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Abstract

CaHb> is a metal hydride with a high energy density that decomposes around 1100 °C at 1 bar
of H> pressure. Due to this high decomposition temperature, it is difficult to utilise this material
as a thermal battery for the next generation of concentrated solar power plants, where the
currently targeted operational temperature is between 600 and 800 °C. In this study, CaH> has
been mixed with calcium halide salts (CaCl,, CaBr; and Caly) and annealed at 450 °C under
100 bar of H» pressure to form CaHCI, CaHBr and CaHI. These hydride-halide salts incur a
thermodynamic destabilisation of their hydrogen release, compared to CaH», so that they can
operate between 600 - 800 °C within practical operating pressures (1 - 10 bar H») for
thermochemical energy storage. The as-synthesised metal hydrides were studied by in-situ
synchrotron X-ray diffraction, temperature programmed desorption and pseudo pressure
composition isothermal analysis. Each of the calcium hydride-halide salts decomposed to form
calcium metal and a calcium halide salt after hydrogen release. In comparison to pure CaH>,
their decomposition reactions were faster when heated up to 850 °C, and the experimental
values of the desorbed hydrogen gas were very close to the theoretical ones. All samples after

their decomposition showed signs of sintering, which hindered their rehydrogenation reaction.

Keyword: Calcium Hydride; Destabilisation; Thermochemical heat storage; Concentrated
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1 Introduction

Efficient and cost-effective energy storage is the main challenge towards providing reliable
renewable energy that will eventually replace fossil fuel power. Concentrated solar power
(CSP) is highly efficient, cost-effective, and can be easily scaled up [1-4]. Most importantly,

with the integration of a thermal energy storage system, heat can be stored during daylight



hours and released during periods of poor or absent solar irradiation. This allows concentrated
solar power plants to produce electricity night and day cheaply to meet grid demand [5, 6].
There are three kinds of conventional thermal energy storage systems. i) Sensible energy
storage harnesses energy from the specific heat of a material during temperature excursions of
a storage medium such as “solar salts” [7-10]. Sensible energy storage is currently the most
commonly used technology, with a wide range of inexpensive materials available.
Nevertheless, these materials have a low energy density (0.02 - 0.03 kWh/kg), which
necessitates large thermal energy storage systems that ultimately raise the cost of concentrated
solar power plants. i1) Latent heat storage extracts energy during the changing of phase of a
material, such as solid-liquid phase changes in a eutectic salt [11-13]. Latent heat has a higher
energy density (0.05 - 0.1 kWh/kg) than sensible heat but the majority of the materials currently
investigated have poor heat-transfer performance due to low thermal conductivity, along with
significant energy loss. iii) Thermochemical energy storage is the most promising, but is the
least commercially advanced of the three technologies [14-17]. The key benefit is its high
energy density (0.5 - 1.0 kWh/kg), relieving the necessary mass/volume of materials and space
requirements, and total cost, imposed by the other two types of systems [18-29].

Currently, there has been a great effort from the U.S. Department of Energy through the
SunShot initiative, to enable the third generation of CSP plants to be operating by 2030 [30-
32]. The objectives of the project are to decrease the cost of the CSP plants by raising the
temperature (600 - 800 °C) of the heat they deliver to the power cycle. This will reduce the cost
of the new CSP systems by 40% in comparison to the existing ones that operate at 300 - 550 °
C [33]. The higher power cycle efficiencies achieved between 600 and 800 °C are almost 50%
higher than the existing ones [33, 34].

Thermal batteries that can operate at the required temperatures (600 - 800 °C) for the third

generation CSP plants, are currently not commercially available. Metal hydrides are promising



candidates for thermochemical heat storage between 600 and 800 °C, with some exceeding the
energy density by eight times of that currently available in molten salts [35, 36]. Calcium
hydride is a high temperature metal hydride with a melting point of 816 °C, at 1000 °C with an
equilibrium pressure of 1.2 bar, its experimental enthalpy (AH) is 207.9 kJ/mol Hz and entropy
(AS) is 161.81 J/mol-K [35, 37-39]. Metal hydrides can release and absorb hydrogen at certain
temperatures based on their thermodynamics. CaH» exhibits low operating pressures (1 - 5 bar)
when heated to 1100 - 1400 °C, and has a high theoretical gravimetric energy density equal to
4426 kJ kg'! [35]. Calcium hydride has several industrial applications and is widely used as a
desiccant in laboratory practice for extracting moisture from crystal hydrates, hydrocarbons,
ethers and other solvents [40, 41]. It is also commonly used as a reducing agent for the synthesis
of metallic powders such as Ti, Zr, Nb, Ta, Mo and W from their oxides and halides [42, 43].
The main factors that hinder the utilisation of calcium hydride as a high temperature thermal
battery is its high operating temperature (~ 1100 °C) that increase the costs of the tank materials
and engineering [35].

A frequent method applied to thermodynamically destabilising a metal hydride and to
decompose it at lower temperatures is to substitute a hydrogen atom with a halide such as
fluorine in its crystal structure [28, 44]. Halide substitution using chlorine, bromine or iodine
in calcium hydride has not been widely investigated, most likely due to the difficulties in
measuring metal hydride compounds at high temperatures [45]. In 1956, Ehrlich et. al
investigated the structural properties of CaHCI, which was furthered by Beck et. a/ in 1983,
but there is little information available on the suitability of these hydrides as heat storage
materials [46, 47]. In 1987, Ayadi et. al studied the crystal growth of CaHCI and CaDCl using
Raman spectroscopy [48], while Sridharan et. a/ studied the phase relationship and electrical

properties of CaCl;-CaHz [49]. Vardhan et. al studied the phase diagram of CaBr,-CaHBr in



2013 [49, 50], although there aren’t any studies on the CaHI system and none regarding the
thermodynamic properties of any of the halide-hydride systems.

In this work, CaH; was mixed with CaCl,, CaBr; and Cal; to form CaHCI, CaHBr and CaHI,
respectively. The potential of these calcium hydride-halides systems as thermochemical energy
storage materials utilised in concentrated solar thermal power plants operating between 600

and 800 °C is investigated and reported.
2 Materials and methods

2.1 Sample preparation

All sample preparation and handling was performed using an Ar glovebox (Mbraun Unilab)
with Oz and H>O concentrations of less than 1 ppm, since all chemicals used for the synthesis
were sensitive to both air and moisture. CaH; (Sigma Aldrich, >95%) was ball-milled with
CaCl; (Sigma Aldrich, > 93%), CaBr; (Sigma Aldrich, > 98%) and Cal> (Sigma Aldrich, >
99%) respectively in a 1:1 molar ratio for 10 h under argon at 400 rpm. The ball to powder
mass ratio was 40:1 using 316 stainless steel canisters (100 ml), and an equal mixture of 10
and 6 mm stainless steel balls. After milling, the CaH,-CaCl,, CaH>-CaBr; and CaH»-Cal,
mixtures were annealed at 450 °C under 100 bar H» for 12, 24 and 48 h, respectively to form

CaHCIl, CaHBr and CaHI as verified by powder X-ray diffraction.

2.2 Sample characterisation

In-situ synchrotron radiation X-ray powder diffraction (SR-XRD) was performed at the
Australian Synchrotron [51]. All samples were loaded in quartz capillaries (outer diameter 0.7
mm and wall thickness 0.05 mm). The capillaries were mounted onto a sample holder made
from Swagelok tube fittings and connected to a vacuum manifold. The capillary was heated
using a hot air blower from room temperature to 900 °C with a 10 °C min! heating rate under
dynamic vacuum. The temperature of the hot air blower was calibrated against the known

5



thermal expansion coefficient of NaCl and Ag [52-54]. SR-XRD data was collected using a
Mythen microstrip detector at two different detector positions in order to cover the entire 26
range (10 - 40 degrees) [55]. The exposure time for each position was 30 s, and 1 min in total
for the entire 26 range, A= 0.589741 A for CaH, and CaHBrand 4 = 0.9218749 A for CaHCl,
and CaHI were used. The two different wavelengths are due to collected data that were obtained
from two experiments done at the Australian Synchrotron at different times using a 21.04 keV
and 13.46 keV energy source respectively. The selection of a different energy for the second
experiment was to obtain data with a higher resolution that would help their phase analysis. A
lower incident energy gives a higher angular resolution due to the spreading out of the resultant
diffraction pattern.

Differential Scanning Calorimetry (DSC) and Temperature Programmed Desorption Mass
Spectrometry (TPD-MS) measurements were obtained using a Mettler Toledo DSC 1 coupled
with an Omnistar MS with + 0.2 °C temperature and + 20 pg balance accuracy. The instrument
was located inside a glovebox with an Ar atmosphere to avoid oxidation of the materials during
their transfer to the TGA/DSC. In each case, samples (~8 mg) were loaded in a 70 pL alumina
crucible and heated to 900 °C with a 10 °C min™! heating rate under an Ar flow of 20 mL min .
Further volumetric TPDs and pseudo Pressure Composition Isotherms (PCI) measurements
were undertaken on a computer controlled Sieverts/volumetric gas apparatus, with a 5 h
equilibrium step and a 3 bar pressure increment [56, 57]. The PCI measurements are referred
to as “pseudo” since the kinetics for the desorption reactions were very slow, and the real
equilibrium pressures during the isothermal measurements were not completely attained.
Nevertheless, the obtained pseudo PCI measurements provide a good indication of the true
PCIs. Sample temperature and pressure were recorded every 30 s using a K-type thermocouple
with a calibrated accuracy of 1 °C at 419 °C and a digital pressure transducer (Rosemount

3051S) with a precision/accuracy of 14 mbar. Volumetric TPD data were obtained using a



Sievert’s apparatus from room temperature to 850 °C with a ramping rate of 5 °C min™!' before
reaching isothermal conditions at 850 °C for 4 h. All volumetric TPD experiments were
undertaken starting from vacuum and all the gas released is hydrogen (0.3 — 0.9 bar of H»
released from the samples). Pseudo-PCI data were collected at different temperatures between
650 and 725 °C. A SiC sample cell was used for both volumetric TPD and PCI measurements
to avoid hydrogen permeability at high temperature [58]. All samples were placed in alumina
sample holders and then mounted inside the SiC sample cell.

Morphological observations were carried out with a Zeiss Neon 40EsB (Zeiss, Germany)
scanning electron microscope (SEM). SEM specimens were prepared by placing a small
amount of the powder sample onto carbon tape. The exposure of the samples to air was
minimised by using a custom made ante chamber in which the specimens were transferred from
the glovebox to the SEM chamber. Phase observations of all samples after their TPD
measurements were examined by powder X-ray diffraction (XRD) (Bruker D8 Advanced
diffractometer) using CuKa radiation. The measurements were performed using 0.3° for the
divergence slit and 0.3° for the antiscattering slit. The measured 26 range (10°-80°) was
scanned with a 0.03 step size, at 1.6 s/step and a rotational speed of 30 rpm. The accelerating
voltage and applied current were 40 kV and 40 mA, respectively. XRD sample holders were
covered with a poly(methylmethacrylate) (PMMA) airtight bubble to prevent oxygen/moisture
contamination during data collection. This bubble results in a broad hump in XRD patterns

centred at ~20° 26.

3 Results and discussion
3.1 Initial phase analysis
X-ray diffraction patterns of CaH> (space group Pnma) [58] and the annealed hydride-halide

samples (P4/nmm) [48] are presented in Fig. 1. The as-supplied CaH> displays minor traces of



CaO. Calcium hydride and its derivatives are highly sensitive to oxygen and moisture. As such,
all as-prepared samples have minor traces of CaO and some Ca(OH), (Figl(b, c)). The
formation of calcium hydroxide may occur from trace moisture in the calcium halide salts. In
Fig. 1(b, ¢) CaHCI and CaHBr are the dominant phases present in the sample, indicating that
the starting materials CaH»-CaCl, (for CaHCl) and CaH»-CaBr; (for CaHBr) have reacted
during annealing at 450 °C at 100 bar H, pressure for 12 and 24 hours respectively. In contrast,
minor diffraction peaks of Cal, are present in the prepared CaHI sample, even though it was
annealed for 48 h. Extended annealing times for this sample were applied in comparison to the
CaHBr sample, since 24 h was not sufficient to form CaHI. Traces of unknown phases were
identified in some of the as-synthesised samples (CaHBr and CaHI), therefore a reliable

quantitative Rietveld analysis of all present phases could not be performed.
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Fig. 1: Ex-situ SR-XRD patterns at room temperature for (a) CaHz (4= 0.589741 A) (b) the as-
prepared CaHCI annealed at 450 °C and 100 bar H, for 12h (A = 0.9218749 A) , (c) CaHBr for

24h (J= 0.589741 A) and (d) CaHI for 48h (1 = 0.9218749 A).

3.2 Thermal analysis

All four sets of in-situ SR-XRD patterns (Figs. 2-5(a)) (CaH>, CaHCI, CaHBr, CaHI) show an
expansion of their lattice parameters (diffraction peaks decrease in 26) with increased
temperature (Table s1, Figs. sl - s4). In-situ SR-XRD patterns and TPD-MS curves for CaH»

are presented in Fig. 2. The DSC data for the same sample is presented in the electronic



supplementary information (Fig. S5). A first phase transformation is observed at 600 °C (Fig.
2(a)), where diffraction peaks of a solid solution of CaH, appear. The formation of this phase
is due to the partial decomposition of CaH> [59]. This observation is mirrored in the TPD-MS
data (Fig. 2(b)), where hydrogen commences desorption at the same temperature. The CaHx
phase that appears at 600 °C disappears at ~800 °C, in accordance with the maximum rate of
hydrogen desorption observed in the TPD-MS curve (Fig. 2(b)). The expected endothermic
decomposition peak of CaH> is not observed between 600 and 700 °C in the DSC curve (Fig.
S5), although the endothermic peak attributed to the melting of Ca at ~800 °C is seen. This
observation matches with the maximum rate of hydrogen desorption according to the TPD-MS
curve (Fig. 2(b)). Beyond 800 °C the formation of CaO may be due to the presence of oxygen
in the system either from a small leak in the vacuum seal or as an impurity in the material itself.
This results in an instantaneous contamination reaction of Ca with the oxygen forming a stable
oxide, during the measurement.

According to Fig. 2(b) a small amount of hydrogen is desorbed at lower temperatures than
expected (200 - 400 °C). This phenomena is evident in all TPD-MS (Fig. 3(b) - 5(b)) and TPD
data (Fig. 6) from each sample, and it may be due to the decomposition of Ca(OH), at that
temperature to CaO and H>O. The produced water instantaneously oxidises the metal hydrides and

hydrogen is released, which is detected by the mass spectrometer.
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Fig. 2: CaH> (a) In-situ SR-XRD, /= 0.589741 A, and (b) hydrogen desorption profile as observed

by TPD-MS.

In Fig.3(a) in-situ SR-XRD patterns for CaHCI are presented. The diffraction peaks related to the
CaHCI phase begin to disappear at ~720 °C. At the same temperature both an endothermic peak is
observed by DSC (Fig. S6), which reflects the decomposition of the CaHCI, and a rapid hydrogen
release is evident by TPD-MS (Fig. 3(b)). The formation of Ca and CaCl, is expected to start after

730 °C, indicating that CaHCI decomposes according to chemical reaction (1).

2CaHCl — Ca+CaCl +Hy (1)
At 772 °C CaCl; is molten and therefore it is impossible to identify by in-situ SR-XRD. At the same

temperature CaCloO, formation is evident, which is the reaction product of molten CaCl, with
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oxygen. At 800 °C CaxSiO4 begins to form, which is a result of the corrosive molten Ca reacting
with the quartz (SiO;) capillary and oxygen, which failed at the end of the experiment [60]. CaO is
present in all in-situ SR-XRD diffraction patterns from room temperature up to 900 °C, which is
stable in this temperature range, and results from an impurity in the staring material. Ca and CaCl,
were evident in the XRD pattern of the decomposed sample after the TPD measurement (Fig. S9),

confirming that CaHCI decomposes according to reaction (1).
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Fig. 3: In- situ SR-XRD (a) for CaHCIl, 2 =0.9218749 A, and (b) simultaneous thermal analysis by

temperature programmed desorption-mass spectrometry (TPD-MS).

The in-situ decomposition of CaHBr is shown Fig. 4(a). It is evident that CaHBr diffraction peaks
disappear at 700 °C. At the same temperature, a peak maxima for hydrogen is detected by TPD-MS
Fig. 4(b)), and an endothermic peak is observed by DSC (Fig. S7). CaHBr should be decomposing

to Ca and CaBr; as shown in reaction (2):
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2CaHBr — Ca + CaBr, + Ha 2)

The capillary begins to fail at 730 °C, which is the temperature where CaBr> melts. Formation of
CaSiO4 commenced at the same temperature, which are the reaction products of Ca with the quartz
(Si02) and oxygen. Ca and CaBr; were present in the XRD pattern of the decomposed sample after

the TPD measurement (Fig. S10), confirming that CaHBr decomposes according to reaction (2).
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Fig. 4: In situ SR-XRD (a) for CaHBr, 4 = 0.589741 A, and (b) simultaneous thermal analysis by

temperature programmed desorption-mass spectrometry (TPD-MS).

It is evident from in-situ SR-XRD (Fig. 5(a)) that CaHI commences decomposition at 700 °C. At
the same temperature, an onset of hydrogen detection is observed in the TPD-MS data (Fig. 5 (b)),
and an endothermic peak is recorded by DSC (Fig. S8). At ~780 °C, all diffraction peaks related to

the CaHI phase have disappeared from the in-situ SR-XRD patterns (Fig. 5 (a)) and the maxima of
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the hydrogen peak in the TPD-MS curve is observed. This indicates that hydrogen begins to desorb
from the CaHI just before its melting point to form Ca and Cal; as the final product according to

reaction (3).
2CaHI — Ca+ Cal; + H» 3)

Cal, is molten at this temperature and hard to identify. CaSiOg4 also forms at this temperature. The
reaction products of the decomposed CaHI are evident in the XRD diffraction pattern after its TPD

measurement (Fig. S11)

Temperature (°C)
200 400 600 800
IR

caa b et aaloaaad

] ® Ca
] Cﬂ-)s_i04
15 ?3;,
/a-. —g - Cdi')
g 20+~ e
o ] — = g
ﬁ 25 —’;97 e
& :§ &
1 °
30 —$
351+
1.0x10°7 (b) -
S 0.8 -
L
> 0.6 -
2
o 0.4+ B
IS
0.2 -

200 400 600 800
Temperature (°C)

Fig. 5: In situ SR-XRD (a) for CaHI, 2 = 0.9218749 A, and (b) simultaneous thermal analysis by

temperature programmed desorption-mass spectrometry (TPD-MS).

The volumetric TPD curves of all samples versus time and temperature are presented in

Fig.6. The hydrogen capacity for all samples has been normalised to the desorbed hydrogen
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quantity for results to be easily comparable (wt% is reported in Table 1). It is noticeable that
CaH» exhibits the slowest reaction kinetics upon heating in comparison to the rest of the
samples, reaching its maximum desorption value at 400 min (200 min after reaching 850 °C).
A slight improvement in the reaction kinetics is observed for CaHCI, which has reached a stable
rate at 300 min (100 min after reaching 850 °C). In contrast, both CaHBr and CaHI have
reached their maximum hydrogen desorption values within the first 200 min of the experiment
(just reaching 850 °C), having 50% faster reaction kinetics in comparison to CaH,. The only
difference between these two samples is that CaHBr starts to desorb hydrogen at lower
temperatures compared to CaHI but then slows down between 600 - 850 °C, whereas CaHI
shows a steady hydrogen desorption rate between 200 - 850 °C. The addition of calcium halide
salts to CaH; to form these new compounds has destabilised CaH> to decompose at lower
temperatures, showing a slight improvement in their reaction kinetics. The released hydrogen
at lower temperatures (400 - 500 °C), as also seen in the TPD-MS (Fig. 2-5) figures, it may be
due to the presence of impurities in all samples and decompose within that temperature range.
The theoretical and experimental values of the desorbed H> wt% are presented in Table 1 as
well as their maximum released hydrogen pressures. It is noticeable that all samples except
CaHCI1 when heated did not reach the theoretical values of their H> wt%. This is due to: (i) the
impurities from the starting material (CaO), (ii) un-reacted products (CaH» and Cal,) for the
CaHI sample, (ii1) slow reaction kinetics, since all samples were kept at 850 °C for 4 h,
indicating that more time was required for their complete desorption, and (iv) thermodynamic
limitations specifically for CaH,. CaH, decomposes at 1100 °C under 1 bar of H» pressure.
Since the TPD experiment was done at 850 °C and the H» pressure at that temperature was 0.72
bar, implies that CaH> was not able to decompose further due to its thermodynamic limitations.
The H; pressure was too high and the temperature was too low in order for the system to be

thermodynamically driven. The experimental value of the desorbed H» for CaHCI is slightly
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higher than the theoretical one. This may be attributed to the fact that this particular sample
desorbed the largest amount of H> between 180 and 320 °C in comparison to the rest of the

samples, besides its main desorption at higher temperatures.
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Fig. 6: Temperature programmed desorption (TPD) results for CaH», CaHCI, CaHBr and CaHI.

Table 1

Experimental TPD and theoretical quantity of released H» of the CaH», CaHCI, CaHBr and
CaHI. All samples were heated from room temperature to 850 °C with a ramping rate of 5 °C
min! before reaching isothermal conditions at 850 °C for 4 h. TPD-MS measurements were
conducted under Ar flow and were heated from room temperature to 1000 °C with a ramping

rate of 10 °C min".

Sample  Experimental H> Theoretical H»  Desorbed Ha Temperature
capacity (wt%) capacity (wt%) Pressure (bar)  corresponding to main
H; peak in TPD-MS

O

CaH> 0.80 4.79 0.72 816
CaHCl 1.49 1.32 0.89 740
CaHBr 0.61 0.83 0.47 697
CaHI 0.45 0.60 0.27 726
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Pseudo PCI measurements near the desired operating temperatures (650 °C for CaHCI and
CaHBr, and at 700 °C for CaHI) were performed to gauge an estimated range of the operating
pressures (Fig. 7). The reason for this choice and not performing PCI measurements at all
samples between 650 and 750 °C is due to a combination of factors related to: (i) the limitation
of H» pressure to 15 bar when conducting these measurements, due to a SiC sample holder
being used at these high temperatures instead of a stainless steel holder to eliminate H> losses
from the sample cell; (ii) all as-prepared samples exhibited very slow reaction kinetics (Fig.
S12-S14) and sintering issues above 650 °C, and (iii) the melting temperatures as observed
from the in situ SR-XRD for CaHCIl, CaHBr and CaHI were about ~730, ~680 and ~710 °C
respectively, meaning that the thermodynamics will changes at those temperatures. This limits the
accurate temperature range for which accurate PCI measurements can be obtained. When CaHI
was heated to 650 °C for the PCI measurements, no equilibrium pressures were observed, thus
an increase in temperature to 700 °C was necessary.

SEM images of the as-prepared CaHI after an attempted PCI measurement at 650 °C (Fig. 8)
were obtained, to confirm the sintering issue of these samples that inhibits their proper
thermodynamic analysis and determination of their enthalpies and entropies. It is clear that the
as-prepared CaHI is in the form of single crystals in the shape of rods (Fig. 8(a,b)) and when it
is heated to 650 °C, the crystals sinter and agglomerate to large particles (Fig. 8(c,d)). This

sintering effect hindered the rehydrogenation of all samples.
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Fig. 7: Pseudo Pressure composition isotherms (PCI) for (a) CaHCI, (b) CaHBr at 650 °C and

(c) CaHI at 700 °C, each data point is equal to an 8 h step size.
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Fig.8: (a, b) SEM micrographs of CaHI as-prepared and (c, d) after PCI measurements at 650

°C.
4 Conclusions

CaHCIl, CaHBr and CaHI were synthesised by ball milling CaH> with the respective calcium
halide salts (CaCl, CaBr3, Cal,), and then annealing the mixtures at 450 °C at 100 bar H; for
12, 24 and 48 h correspondingly. Their potential use as integrated thermal batteries for the third
generation of CSP plants that operate at temperatures between 600 and 800 °C, was
investigated by in situ SR-XRD, TPD-MS, TPD and DSC. All three new compounds exhibited
both faster reaction kinetics in comparison to CaH», and lower decomposition temperatures.
Specifically, CaHCl, CaHBr and CaHI started to decompose at 730, 700 and 770 °C

respectively. The equilibrium pressures of these compounds at 650 °C were within the range
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of 1 to 10 bar, as required for the next generation of CSP plants. The determination of the
enthalpy and entropy of all calcium hydride halide samples could not be determined due to
ultra-slow reaction kinetics during the PCI measurements and sintering problems, even though
all samples had faster reaction kinetics in comparison to pure CaH,. The incorporation of a
catalysts to these systems may increase their reaction kinetics, making it possible to determine
their enthalpy and entropy through PCI measurements. Halide substituted CaH> materials
show improved operational temperatures compared to the parent compound, but have lower
hydrogen content by mass. This means that theoretically, twice the quantity of calcium is
required to allow the same quantity of hydrogen to react. In addition, the material will weigh
more due to the additional mass of a halogen. Despite these issues, there is still potential in
using CaH-halide materials as thermal energy stores due to their high volumetric energy storage

densities and favourable operation temperatures
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