/g; however, with
increasing number of thermal cycles, latent heat reduced and CaCl,.4H,0O formation led
to two melting peaks. The addition of SrCl,.6H,0 (2, 3 and 5 wt.%) was able to suppress
the supercooling to 1 °C, however together with increasing number of thermal cycles,
3 and 5 wt.% SrCl,.6H,0O formulations were not able to maintain supercooling at 1 °C,
and consequently, the latent heat was reduced. These test demonstrated that 2 wt.%
5rCly.6H,O was effective in mitigating the supercooling and maintaining the latent heat
of the CaCl,.6H,0 system. KCl/NaCl were added to encourage congruent melting of
this PCM, but neither KCI, nor NaCl were able to prevent supercooling. Lastly, it was
shown that the combination of 5 wt.% KCI or NaCl, and with 2 wt.% fixed proportion
of SrCly.6H,0 resulted in congruent melting with a single melting peak (no formation
of CaCl,.4H;0), and no supercooling. These results for the combination of 5 wt.% of
KCl and NaCl with 2% SrCl,.6H,O had latent heat of 169 J/g and 178 J/g and melting
temperature of 26 °C and 25 °C up to 25 cycles, respectively, which makes it a good choice
for commercialization of this PCM in building applications.
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