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A B S T R A C T

Composite materials based on a silica gel loaded with CaCl2 are of great interest for seasonal thermochemical
heat storage. In order to improve the performance of these materials for this application, and to evaluate their
multi-cycle stability, a new synthesis protocol is proposed, based on successive impregnation/drying steps by
using a matrix with a broad pore size distribution. Through this method, a CaCl2 content of 43 wt%, a high cycle
loading lift of 0.40 g/g and an unprecedented energy storage density for this type of material of 211 kW h/m3 of
packed bed composite, in conditions of a solar heat storage system (adsorption at 30 °C, desorption at 80 °C, and
water vapor pressure of 12.5 mbar) can be reached. Moreover, the distribution of the salt inside the pores and
the absence of any salt crust outside the matrix prevent salt leakage, leading to an outstanding preservation of
the cycle loading lift after 10 cycles. Based on Polanyi theory, it can be assumed that the energy storage density
can exceed 350 kW h/m3 for water sorption at 20 °C, desorption at 80 °C, with both steps at a water vapor
pressure of 12.5 mbar.

1. Introduction

Promoting the use of renewable energy sources is one of today’s
main challenges. Solar energy is one of the most promising options
thanks to its high availability and low cost. To solve the problem of the
discrepancy between the availability of solar heat and space heating
needs, long-term storage systems have to be developed. Long-term heat
storage systems need some specific requirements. For example, the
storage material will be submitted to one charging phase and one dis-
charging phase per year. As the system should be used for at least 20 or
25 years, the storage material should keep the same performance over
at least 20–25 cycles. The long-term heat storage should be able to
produce enough energy (e.g. 3000 kW h/year for a single-family house
in Belgium) to cover the heat demand of a building, and so the mate-
rial’s energy storage density should be as high as possible to reduce the
volume of storage needed to cover the heat demand of the building.
Thermochemical heat storage, using a reversible sorption/desorption
reaction, is the most promising solution due to the high energy storage
density of thermochemical storage materials (up to 780 kW h/m3)

(Aydin et al., 2015; N’Tsoukpoe et al., 2014, 2009). Water has often
been chosen as a sorbate due to its nontoxicity and low cost; that is
why, in this paper, this is the only sorbate considered. A wide range of
thermochemical storage materials have been discussed including salt
hydrates (MgSO4 (Ferchaud et al., 2014, 2013, 2012; van Essen et al.,
2009b), CaCl2 (Mugnier and Goetz, 2001; van Essen et al., 2009a),
Li2SO4 (Ferchaud et al., 2013, 2012), CuSO4 (Ferchaud et al., 2012; van
Essen et al., 2009a), MgCl2 (Ferchaud et al., 2013; Mugnier and Goetz,
2001; van Essen et al., 2009a; Zondag et al., 2013), Na2S (Mugnier and
Goetz, 2001), LiCl (Mugnier and Goetz, 2001) and SrBr2 (Fopah Lele
et al., 2015; Hennaut et al., 2014; Lahmidi et al., 2006; Michel et al.,
2014, 2012)), physical adsorbents (such as activated carbons, silica
gels, zeolites, metal organic frameworks (Elsayed et al., 2016;
Permyakova et al., 2017)) and composite materials (salt encapsulated
in a porous matrix). Among these materials, salt hydrates have the
highest energy storage densities (several hundreds of kW h/m3)
(Trausel et al., 2014). However, for some of these salts, their high water
content in the conditions of thermal heat storage systems may cause
their dissociation in solution and/or provoke morphological instability
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or aggregation of particles, which make their use in a thermochemical
storage reactor difficult (Bouché et al., 2016; De Jong et al., 2014;
Donkers et al., 2016; Solé et al., 2012; Whiting et al., 2014). Hence,
composite materials have been developed with the aim of stabilizing
the salt while keeping a high energy storage density, thereby limiting
the volume of the storage system to be installed in the building archi-
tecture.

Among the salt hydrate candidates, calcium chloride is an inter-
esting candidate for thermal heat storage thanks to its large availability,
low cost and hydration rate of 5 mol of water per mole of CaCl2 under
thermochemical storage for space heating conditions. However,
CaCl2·6H2O is prone to transform spontaneously into a solution, which
makes the use of CaCl2 as pure salt in a thermochemical reactor diffi-
cult.

To solve the problem of the instability of pure CaCl2, a lot of re-
search has been devoted to the development of efficient composites
based on CaCl2. The incorporation of CaCl2 into the pores of silica gel
using a wet impregnation protocol with a large quantity of salt solution
followed by filtration and drying steps, with possibly an additional
washing step, has already been described (Aristov et al., 2002, 1996b).
The influence of physical-chemical parameters on the salt content and
on sorption properties was studied (Aristov et al., 1997, 1996a;
Gordeeva et al., 2006; Tokarev and Aristov, 1997; Wu et al., 2007; Zhu
et al., 2006). It was shown that salt content is closely dependent on both
the pore size of the matrix (Zheng et al., 2014) and the salt con-
centration during the impregnation step (Elsayed et al., 2016), while
the sorption capacity of composites is strongly linked to the salt content
(Gordeeva et al., 2006; Wu et al., 2007; Zhu et al., 2006).

Interesting sorption properties were obtained for composites based
on MCM-41 and CaCl2 at 37.7 wt%, with a water sorption capacity and
energy storage capacity at p/ps = 0.7 of 0.7 g/g and 580 W h/kg re-
spectively (Tokarev et al., 2002), and also for a silica gel/CaCl2 com-
posite with a salt content of 30 wt% with a sorption capacity and energy
storage capacity at 25 °C and 80% RH of 1.2 g/g and 940 W h/kg re-
spectively (Gordeeva et al., 1999; Tohidi et al., 2009). A composite
SBA-15/CaCl2 with a salt content of 43 wt% adsorbed 0.47 g/g at 50 °C
and 37 mbar (Ponomarenko et al., 2010). In those studies, the water
vapor pressure chosen for the adsorption step is high compared to real
working conditions. Besides, the energy storage capacity is calculated
assuming the composite is completely dry after the desorption step,
which is not always the case depending on the heat source temperature.

Concerning seasonal heat storage applications, some composites
based on CaCl2 have already been studied in lab scale prototypes. A
silica gel/CaCl2 composite with a salt content of 35 wt% (Zhu et al.,
2006), which can adsorb 0.73 g/g at 30 °C and 80% RH, was tested in
an open system. The water vapor pressure is particularly high in com-
parison to that used in heat storage systems (solar space heating). The
performance of this composite was stable for 500 cycles, with a heat
storage capacity of 264 W h/kg (no indication was given concerning the
bed density to calculate the energy storage density). Ristić et al. (2012)
developed a composite based on CaCl2 and on sorbent FeKIL2 with a
salt content of 7 wt%. The cycle loading lift, between the adsorption
step at 25 °C and 12 mbar, and desorption step at 150 °C and 56 mbar,
was 0.2 g/g, which corresponds to a heat storage capacity of 155 W h/
kg (no indication concerning the bed density was given) with 3.6% loss
of water uptake after 20 cycles between 40 °C and 150 °C at 56 mbar.
The highest energy storage density was reported for a composite based
on aluminosilicate and CaCl2 in an open system: 180 kW h/m3 between
20 °C and 150 °C at 7.8 mbar (Jabbari-Hichri et al., 2015). These con-
ditions were different from the reference conditions for solar thermal
energy storage and space heating applications. The desorption tem-
perature of 150 °C is quite high for thermal solar collectors, for which
temperatures lower than 100 °C are typically used. In solar heat storage
applications, the main challenge is to reach high energy storage density
with a low temperature heat source for desorption (< 100 °C). More-
over, the adsorption temperature of 20 °C is too low for space heating

applications as it corresponds to the target comfort temperature of the
room.

Despite the fact that numerous studies have been focused on CaCl2
based composites, it is not always possible to evaluate their potential as
thermochemical storage materials for solar thermal energy storage for
space heating applications. The main reason for this is the lack of in-
formation about the energy density that can be reached – high energy
storage density is required to limit the volume of the system – in con-
ditions close to the application ones. The water uptake is not always
measured in an adequate range of temperature and pressure for this
application. The composite packing density is rarely provided, pre-
venting the determination of the energy storage density.

Moreover, the stability over successive cycles is still the main issue
(Ji et al., 2007), as the salt becomes liquid in the pores past a certain
point of high water uptake, and problems of salt solution leakage from
the matrix pores were reported, leading to a loss of performance after
several cycles. For a good multi-cycle stability, the salt content of the
composite should be limited and not exceed around 30 wt% (Wu et al.,
2007), which also limits the sorption capacity and hence the energy
storage density. For space heating applications, the energy storage
density should be at least 150 kW h/m3, which represents a 20 m3

storage to cover the needs of a passive house. With this low salt content,
this value of energy storage density would not be reached. Therefore,
further improvements to the synthesis protocol are required in order to
increase both the salt content of the composite and the energy storage
density as well as enhancing the multi-cycle stability, which is of pri-
mary importance for seasonal heat storage for space heating applica-
tions.

When composites present high salt contents (Ponomarenko et al.,
2010; Tokarev et al., 2002; Tokarev and Aristov, 1997), the location of
the salt (on the surface of the matrix or in the pores) and the stability of
composites have not been previously investigated. Concerning the
target value of the energy density, one can refer to the most promising
results that have been published so far when considering other salts
than CaCl2, for example, zeolite 13X/MgSO4 (Hongois et al., 2011),
silica gel/Ba(OH)2 and silica gel/LiNO3 (Jabbari-Hichri et al., 2015).
The best results were reported for the composite zeolite 13X/MgSO4

with an energy storage density of 166 kW h/m3 (desorption tempera-
ture of 150 °C, adsorption at 30 °C and 17–19 mbar) (Hongois et al.,
2011). This composite required a high desorption temperature, which is
too high for using thermal solar collectors (loss of efficiency of the
collectors).

In this work, a composite based on silica gel and on CaCl2, syn-
thesized with a different protocol than those previously reported, will
be presented. The objectives are to optimize the salt content of the
composite, its energy storage density, and multi-cycle stability. The
energy storage density of the composite will be determined in condi-
tions of a solar heat storage system coupled with space heating. The
complete structural and chemical characterization of this composite
will be performed in order to understand the mechanism of sorption
and evaluate its stability.

2. Materials, synthesis and characterization

2.1. Materials

The silica gel used as a porous matrix in this study is Davisil grade
62 from Grace, hereafter called SG62. This silica gel has a broad pore
size distribution, mainly with mesopores. The anhydrous calcium
chloride (Caso®granules) with 94% purity was provided by Solvay.

2.2. Synthesis protocol

A few grams of composite were synthesized using the following
protocol: the silica gel was first dehydrated in an oven at 200 °C for 4 h
until the mass remained constant. The matrix was then cooled down to
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ambient temperature before impregnation. Then a volume of an aqu-
eous solution of CaCl2 at 20 wt%, Vsol, corresponding to the volume of
the silica gel pores, was added to the matrix. The volume of the solution
was determined by Eq. (1) (Courbon et al., 2017).

= ×V V msol p 0matrix (1)

With Vpmatrix representing the silica gel pore volume and m0 the mass
of anhydrous silica gel.

The silica gel was impregnated for 1 h at ambient temperature. Then
the mixture was dried in an oven at 200 °C for 1 h to evaporate the
remaining water. The mass of the impregnated material m1 was ob-
tained. The salt content, SC, can be calculated by Eq. (2) (Courbon
et al., 2017; Ye et al., 2013):

= − ×SC m m
m

(%) 1001 0

1 (2)

With m1 being the mass of the dehydrated composite (silica gel
+ CaCl2), and m0 the mass of anhydrous silica gel.

The impregnation and drying steps were repeated as many times as
necessary to reach the desired salt content. This synthesis protocol is
described in patent WO/2015/197788 (Courbon et al., 2015) and has
already been used for the synthesis of a silica gel/SrBr2 composite
(Courbon et al., 2017).

2.3. X-Ray fluorescence

The salt content was measured by X-ray fluorescence using a
Pioneer S4 (Bruker) device. Since the oxygen measurement was not
accurate, it was assumed that the oxygen element is only present in
SiO2 and that the overall material was dry. Other elements were con-
sidered independently.

2.4. Nitrogen sorption measurements

The specific surface area, the total pore volume, and the average
pore diameter of the composite and the pure silica gel were determined
through nitrogen sorption measurements at 77 K using a Belsorp max
apparatus and the BET determination method. Prior to nitrogen sorp-
tion measurements, the sample was dried at 200 °C under a vacuum for
10 h. The total pore volume was determined from the amount adsorbed
at p/p0 = 0.990. The specific surface area was estimated using the
branch in the relative pressure range from 0.05 to 0.23. The average
pore diameter was calculated by assuming that the pores were cylind-
rical. The pore size distribution was obtained by the Barrett, Joyner and
Halenda (BJH) method applied on the nitrogen desorption isotherm.

2.5. SEM – XEDS

The composite was analyzed twice using a Scanning Electron
Microscope (SEM) equipped with an X-ray energy-dispersive spectro-
metry (XEDS) detector, in cross-section and front view. Particles of the
composite were encapsulated in a rigid resin that was polished using
abrasive paper. Fine polishing was done using a slurry composed of
diamond paste and a solvent that did not alter the local composition of
the composite. A conductive layer was deposited prior to imaging.

2.6. X-ray diffraction

X-ray thermodiffractometry (XRTD) was performed under air, in a
Bruker D8 advance diffractometer using Cu Kα radiation (λ = 1.7903
Å). The temperature range was 30–200 °C, the 2θ angle varied from 8°
to 60° with a step of 0.02°. Prior to the measurements, the composite
was hydrated under saturated water atmosphere for about 4 h in order
to initially form CaCl2·4H2O in the composite pores.

2.7. Water sorption isotherms

The water sorption isotherms were measured using dynamic vapor
sorption apparatus IGASorp from Hiden Isochema. The measurements
were taken between 30 °C and 80 °C. The water vapor was supported by
nitrogen. Prior to the measurements, the sample was dried at 200 °C for
10 h under dry nitrogen at atmospheric pressure.

2.8. Efficiency test

The efficiency of the composite for heat storage applications was
evaluated on a TG-DSC coupled with a Wetsys humidity generator, from
Setaram, with nitrogen as inert gas. Prior to analysis, the sample was
dried at 200 °C under a vacuum for 10 h. The sample was first hydrated
at 30 °C and 12.5 mbar and was then heated to 80 °C at 12.5 mbar. The
mass change (in grams of water per gram of anhydrous composite)
between 30 °C and 80 °C at 12.5 mbar is the cycle loading lift of the
composite. The desorption temperature was fixed to 80 °C, which is
easily attainable by solar thermal collectors. The sorption temperature
was fixed to 30 °C, which is sufficient for space heating applications.
The water vapor pressure was fixed to 12.5 mbar, which corresponds
first to saturation vapor pressure at 10 °C, chosen as reference value for
evaporation and condensation pressures in a closed system, and second
to 50% of relative humidity (RH) at 20 °C, representative of an open
system. The heat of sorption was obtained by integration of the heat
flow signal. Corrections had to be done as the experiment was carried
out under a temperature change. The corrections took into account the
heat required to heat the crucibles and the composite. The heat of
sorption is calculated by Eq. (3):

=
− −

H
H H mc T

m
Δ (J/g)

Δ (mJ) Δ (mJ) Δ (mJ)
(mg)sorption

exp crucible p

(3)

With ΔHexp being the integration of the heat flow signal during the
test on the composite, ΔHcrucible the integration of the heat flow signal
during a blank test (empty crucibles), m the mass of anhydrous com-
posite, cp the heat capacity of the composite, and ΔT the rise in tem-
perature during the test (50 °C).

Considering the heat of sorption and the experimental packing
density of the anhydrous composite, the energy storage density (in
kW h/m3) can be calculated.

2.9. Multi-cycles stability

The stability of the composite after 10 successive sorption/deso-
rption cycles was evaluated on the dynamic vapor sorption apparatus,
IGASorp from Hiden Isochema. The sample was first dried at 200 °C
under dry nitrogen for 10 h. The sample was then submitted to suc-
cessive adsorptions at 30 °C and 29.5% RH and at 80 °C and 2.6% RH
(both values of humidity corresponding to water vapor pressure of
12.5 mbar). The sample was dried under dry nitrogen after each ad-
sorption step.

3. Results and discussion

The synthesis protocol used in this study differs from those pre-
viously reported in the literature. For those composites, the preparation
implied impregnation with a large quantity of salt solution followed by
a filtration step to remove the excess salt, sometimes followed by a
washing step with water or ethanol, before drying in an oven (Aristov
et al., 2002, 1997, 1996a, 1996b; Gordeeva et al., 2006; Tokarev and
Aristov, 1997; Wu et al., 2007; Zheng et al., 2014). The present protocol
used in this study used successive impregnations of a small quantity of
salt solution (corresponding to the matrix pore volume) and drying
steps, thereby leading to composites with a high salt content. The silica
gel/CaCl2 composite synthesized with this new protocol (i.e. SG62/
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CaCl2) presented a CaCl2 content of 43 wt% obtained by mass differ-
ence during the synthesis. This salt content was confirmed by X-ray
fluorescence, which gave a salt content of 44 ± 2 wt%. This high salt
content was achieved previously in composites based on mesoporous
silica like SBA-15 (Ponomarenko et al., 2010) or MCM-41
(Ponomarenko et al., 2010), but the synthesis of these silica gels is too
expensive to be scaled up for storage systems. In contrast to SBA-15 or
MCM-41, the silica gel used in the present study is commercially
available in large quantities and is thus particularly appropriate for
seasonal energy storage applications.

Concerning nitrogen sorption measurement (Fig. 1), both pure silica
gel and the SG62/CaCl2 43 wt% composite exhibit adsorption isotherms
typical of mesoporous materials with capillary condensation occurring
at high relative pressure. The hysteresis between the adsorption and
desorption isotherms occurs in a narrow pressure range. The closure
point of the hysteresis occurs at higher relative pressure for SG62/CaCl2
43 wt% compared to pure silica gel, indicating an increase of the pore
size in agreement with the pore size distribution obtained by the BJH
method (Fig. 2). According to the pore size distribution, it seems that
the smallest pores of the matrix were completely filled by the salt, while
the largest ones were only partially filled by the salt. This residual
porosity favors a free access for water vapor. A similar location of the
salt in the silica gel pores had already been observed in composite
SG62/SrBr2 synthesized with the same protocol (Courbon et al., 2017).
As for the SG62/SrBr2 composite (Courbon et al., 2017), the presence of
larger pores in the composite compared to the pure matrix is surprising.
A difference of interaction between N2 molecules and the surface of the
composite containing salt, or the hypothesis of cylindrical pores, could
explain this phenomenon.

The comparison of the structural characteristics (specific surface
area, total pore volume and average pore diameter) of the composite
and silica gel (Table 1) shows a decrease of the surface area and total
pore volume with the incorporation of the salt into the matrix. This
confirms the presence of the salt inside the pores of the matrix and not
only on the surface of the silica particles.

Considering the pore volumes of the matrix and composite, the salt
content, SCBET, can be calculated, assuming that the salt occupies the
difference of volume between the matrix and composite pore volumes.
This salt content is calculated using the following equation, where Vp is
the pore volume and ρsalt the density of anhydrous CaCl2 (2.15 cm3/g):

=
−

+
SC

V V

V
BET

p p

p ρ
1

matrix composite

matrix salt (4)

According to this equation, the salt content of the composite SG62/
CaCl2 is 44 wt%, which is fully consistent with that of the experimental
salt content obtained by mass difference and that measured by X-ray
fluorescence. This indicates that the difference of pore volume between
the composite and the matrix is only due to the presence of salt.

SEM observations coupled with elemental analysis confirm the lo-
cation of salt in the pores of the silica gel, with a good homogeneity
inside the particles. A front view shows the unaltered morphology of
the silica particles with the expected size, and no additional crystallites
of salt. The particles are deeply impregnated, and the concentrations of
Ca and Cl at the center of the particle are sometimes even higher than
on the borders (Fig. 3). This is shown by elemental mapping (Fig. 3(c
and d)).

The water vapor sorption isotherms of the composite were eval-
uated between 30 °C and 80 °C (Fig. 4). Considering a given isotherm, a
first water uptake was observed, followed by a plateau at around
0.14 g/g. A second water uptake was then observed, followed by a
linear increase of the mass with pressure. A hysteresis between ad-
sorption and desorption was observed for every temperature. In order
to understand the behavior of the salt in this mechanism of sorption, X-
ray diffraction patterns were recorded by varying the temperature on
the SG62/CaCl2 composite (Fig. 5). Before recording the XRD diagram,
the SG62/CaCl2 composite was exposed for about 4 h to a saturated
water atmosphere in order to prepare a composite with a high hydra-
tion rate (i.e. CaCl2·4H2O). Between 30 °C and 50 °C, no X-ray diffrac-
tion peaks were observed showing that the CaCl2 is amorphous or li-
quid, while crystalline CaCl2·4H2O was expected. This indicates the

Fig. 1. Nitrogen adsorption (continuous line) and desorption (dotted line) isotherms at
77 K of silica gel SG62 (black) and SG62/CaCl2 43 wt% composite (grey).

Fig. 2. Pore size distribution obtained by BJH analysis from the nitrogen desorption
isotherm at 77 K for pure silica gel SG62 (black line) and SG62/CaCl2 43 wt% composite
(grey dotted line).

Table 1
Structural characteristics of silica gel SG62 and composite SG62/CaCl2 43 wt% obtained
from BET analysis of nitrogen adsorption isotherm at 77 K.

Specific surface
area (m2/g)

Total pore
volume (cm3/g)

Average pore
diameter (nm)

SG62 320 1.06 13
SG62/CaCl2

43 wt%
75 0.38 20
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Fig. 3. SEM Images of (a) Composite SG62/CaCl2 particles;
(b) silica gel particles; (c) and (d) elemental mapping of
silicon (red), calcium (blue) and chlorine (green) by XEDS
for the SG62/CaCl2 particles indicated by SEM cross-sec-
tion images (e) and (f).

Fig. 4. Water vapor sorption isotherms of composite SG62/
CaCl2 43 wt%. Adsorption isotherms are represented by
continuous lines whereas desorption isotherms are re-
presented by discontinuous lines.
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dissolution of CaCl2·4H2O in the composite. Between 60 °C and 80 °C,
the dihydrate form of CaCl2 was observed, and, for temperatures higher
than 90 °C, anhydrous CaCl2 was mainly observed. The monohydrate
form of CaCl2 was not observed whatever the temperature. This ex-
plains the water vapor sorption behavior of this composite: first, the
hydration reaction of CaCl2 into CaCl2 dihydrate occurs followed by the
hydration reaction to the CaCl2 tetrahydrate, which dissolves to form a
CaCl2 solution. Then the absorption of water in the CaCl2 solution
trapped in the pores of silica gel occurs. The hysteresis observed be-
tween the sorption and desorption steps is hence explained by the re-
crystallization step.

+ ↔CaCl 2H O CaCl ·2H O2 2 2 2

+ ↔ +CaCl ·2H O 2H O CaCl ·4H O dissolution of CaCl ·4H O2 2 2 2 2 2 2

Absorption of water by the CaCl solution trapped in the silica gel pores2

This mechanism is also confirmed by the comparison between the
water sorption isotherms of SG62/CaCl2 43 wt% and of pure CaCl2 at
30 °C (expressed in number of moles of water adsorbed per mole of
CaCl2) (Fig. 6). The first plateau of the composite isotherm corresponds
to the adsorption of 2 mol of water per mole of CaCl2 of the composite.
Moreover, the last part of the composite isotherm corresponds exactly
to the absorption of water in the CaCl2 solution (OxyCalciumChloride,
n.d.). Consistently with XRD patterns, this confirms that salt solution is
formed in the pores of silica gel from the tetrahydrate CaCl2, and then
the water sorption mechanism is the absorption in the salt solution.

The silica gel was not involved in the water vapor sorption of the

composite. This confirms that the salt content directly impacts the
sorption performance of the composite. Therefore, the higher the salt
content, the better the sorption performance. However, the thermo-
dynamic equilibrium data of pure salt is modified when salt is in-
corporated into the matrix.

As far as sorption capacity is concerned, composite SG62/CaCl2
43 wt% has interesting sorption properties. It can adsorb 0.77 g/g at
30 °C and 50% RH (21 mbar). When comparing the sorption isotherms
of SG62/CaCl2 43 wt% to those of other composites previously reported
at 50 °C (Fig. 7), an increase of the water uptake is observed in com-
parison to SWS1L or composites based on SBA15 at around 29 wt%,
which were obtained through SBA with different pore sizes (8.1 nm and
11.8 nm) (Glaznev et al., 2011), as a result of the high salt content of
SG62/CaCl2 43 wt%. Compared to MCM-41/CaCl2 at 42 wt%, SG62/
CaCl2 43 wt% adsorbs more water at high water vapor pressure
(> 1800 Pa). The sorption properties of the composite SG62/CaCl2
43 wt% used here and SBA15/CaCl2 43 wt% are very close at 50 °C;
however, no information is given concerning the behavior of SBA15/
CaCl2 43 wt% at other temperatures and its stability over successive
sorption/desorption cycles.

As far as solar heat storage coupled with space heating is concerned,
the difference of mass between adsorption conditions (representative of
the winter heat release mode) and desorption conditions (re-
presentative of the summer heat storage mode) is the most relevant
parameter for evaluating the performance of thermochemical storage
materials. In this work, this mass difference corresponds to the cycle
loading lift. Here the adsorption temperature was chosen as 30 °C and

Fig. 5. Temperature dependent X-ray diffraction patterns of SG62/CaCl2
43 wt%. Above 110 °C, no more change in the diffraction patterns is ob-
served. At ≥90 °C, small peaks at 2θ = 18.3°, 22.3°, 30.2° and 39.3° cannot
be indexed with certainty.

Fig. 6. Comparison of sorption isotherms at 30 °C of pure CaCl2 (grey
dotted line) and composite SG62/CaCl2 43 wt% (black line) expressed in
mol H2O/mol CaCl2.
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the desorption temperature 80 °C; the vapor pressure was taken to be
12.5 mbar.

In these conditions, the experimental cycle loading lift is 0.40 g/g,
which corresponds to an energy storage capacity of 300 W h/kg, and an
energy storage density of 211 kW h/m3 for the bed of anhydrous
composite. The energy storage density is calculated according to the
experimental packing density of the anhydrous composite, which is
703 kg/m3. This energy storage density is significantly higher than that
of composites previously reported for the same application but with
higher desorption temperature. For the zeolite 13X/MgSO4 composite,
the energy storage density is only 166 kW h/m3 between 30 °C and
150 °C at 17–19 mbar (Hongois et al., 2011). For composites based on
aluminosilicate and CaCl2, only 180 kW h/m3 was reached between
20 °C and 150 °C at 7.8 mbar (Jabbari-Hichri et al., 2015). This high
energy storage density makes this SG62/CaCl2 composite at 43 wt% a
promising candidate for solar heat storage coupled with space heating.
It is noteworthy that any increase of the desorption temperature would
increase the energy storage density.

In order to evaluate the performance of this composite in storage
systems, it is important to be able to predict the water uptake for dif-
ferent temperature and pressure conditions. Indeed, for the evaluation
of the performance of composite, reference conditions were chosen that
are representative of storage systems working conditions. However, in
real systems, temperature and pressure may vary to some extent,
thereby influencing the water sorption properties of composites. A
mathematical model was therefore proposed here, which aims to ac-
curately describe the experimental data to be used in storage system
models, and not to explain the sorption mechanism. To determine this
mathematical model, the characteristic curve (adsorbed volume vs.
adsorption potential) based on the Polanyi theory (Polanyi, 1932,
1929) was plotted (Fig. 8). To simplify the calculations, the water
density was fixed to 1 g/cm3; the adsorbed volume therefore equals the
adsorbed mass.

A mathematical model was determined thanks to Table Curve 2D v4
software, excluding the experimental points for adsorption potential
higher than 16000 J/mol:

=
+ + +

+ + + +
y

a cx ex gx
bx dx fx hx1

0.5 1.5

0.5 1.5 2 (5)

where y is the adsorbed volume (or the adsorbed mass), and x is the
adsorption potential:

⎜ ⎟= × ⎛
⎝

⎞
⎠

x RT Ln
p
p

s

(6)

The parameters of this mathematical model are presented in
Table 2. Fitting performances are given in Fig. 9.

Thanks to this model, the water uptake at different temperature and
pressure conditions could be calculated and as such, the influence of

these parameters on the cycle loading lift and energy storage density
could be evaluated. Fig. 10 presents the cycle loading lift and the en-
ergy storage density for different adsorption temperatures (ranging
from 20 °C to 40 °C), for a desorption temperature of 80 °C and a water
vapor pressure of 12.5 mbar. As expected, the lower the adsorption
temperature, the higher the composite sorption performance. Between
30 °C and 80 °C at 12.5 mbar, the calculated cycle loading lift is 0.39 g/
g, which agrees with the experimental results. The cycle loading lift
decreases to 0.24 g/g at an adsorption temperature equal to 40 °C,
leading to an energy storage density of 126 kW h/m3. Extrapolating the
calculation to an adsorption temperature of 20 °C, the cycle loading lift
is high with a value of 0.72 g/g, which corresponds to an energy storage
density of 382 kW h/m3. The adsorption temperature has a consider-
able influence on the performance of the composite SG62/CaCl2 43 wt
%.

The water vapor pressure also influences the cycle loading lift, and
hence the energy storage density, as can be observed in Fig. 11. As
expected, the higher the desorption pressure, the lower the composite
performance. With a desorption pressure of 12.5 mbar, the cycle
loading lift is 0.39 g/g and the energy storage density is 207 kW h/m3,
whereas with a desorption pressure of 30 mbar, the cycle loading lift
decreases to 0.365 g/g, which corresponds to an energy storage density
of 193 kW h/m3.

The temperature and pressure conditions of the storage system will
influence the composite performance. Nevertheless, in the reference
conditions, the composite exhibits a high cycle loading lift and pro-
mising energy storage density. It is interesting to note that any increase
of the desorption temperature and/or any decrease of the adsorption
temperature will increase the performance of the composite (its energy
storage density) and thus promote its applicability for seasonal heat
storage coupled to space heating applications.

The cycle loading lift in the adsorption and desorption steps for 10
successive cycles are presented in Fig. 12. The sorption performance of
the composite shows an excellent stability with the absence of any
performance loss over 10 successive sorption/desorption cycles. This
confirms that this composite is a very promising candidate for thermal
heat storage for space heating applications. The enhanced stability
under cycles shows that the high salt content does not affect the sta-
bility in the cycles and thus the performance of the composite for heat
storage applications. No leaching of the salt solution from the matrix is
evidenced under the operating conditions of a heat storage system. This
is particularly remarkable as at 30 °C and 12.5 mbar, the salt is solu-
bilized in the pores of silica gel. This demonstrates that the silica matrix
is able to create a stabilizing microenvironment for calcium chloride
through specific interactions and a confinement effect. Moreover, it
confirms the efficiency of the synthesis protocol to produce a composite
with a high salt content, high energy storage density, and high stability.

4. Conclusion

An original synthesis protocol to produce a silica gel composite with
high salt content CaCl2 was developed using successive impregnation of
small amounts of salt solution (corresponding to the pore volume of
silica gel) and drying steps. This novel synthesis protocol leads to
composites that combine both a high salt content (i.e. 43 wt% CaCl2)
and high stability, which are both requirements for the practical use of
composites for seasonal storage applications. Moreover, this composite
has a very promising performance in the conditions of a thermo-
chemical storage system coupled with space heating (between 30 °C
and 80 °C at 12.5 mbar). The cycle loading lift is 0.40 g/g, which cor-
responds to an energy storage capacity of 300 W h/kg and an energy
storage density of 211 kW h/m3 (considering the packing density).
These results outperform those previously reported for composites
based on aluminosilicate and CaCl2 (180 kW h/m3 between 20 °C and
150 °C at 7.8 mbar), as well as composites based on zeolite 13X and
MgSO4 (166 kW h/m3 between 30 °C and 150 °C at 17–19 mbar). In

Fig. 7. Comparison of water vapor sorption isotherms at 50 °C of SBA15 (8.1 nm)/CaCl2
28.2 wt% (Glaznev et al., 2011), SBA15 (11.8 nm)/CaCl2 29.5 wt% (Glaznev et al., 2011),
SWS1L/CaCl2 33.7 wt% (Glaznev et al., 2011), SBA15/CaCl2 43 wt% (Ponomarenko
et al., 2010), MCM41/CaCl2 42 wt% (Ponomarenko et al., 2010) and SG62/CaCl2 43 wt
%.

E. Courbon et al. Solar Energy 157 (2017) 532–541

538



contrast to numerous composites reported in the literature, it is re-
markable that the silica gel/CaCl2 composite of the present study pre-
sents such interesting properties, even at a particularly low desorption
temperature, which is more appropriate for the use of solar thermal
collectors. Moreover, the cycle loading lift of SG62/CaCl2 43 wt% is
constant after 10 cycles, showing excellent stability of the composites
upon cycles. Such results may be explained as followed:

(i) The salt content is high, due to the impregnation protocol and
thanks to the high pore volume of the matrix.

(ii) The mechanism of water sorption does not only involve the hy-
dration from CaCl2 to CaCl2·2H2O and to CaCl2·4H2O, but also the
exothermic dissolution of CaCl2, and subsequent absorption of
water by the solution into the pores.

(iii) The salt is homogeneously distributed in the silica gel pores with
the absence of its recrystallization on the surface of the silica
particles.

Based on the measurements of water sorption isotherms between
30 °C and 80 °C, a mathematical model was proposed to describe the

Fig. 8. Characteristic curve derived from adsorption isotherms of
composite SG62/CaCl2 43 wt%.

Table 2
Parameters of the mathematical model.

Parameter Value

a 7.245114913
b 0.081869322
c −0.21981027
d −0.00131786
e 0.002066184
f −0.000016095
g −5.5829E−06
h 2.27088E−07
R2 0.9988

Fig. 9. Comparison between the experimental data (points) and simulated data (line) of
adsorption isotherms of SG62/CaCl2 43 wt%.

Fig. 10. Influence of adsorption temperature on the cycle loading lift and energy storage
density with desorption temperature = 80 °C and water vapor pressure = 12.5 mbar.

Fig. 11. Influence of the desorption pressure (condensation pressure in a closed system)
on the cycle loading lift and energy storage density with adsorption at 30 °C and 1250 Pa
and desorption at 80 °C.
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water sorption data in the tested conditions. In particular, the cycle
loading lift increases by decreasing the desorption pressure or the ad-
sorption temperature.

The complete characterization of this composite material enables us
to predict and control its behavior in heat storage reactor. This com-
posite was tested in laboratory prototypes, whose results will be pub-
lished soon in two future publications. It was also used in two real-scale
systems, developed in the FP7 SoTherCo project, tested in Arlon
(Belgium) and Le Bourget du Lac (France). All these tests confirm the
possibility to use this composite in heat storage systems for space
heating applications.
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