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a b s t r a c t

In this study, the development and characterization of composite sorbents based on commercial mes-
oporous silica gels and LiCl for seasonal thermal energy storage (STES) applications is described. The
reported activity aims at validating the operation of sorption STES in various cold climatic zones in
Europe. Accordingly, the reference boundary conditions were identified by means of a climatic analysis in
two climatic zones, namely, Central and Northern Europe. The acquired mesoporous silica gels were
characterized, to evaluate the textural properties, i.e. specific pore volume and pore size, needed to
define the optimal salt solution compositions to maximize the amount of salt embedded. The synthe-
sized samples were firstly investigated using scanning electron microscopy and nitrogen physisorption
that demonstrate the presence of a small quantity of salt over the external surface rather than inside the
pores. A hydrothermal treatment, based on slow adsorption followed by a slow desorption step, was
defined to solve this issue. Finally, starting from the measured equilibrium isobars, the expected STES
density at material level was evaluated, obtaining values as high as 1080 J/g under cold Northern Eu-
ropean climatic condition, corresponding to 650 MJ/m3.
© 2020 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND

license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

The development of innovative energy storage technologies is
becoming one of the crucial issues towards the improvement of
energy systems efficiency as well as to further promote the wide-
spread diffusion of renewable energy sources [1,2]. Indeed, energy
storage technologies can be efficiently employed to cover time
mismatches between the energy production and consumption,
which can vary from fewminutes up to entire seasons. The seasonal
thermal energy storage (STES) represents one of the typical ex-
amples of long-term storage technologies [3,4]. The main aim of
this technology is to reduce the fossil fuel energy consumption,
which is still currently dominating the heating sector, by shifting
part of the solar thermal energy collected during the summer time
to the winter time. Indeed, during the heating season, the solar
radiation usually does not cover a relevant portion of the heating
demand, while, on the contrary, thewide solar radiation availability
during warm season is still untapped due to the existing mismatch
rancato).
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with the final user demand. So far, there are only a few examples of
full scale STES installed and tested in the field. Most of them rely
either on the buried sensible water storage technology [5] or on the
geothermal borehole storage [6,7]. In both cases, the solar thermal
energy harvested during summer is stored as sensible heat by
heating up the storagemedium (i.e. water, ground). This technology
suffers of several issues related to the limited TES density achiev-
able, which depends on the specific heat of the storage medium as
well as on the temperature lift, which is applied during the
charging phase, and on the heat losses encountered during the
storage period. The above reported issues are still limiting the
diffusion of this technology at a commercial level.

One of the proposed methodologies, which can make the STES
more attractive, is based on the employment of sorption TES pro-
cesses, during which energy is stored as sorption potential between
a working fluid (e.g. water) and a solid or liquid sorbent (e.g. zeo-
lites, LiBr solution) [5]. The main advantages that make this
approach attractive are related to the higher achievable TES density
and the limited encountered energy losses during the storage
period. Indeed, the achievable TES density at a material level can be
up to 10 times higher than the one showed bywater as sensible TES
nder the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Nomenclature

C [wt.%] Concentration
L [J/g] Evaporation/condensation enthalpy
t [h] Time
T [�C] Temperature
P [kPa] Pressure
R [J/(g K)] Universal gas constant
V [cm3/g] Specific volume
w [g/g] Water uptake
DF [J/g] Adsorption potential
DH [J/g] Differential enthalpy of sorption
DS [J/(g K)] Differential entropy of sorption
Р [g/cm3] Density

Subscripts
0 Saturation
ads Adsorbent
ch Charging
con Condensation
dis Discharging

dry Drying
ev Evaporation
m Matrix
mix Mixture
p Pore
s Salt
sor Sorption

Acronyms
CSPM Composite Salt inside Porous Matrix
DA Dubinin-Astakhov
MOF Metal-Organic Framework
MWCNT Multi-Wall Carbon Nanotubes
NZEB Nearly-Zero Energy Building
PVA Polyvinyl-Alcohol
RT Room Temperature
SEM Scanning Electron Microscopy
STES Seasonal Thermal Energy Storage
SWS Selective Water Sorbent
TES Thermal Energy Storage
TESC Thermal Energy Storage Capacity
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media [8]. While the sorption heat can be kept stored without any
thermal losses, since it relies on the potential energy between the
working fluid and the sorbent material, which is released only
when the two substances are put in contact [9]. Accordingly, in
recent years, several activities were reported on the development
of materials, components and systems for sorption STES application
[10]. Concerning the development activities at the material level,
there is still room to improve the achievable performance in terms
of energy storage density, long-term stability, and cost. For the
liquid sorption TES technology, the most attractive aqueous LiBr
and NaOH solutions, have been identified. Thus most of the recent
activities are focused on the components optimization [11], spe-
cifically the absorber and the evaporator [12].

For the solid sorption TES, several recent development activities
were reported about possible sorbent materials showing attractive
sorption performance. Concerning the pure solid sorbent materials,
in which the interaction between the working fluid and the solid
material is related to electrostatic and dispersion bonds, some
interesting analyses were performed to evaluate their expected
performance under STES operating conditions. Particularly, Bran-
cato and Frazzica [13] investigated novel synthetic zeotypes, char-
acterized by a crystalline structure, similar to the zeolites one,
which showed potential applicability for different adsorption heat
transformation processes. Regarding TES application, AlPO-18
showed potentially up to 500 J/gads of TES density under seasonal
operating conditions, namely, 90 �C of charging temperature and
30 �C of condensation temperature, with 35 �C of adsorption
temperature and 10 �C of evaporation temperature. Recently, ac-
tivities on modified standard zeolites, such as zeolite 13X
exchanged with Ce cations showed the possibility of increasing the
achievable TES density, compared to standard zeolite 13X (i.e. up to
700 J/gads against 500 J/gads) [14]. Nevertheless, this class of ad-
sorbents has a limited field of application due to the high charging
temperature needed, in the range between 200 �C and 250 �C.
Another class of adsorbent materials under development for TES
applications is represented by the metal-organic frameworks
(MOFs), which, thanks to the tuneability of their crystalline struc-
ture, can be properly developed for this application. However, the
practical employment of this adsorbents can be limited their low
hydrothermal stability [15]. Indeed, the major part of MOFs suffer
from poor stability upon exposure to water molecules. Despite
these promising results, the solid adsorbents suffer from some
intrinsic limitations that do not allow overcoming these energy
density values. Indeed, in the pure adsorbents, the amount of
working fluid adsorbed depends on the type of the zeolite structure
and the chemical composition of the zeolite.

To overcome these limitations, sorbent materials able to exploit
also chemical reactions, such as hydration and de-hydration of
hygroscopic salts, were proposed [16]. Despite the attractive ther-
modynamic properties of these materials, some issues encountered
in real operation, such as swelling, agglomeration and corrosion
against constructive materials limit their possible application. To
overcome these issues, the composite sorbent concept usually
referred to either as SelectiveWater Sorbents (SWSs) or Composites
Salt inside Porous Matrix (CSPMs) was proposed twenty years ago
[17]. This class of materials is based on the dispersion of the salt
inside the pores of a supporting matrix. In this way, several benefits
can be achieved, such as the limitation of swelling and agglomer-
ation effects, thanks to the confinement of small-size salt’ crystals
inside the pores. Furthermore, the kinetics of hydration/dehydra-
tion reaction is improved due to the smaller crystal size and the
open volume available for the vapour flux. Finally, since the salt is
kept inside the pores, also corrosion issues are prevented [18]. One
of the further potentialities of these materials is the possibility of
tailoring their performance, thanks to the wide availability of
different porous structure and hygroscopic salts, which can be
properly selected andmixed to achieve high energy storage density
under different operating conditions. For this reason, several ex-
amples of composite sorbents were reported in the literature, using
different matrices and salts. Among them, LiCl is one of the salts
that showed the most promising performance for TES when low/
medium charging temperature (i.e. below 120 �C) is available.
Accordingly, several efforts were spent to develop promising
composites based on LiCl. For instance, Zhang et al. [19] developed a
composite based on mesoporous alumina and LiCl for TES appli-
cation with a target charging temperature of 120 �C. The achieved
results showed TES densities up to 1040 J/gads. Nevertheless, given
the low pore volume, only about 15 wt% of salt was loaded inside
the matrix, thus limiting the possibility of further increasing TES
density. In Refs. [20,21], lite was used to embed high quantities of



Table 1
Reference operating conditions for Central and Northern Europe.

European zone Tch [�C] Tcon [�C] DFch [J/g] Tdis [�C] Tev [�C] DFdis [J/g]

Central 85 35 384.0 35 5 259.4
Northern 85 30 430.2 35 5 259.4
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LiCl, i.e. up to 59wt%, thanks to the very high specific porosity of the
matrix. This resulted in very attractive TES density, up to 2600 J/
gads, with 85 �C of charging temperature at 30 �C of condensation
and considering 35 �C of adsorption temperature with 10 �C of
evaporation temperature. Nevertheless, the non-reproducible
characteristics of the composition and porous structure of the
natural mineral vermiculite as well as its low density hinder the
achievable volumetric TES density. Furthermore, the vermiculite
structure may suffer from hydrothermal stability issues, which is a
critical issue for long-term application of STES. Finally, given the
macro-porosity of the matrix, the crystal size of the embedded salt
is larger than the one achievable with a meso-porous matrix. This
can reduce the reaction kinetics and, consequently, the charging/
discharging power density. Another porous structure recently
investigated is represented by multi-wall carbon nanotubes
(MWCNTs) [22], embedding LiCl. This composite was synthesized
with up to 44 wt% showing again very high TES density at the
material level, i.e. 1700 J/gads, under the same operating conditions
investigated for the vermiculite-based one. Also, small scale re-
actors were tested using this composite sorbent in Ref. [23],
showing good performance from the kinetic point of view. Never-
theless, some limits were highlighted also for this porous matrix,
such as the very low density as well as the difficulty in packing it
inside a reactor, which needs the employment of a binder, e.g.,
polyvinyl-alcohol (PVA). The latter reduces the overall TES density
and introduces further possible issues regarding the hydrothermal
stability. Mesoporous silica gel Type C was also investigated as
hosting matrix for LiCl by Yu et al. [24] by varying possible amount
of embedded salt from 10 wt% up to 40 wt%. Accurate character-
izations were performed to investigate the achievable performance
as well as the stability of the material. The best solution was
identified for the composite using 30 wt% of embedded salt, since it
was the best compromise between achievable STES density and
material’ stability under given operating conditions. For this ma-
terial a STES density up to 480 J/gads was calculated at the following
conditions, 90 �C of charging temperature, 40 �C of condensation
and adsorption temperature, 15 �C of evaporation temperature.

The EU-funded research project SWS-Heating [25] aims at the
development of an innovative solar heating system based on
sorption storage embedding a high density SWS. Starting from the
reported literature review, this paper focuses on the performed
activity for the preparation and characterization of optimal com-
posite sorbents, based on LiCl and commercial mesoporous silica
gels, aiming at the maximization of the salt content, according to
well-defined boundary conditions under which the STES will
operate. Particularly, two cost effective silica gels were identified
and compared. Furthermore, also technical grade LiCl was used to
reduce the overall cost of the final product. Two nominal salt
quantities were investigated, namely, 30 wt% and 35 wt%, to
identify the best solution. Dedicated characterizations were per-
formed to verify the properties of the developed materials as well
as to optimize the synthesis process in order to limit possible
leakage effects. Finally, preliminary calculations of the achievable
STES densities were performed to compare the results with other
materials reported in the literature.

2. STES operating conditions and salt selection

The definition of the operating conditions under which the STES
works is necessary and depends on the target climatic zones where
the system is going to be operated. Indeed, the evaluation of
boundary operating conditions of the specific cycle, at which the
sorbent material is subjected, depends on local climates and the
temperature of the useful heat required by the user. Consequently,
the climatic conditions in regions, where the TES unit will be used
throughout the year shall be carefully estimated. In particular, the
charging temperature depends on the temperature level of a
driving heat source; the condensation temperature equals the
ambient temperature in summertime, when the heat is stored;
discharging temperature is determined by a specific application
(heating, domestic hot water production, etc.); and finally, the
evaporation temperature is the temperature of a heat source for
evaporation during wintertime.

Therefore, the properties of adsorbent material must be
appropriate to the operating conditions of the specific cycle to
enhance the performance of the storage system. It is then impor-
tant to point out that for each reference cycle, there is an optimal
adsorbent whose properties must be tailored to fit with the de-
mands of the systems.

As reported in Ref. [26], the adsorbent must answer to qualita-
tive and quantitative requirements. The authors reported that the
real adsorbent optimal for the adsorption TES cycles should possess
a step-wise or S-shaped adsorption isobar with a large uptake
variation, which determines the final STES density. The step posi-
tion is dictated by boundary pressures/temperatures of the selected
cycle. While from the quantitative requirements, the selection of
the promising adsorbent for the considered cycles can be based on
the Polanyi principle of temperature invariance [27,28]. This prin-
ciple gives an univocal correspondence between the amount of
water adsorbed w [cm3/g] and the Polanyi-Dubinin adsorption
potential DF(P,T) [J/g] defined as

DF ¼ � R T ln
p
p0

(1)

It was demonstrated that many adsorbents, including SWSs,
follow this principle [29]. These adsorbents show a one-to-one
correspondence between the equilibrium uptake and the adsorp-
tion potential w ¼ f (DF).

The amount of exchanged working fluid is equal to:

Dw¼wðDFchÞ � wðDFdisÞ (2)

A detailed climatic analysis was performed for the foreseen
application in Central and Northern European countries. Consid-
ering the use of vacuum tubes solar thermal collectors as charging
source during summertime, the nominal operating temperature
during charging can be considered equal to 90 �C. For the
condensation temperature, average ambient temperatures during
daytime in summer were analysed by means of the Meteonorm
database in different European locations [30]. The results showed
that for Central Europe, an average ambient temperature of 30 �C
could be assumed, while for Northern Europe, 25 �C is more
appropriate. For what it concerns the discharging phase in
wintertime, an average delivery temperature of 30 �C was assumed
to provide space heating through floor heating systems in very
efficient nearly-zero energy buildings (NZEBs). Furthermore, for the
evaporation temperature, an ambient source coming either from
ambient air or solar thermal collectors, at 10 �C was assumed. It has
to be pointed out that, under some rigid climatic conditions,
geothermal boreholes are needed to provide the ambient heat to
the evaporator. Considering a DT ¼ 5K as the necessary tempera-
ture difference for having a satisfactory heat transfer inside each
component, the operating conditions reported in Table 1 were used
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to select the appropriate SWSs and to evaluate their performance.
Extensive studies on SWSs used in adsorption STES systems

were performed. Anyway, as reported in Ref. [18], tailoring a new
SWS for the specific storage cycle is possible by varying the
following parameters:

1. Nature and pore size of the host matrix;
2. Chemical nature and amount of salt inside the pore;
3. Synthesis procedure

Although the main role of the matrix is to host the salt, the
matrix can strongly influence the sorption capability of the salt.
Indeed, it permits vapour transport and heat transfer during the
hydration/dehydration reaction between vapour and salt [18]. The
so-called “pore size effect” was found that highly influences the
properties of the confined salt [18]. Matrices with a large pore
volume (>0.8 cm3/g) and a pore size larger than 8 nm seem to be
the best compromise for the SWS synthesis.

Several materials can be identified as porous structures able to
host a salt inside (silica gel, zeolite, activated carbon, and minerals).
The most commons belong to the silica gel family that are already
widely used in several technical applications, such as air drying, gas
chromatographic columns etc. Two further materials were identi-
fied, belonging to the class of porous clays, namely, the expanded
vermiculite and the siliceous shale [31], specifically produced in
Japan. Both are characterized by a very low price compared to the
silica gels. Nevertheless, they present some issues related to the
softness of the clay, especially the expanded vermiculite, and to the
particle size, which for the siliceous shale is too small, preventing a
real application due to possible agglomeration and mass transfer
issues.

As regards the optimal choice of salt, the identification of suit-
able hygroscopic salts for SWS manufacturing to be used in TES
system depends on various parameters. Table 2 summarizes the
main features of hygroscopic salts commonly investigated for
composite sorbents manufacturing. A first general distinction can
be made considering the hygroscopic ability of each salt. In Table 2,
the amount of water absorbed/desorbed by various salts, as well as
their average storage density under typical STES operating condi-
tions (e.g. Tch ¼ 90e100 �C, Tcon ¼ 30e35 �C; Tdis ¼ 35 �C,
Tev ¼ 5e10 �C) is reported [32]. Furthermore, the price and a pre-
liminary evaluation of the stability are reported. It has to be pointed
out that the reported costs are related to the Chinese market for
technical grade purity (i.e. > 95%) which is considered a good
compromise for the foreseen STES application.

From the reported analysis, it is evident the several of the listed
hygroscopic salts represent a suitable option since quite attractive
STES densities can be obtained. The cost is usually affordable, even
if LiCl, LiBr, and SrBr2 are more expensive than CaCl2, MgSO4,
Ca(NO3)2, and Na2S. LiCl and LiBr deliquesce under the considered
conditions and are characterized by moderate stability due to the
formation of a solution and possible corrosion issues. The stability
Table 2
Literature analysis of main hygroscopic salts available in the operating range of a STES [3

Parameter LiCl CaC

Number of water molecules exchanged [mole/mole] 1.9e2.9 2
Amount of water exchanged [g/g] 0.80e1.22 0.18
Specific Storage Density [Wh/kgads] 1250 433
Price [V/kg] 8.0 0.5
Price of specific storage density [V/kWh] 6.40 1.15
of Na2S, which can form H2S under certain conditions, is considered
to be bad. According to the performed analysis, the LiCl, which
exchanges up to 1.22 g/g, is probably themost promising salt for the
considered STES cycles, when space heating with low-temperature
radiant floors is the main heating demand. However, its confine-
ment inside porous matrix is required because of the deliquescence
issue. It is important to point out that the chemical nature of the
salt determines the position of the sorption step in the sorption
isotherms. While the salt content of the composite strongly in-
fluences the sorption capacity of SWS. At increasing salt content,
the sorption ability of the composite rises, although the maximum
capacity is limited by the pore volume of the composite. Thus, an
optimal salt content has to be selected for each specific STES cycle
to avoid the leakage of the salt solution out of the pores [17].

Finally, the properties of the SWS are highly affected by the
conditions at the impregnation stage. Wu et al. [33] showed that as
higher is the salt solution temperature and the impregnation
duration as higher is the sorption capacity of CaCl2/silica
composites.
4. Materials and methods

4.1. Selection and characterization of main constituents

Based on the considerations presented in the previous section,
and after a preliminary screening of commercial materials and
expected thermodynamic performance, in the present work, the
selected porous matrices were two mesoporous silica gels, namely
silica gel by Sorption Technologies (SGST) with a grain size
0.5e0.8 mm, and Siogel by Oker Chemie with a grain size of
1.5e3.15 mm. Lithium chloride with technical grade purity (>95%)
was used as confined salt. For each silica gel, two samples were
prepared at a different percentage of salt to select the optimal salt
content, which ensure high TESC with no solution leakage.

As the first step, the pristine materials used for the synthesis of
SWS composites were characterized. The XRD diffraction was per-
formed by means of Philips X’PERT XRD analyser to evaluate the
LiCl purity. The samplewas dried before the measurement for 3 h at
150 �C at atmospheric pressure. The X-ray diffraction pattern was
measured with the following testing conditions: 2q¼ 10e80� and a
scanning rate of 0.01�/s.

Fig. 1 reports the evaluation of the XRD pattern. As highlighted,
the composition is almost completely shared between anhydrous
LiCl phase [33] and LiCl mono-hydrate [34], thus confirming the
sufficient purity of the employed salt. Only a peak referring to a
different phase was highlighted, namely NaClO3 [35], which can be
an impurity of the salt. The presence of a high quantity of hydrated
phase can be ascribed to the ambient testing conditions, during
which the highly hydrophilic LiCl can absorb humidity from the
surrounding ambient. A quantitative analysis was also performed,
despite a degree of uncertainty due to some peaks overlapping, the
following data were retrieved: 85% LiCl H2O, 7% LiCl and 8%
different phases, mostly NaClO3. Given the uncertainty, it can be
assumed that the expected 95% of LiCl purity is confirmed by the
2].

l2 LiBr Ca(NO3)2 SrBr2 MgSO4 Na2S

1.3e1.5 4 5 2 e

0.27e0.31 0.44 0.36 0.30 e

488 280 372 562 1068
10.0 0.6 6.0 0.7 1.0
20.49 2.14 16.13 1.25 0.94



Fig. 1. X-ray power diffraction pattern of the acquired LiCl.
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analysis.
Regarding the matrices, the evaluation of their pore volume and

specific surface area represent a needed parameter for the esti-
mation of the features of the synthesized SWSs. In particular, the
knowledge of the properties of the host matrices is of fundamental
importance for the evaluation of the salt amount, which can be
added to guarantee an optimal adsorption/desorption behaviour.
With this aim, the pure matrices were analysed by means of N2

physisorption analyser, ASAP 2020 by Micromeritics. The samples
were dried at 160 �C under continuous evacuation for 3 h. Then,
both adsorption and desorption nitrogen isotherms at 77K were
evaluated in order to verify a hysteresis effect. According to the
IUPAC classification [36], the obtained isotherms (Fig. 2 a-b) for
Fig. 2. Nitrogen adsorption isotherms of the selected matrices: a) Siogel; b) SGST
both silica gels can be categorized as Type IV(a) typical for meso-
porous materials. Also, the pore size distribution based on BJH
desorption algorithm, is depicted in Fig. 2 c-d. The distribution
reveals that all the silica gels are mesoporous with a distribution of
the pores centred in the range 3e15 nm.

BET surface area was calculated using the adsorption branch in
the relative pressure range between 0.05 and 0.2. The total pore
volume was estimated by means of BJH desorption method [37].
4.2. Synthesis of SWS

The synthesis of the SWS was performed by means of the dry
impregnation technique [21,38]. The main phases of the process are
schematically presented in Fig. 3. Initially, the porous matrix and
the inorganic salt are dehydrated at T ¼ 160 �C for 8e12 h, to
eliminate the adsorbed water before the preparation phase. Then,
the aqueous salt solution is prepared bymixing the right amount of
salt and distilled water. The solution is stirred until it becomes
transparent. The dry impregnation process is then performed by
spreading the salt aqueous solution drop-by-drop over the matrix.
The material is prepared inside a beaker and mixing with a spatula
for about 5 min. As soon as the material is getting to be wet, the
beaker is closed and left for 24 h at room temperature to get a
homogeneous distribution of the solution insidematrix. Finally, the
sample is dried into an oven at 160 �C for 24 h.

Two salt solutions have been prepared, namely, 13.9 M and
11.3 M. Staring from the pore volumes reported in Table 3, the so-
lution volume to matrix mass ratios were determined, in order to
properly fill the pore volume with the prepared solution. Table 4
summarizes the prepared samples with the employed parameters
and the obtained compositions. The synthetized samples are
codified as: name of silica gel þ number that indicates the
; Pore size distribution based on desorption BJH method: c) Siogel; d) SGST.



Fig. 3. Schematic representation of the dry impregnation technique employed for the SWSs preparation.

Table 3
Texture characteristics of the pristine matrices.

Sample BET surface area [m2/g] Total Pore volume [cm3/g] Average pore size [nm]

Siogel 417 0.88 6.9
SGST 397 0.95 7.8

Table 4
Experimental parameters of the synthetized samples.

Sample Concentration of solution [M] Solution/Matrix ratio Salt Content [%]

SGST_35LiCl 13.9 0.94 ml/g 35.4
SGST_30LiCl 11.3 0.94 ml/g 30.7
Siogel_35LiCl 13.9 0.85 ml/g 34.0
Siogel_30LiCl 11.3 0.85 ml/g 28.0
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concentration of salt þ LiCl (as reference: the sample realized with
Siogel and 30 wt% of LiCl has the code: Siogel_30LiCl).
4.3. Characterization techniques

The texture properties of the synthesized SWSs were analysed
using ASAP 2020, by Micromeritics, employing nitrogen at 77K, to
verify their surface area and pore volume. All the measurements
were carried out following the same procedure used for the anal-
ysis of the pristine matrices. The BET model was applied to evaluate
the specific surface area of the samples, while the BJH theory was
used to measure the pore volume and pore size distribution in the
desorption branch of the isotherms.

Scanning electron microscopy (SEM) analysis was carried out,
employing a Philips XL-30-FEG scanning electron microscope, to
detect morphological features of the pristine matrices and the
composite sorbents. The analyses were performed with an accel-
erating voltage of 20 kV and a spot width of 3.

The equilibrium isobars of the SWS were evaluated by DVS
vacuum analyser at various vapour pressures relevant for the STES
boundary conditions to verify the SWS sorption capability as well as
to allow the evaluation of the achievable STES density. The analyser
is constituted by a micro-balance, having a mass sensitivity of
0.1 mg, that guarantees to follow the uptake variation during the
adsorption and the desorption phases. Prior to each measure, the
samples (ca. 20 mg) were degassed at 160 �C under vacuum
(10�7 mbar) for 8e12 h to desorb any adsorbate not desired. Then,
the chamber, inwhich the samplewas placed, was connected to the
evaporator kept at a fixed temperature and filled by the water
vapour to a fixed pressure, while the sample temperature was
reduced. So, the water vapour adsorption isobars were measured.
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5. Results and discussion

5.1. Textural and morphological characterization of the synthesized
SWSs

The N2 physisorption on the synthesized samples was per-
formed to evaluate whether the salt is located inside the matrix’
pores. Indeed, knowing the pore volume before and after impreg-
nation process allows estimating the real amount of salt deposited
as well as to analyse the space left for the water vapour flux inside
the material.

Table 5 summarizes the characteristics of the porous structure of
the prepared composites, as well as the theoretical pore volume
Vp.th [cm3/g], calculated considering the salt is completely depos-
ited inside silica pores and does not block them, according to the
following equation:

Vp;th ¼Vp;m

�
1� Cs

100

�
� Cs
100ps

(3)

where Vp.m [cm3/g] is the matrix pore volume, Cs [wt.%] is the salt
content, and rs [g/cm3] is the salt density.

It has to be pointed out that the data reported in Table 5 refers to
the sample characterized right after the preparation process, before
any kind of characterization or further treatment. The detailed
experimental results are provided in the Supplementary Data
(Appendix A). The composite samples showed the same pore size
distribution of the pristine matrices, centred between 3 nm and
15 nm, but the total pore volume is reduced. Comparing experi-
mental and theoretical pore volumes show no common trend for
the composites. Theoretical pore volume is slightly smaller than the
experimental ones for SGST-based composites, which shows that
salt is partially located out of pores Similar behaviour is obtained
for the Siogel_35LiCl sample, while for the Siogel_30LiCl theoretical
pore volume is somewhat larger than experimental one. This could
indicate that the pores are partially blocked by either LiCl particles
deposited on the external surface of the composite’s grains, or by
LiCl crystals placed inside pores necks. It has to be pointed out that
the deviation between theoretical and measured values always
ranges between 2% and 9% which can be also ascribed to a slightly
different Cs of the final composite. In any case, it is evident that
most of the salt is actually embedded inside the pores.

The SEM analysis was carried out to analyse the SWSs’
morphology for verifying the presence of salt on the external sur-
face of the matrix. Indeed, the salt outside of the pores represents a
big issue for both corrosion of the metal part of the system and the
reduction of the STES performance. The magnifications of the
synthetized sample with higher salt content (SGST_35LiCl and
Siogel_35LiCl) are reported in Fig. 4.

The images show that the salt crystallizes differently on each
matrix in terms of distribution and shape of the crystals. Indeed, it
has been observed that the salt partially covers the matrix surface
for both Siogel_35LiCl and SGST_35LiCl samples. This agrees with
the results of nitrogen adsorption: LiCl is not completely embedded
inside the pores; it is partially deposited on the external grain
Table 5
Texture characteristics of the synthesized samples.

Sample BET Surface Area [m2/g] Total Pore Volume [cm3/g] Average pore

SGST_35LiCl 173 0.45 8.3
SGST_30LiCl 186 0.52 8.8
Siogel_35LiCl 197 0.45 7.3
Siogel_30LiCl 176 0.46 8.7
surface. This represents a critical issue to be solved since the salt
deposited on the external surface could affect the overall STES, due
to possible corrosion issues.

Among the tested materials, the one showing the most peculiar
behaviour is the SGST_35LiCl, where LiCl at high content (35 wt%) is
embedded inside the SGST matrix. Part of the salt is certainly
outside the pores, forming a structure known as typical of the
“efflorescence” formation mechanism [39]. It can be caused by the
dehydration phase, during which the evaporating water drags the
salt towards the surface, forming this “fingers-like” structure on the
grain surface. It should be mentioned that the high concentrated
salt solutions (11.3 and 13.9 M) with a high viscosity were used for
the sample preparation, which seems to promote the “efflores-
cence” formation mechanism and the LiCl crystals growth on the
grain surface. This poses further criticism in the optimization phase
of the synthesis process.
5.2. Optimization of the impregnation procedure and synthesis
conditions

The results obtained in the previous sections allow the synthesis
optimization to be performed to eliminate or at least lessen the
mentioned drawbacks. To reduce the efflorescence crystallization, a
post-treatment phase, during which a slow ad/desorption process
is performed under controlled conditions.

This post-treatment can be applied under either pure water
vapour conditions or letting the SWS be hydrated at room condi-
tions and then dehydrated in the oven. The approach based on the
ad/desorption under pure water vapour conditions was performed
according to the following procedure:

1. Putting the material in a vacuum chamber, heating up at 95 �C
and evacuating down to 10�3 mbar;

2. Admitting the water vapour at about 15 mbar and reducing step
by step (i.e. 75 �C, 60 �C, 45 �C) the SWS temperature down to
30 �C;

3. Heating up the SWS back to 95 �C reversing the steps employed
for the hydration phase, to dehydrate it again.

At room conditions, the process was basically using the ambient
humidity as sorbate, while the desorption phase was performed
into the oven by increasing the temperature slowly, step-by step.

As reference, Fig. 5 shows the SGST_30LiCl after the post-
treatment. Looking at the outcomes of the post-treatment under
pure water vapour conditions (Fig. 5b), it is clear that this approach
could help completely overcoming the issue related to the salt
deposited outside, indeed the surface, which was previously
showing the presence of the salt, does not evidence any other salt
deposition. Differently, the treatment under room conditions needs
to be performed twice to achieve satisfactory results, since after the
first one still presence of salt on the surface is highlighted (Fig. 5d).

To further investigate the effect of this post-treatment, the N2
physisorption study was performed for the treated sample
(Table 6). The detailed experimental results are provided in the
size [nm] Theoretical total pore volume [cm3/g] Pore volume reduction [%]

0.44 52.6
0.51 45.2
0.41 48.8
0.49 47.7



Fig. 4. SEM micrographs of synthesized SWSs.

Fig. 5. SEM images for the post-treatment analysis: SGST_30LiCl after common synthesis process (a); post-treatment with a slow ad/desorption process under pure water vapour
environment (b); post-treatment with one ad/desorption step under atmospheric conditions (c); post-treatment with two consecutive ad/desorption steps under atmospheric
conditions (d).
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Table 6
N2 physisorption characterization for the SGST_30LiCl before and after post-
treatment in pure vapour.

Matrix SGST_30LiCl
No treatment

SGST_30LiCl
Post treatment

Salt content [wt.%] e 30.5 30.5
Specific surface area [m2/g] 397 186 177
Total Pore volume [cm3/g] 0.95 0.52 0.48
Average pore size [nm] 7.8 8.8 8.7
Pore volume reduction, % e 45.2 49.4

Fig. 6. Schematic representation of the optimized process for the SWSs preparation.
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Supplementary Data (Appendix B). The most relevant outcome of
these comparative characterizations is related to the fact that the
pore volume, after each post-treatment process, is reduced
compared to the not treated samples. This confirms that the salt,
previously located outside the pores, penetrates inside them, thus
solving the issue highlighted. The updated synthesis process is
reported in Fig. 6.
Fig. 7. Consecutive adsorption cycles measured at Tev ¼ 5 �C/pe
5.3. Equilibrium curves

The equilibrium curves characterization was performed by
means of the DVS vacuum analyser, focusing on the measurement
of adsorption and desorption isobars under the defined evapora-
tion and condensation pressures reported in Table 1. In particular,
the adsorption branch was considered for Tev¼ 5 �C/pev¼ 9.0 mbar,
while the desorption branch was considered for Tcon ¼ 30 �C/
pcon ¼ 42.9 mbar and Tcon ¼ 35 �C/pcon ¼ 56.7 mbar. In such a way,
possible hysteresis effects between adsorption and desorption
phases are properly considered.

The first performedmeasurement on each samplewas the cyclic
adsorption at 5 �C to verify the isobar’ evolution, considering the
outcomes of the SEM and nitrogen physisorption analyses reported
above. For comparison purposes, some performed cycles on the
SGST_30LiCl and Siogel_30LiCl are reported in Fig. 7. As clearly
visible, in both cases, the first isobar measured over the SWS after
its synthesis has a different evolution compared to the following
ones. This can be attributed to the fact that, as already highlighted,
after the synthesis, a small amount of salt is deposited over the
external grain surface. In such a way, since the dimensions of the
crystals outside the pores are larger than the ones inside the pores,
at fixed water vapour pressure, a lower temperature is needed to
achieve the same sorption uptake. This temperature shift, which
can also be evaluated in terms of the DF shift, is a measure of the
difference in energy needed to allow the water/salt reaction.
Interestingly, after the first complete adsorption and desorption
cycle the material reaches its equilibrium conditions as considered
before. The salt solution formed on the external surface is soaked
due to capillary forces inside the pores, thus obtaining a stable
material with the expected amount of salt embedded inside the
pores.

Once the SWS material was cycled and the stabilized configu-
ration was reached, the sorption and desorption isobars were
measured for each composite (Fig. 8). For each set of isobars, also
the relative isosteric line for both Central and Northern EU refer-
ence cycle are highlighted. The larger amount of confined salt, the
higher sorption capacity of the composite was observed.

Table 7 reports the expected uptake achievable by the synthe-
sized samples in two regions of Europe. The uptake under operating
conditions of the Central Europe is always lower than that of the
Northern Europe, due to the higher condensation temperature in
summertime. Interestingly, the Dw achievable by the SGST_30LiCl
under Central European conditions (i.e. 37.4 wt%) is comparable
with the one achievable by the SGST_35LiCl (i.e. 36.3 wt%). This
v ¼ 9.0 mbar on the SGST_30LiCl (a) and Siogel_30LiCl (b).



Fig. 8. Reference adsorption and desorption isobars measured under the evaporation and condensation temperature reported in Table 1. SGST_30LiCl (a), SGST_35LiCl (b), Sio-
gel_30LiCl (c), Siogel_35LiCl (d).

Table 7
Evaluated water uptake exchange for the developed SWSs under the defined working conditions.

Reference cycle Dw [wt.%] SGST_30LiCl Dw [wt.%] SGST_35LiCl Dw [wt.%]
Siogel_30LiCl

Dw [wt.%]
Siogel_35LiCl

Central Europe 37.4 36.3 34.1 36.6
Northern Europe 39.9 42.5 36.6 40.6
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interesting outcome further demonstrates the importance of
carefully analysing the behaviour of these materials before select-
ing the most appropriate ones for each operating condition.

For SGST_30LiCl the maximum uptake under conditions of the
adsorption stage of 42 wt% ¼ 0.42 cm3/g is somewhat smaller than
its pore volume (0.48 cm3/g), which ensure no leakage of the salt
solution out of pores. Furthermore, even at maximum uptake, there
is empty space inside pores, available for the vapour diffusion,
which promotes faster adsorption/desorption, as it was shown in
Refs. [40]. On the contrary, the maximum uptake for SGST_35LiCl
(46 wt% ¼ 0.46 cm3/g slightly exceed its experimental (0.45 cm3/g)
and theoretical (0.44 cm3/g) pore volume, which can cause the
leakage of the salt solution and slowing down ad/desorption pro-
cess, furthermore this could even lead to a TES density storage
reduction due to the lowering of salt inside the pores of the com-
posite sorbent. This illustrates the importance of the optimization
of the composite salt content considering the operating conditions
of the specific STES cycle.

6. Thermodynamic STES performance evaluation

To evaluate the achievable performance of the developed SWSs,
the equilibrium uptake curves were presented according to the
Dubinin-Astakhov (DA) formulation (Fig. 9). The obtained fitting
parameters are summarized in Table 8.

The DA fitting can be used to evaluate the sorption enthalpy
associated with the investigated material. Indeed, the differential
sorption enthalpy, DHsor [J/gads], is defined as [41]:

DHsor ¼ L
�
Tev=con

�
þDF � T DS (4)

where L (Tev/con) [J/g] is the evaporation/condensation enthalpy of
the pure working fluid (i.e. water), DF [J/g] is the adsorption po-
tential defined before, and DS [J/(g K)] is the differential entropy of
sorption. Usually, the third term on the right-hand side can be
neglected, being significantly smaller than the other two.

Accordingly, for each identified operating condition, the TES
capacity (TESC) can be calculated as:

TESC¼
ðwdis

wch

DHsordw (5)

The obtained results are summarized in Fig.10. The sorption and
desorption equilibrium points were taken respectively from the
fitting obtained on adsorption and desorption branches, to take into



Fig. 9. DA presentation of the equilibrium uptake for sorption and desorption curves for the synthetized SWSs.
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Table 8
DA parameters for sorption and desorption curves.

A,
J/gH2O

w0,
g/g

E,
J/g

n

SGST_30LiCl Sorption <450 0.6 335 4.3
>450 0.8 0.2

Desorption <300 0.8 280 1.5
300 < A<440 293 4.0
>440 1.95 0.3

SGST_35LiCl Sorption <400 0.65 364 3.3
400 < A<450 383 7.2
>450 250 2.0

Desorption <350 0.75 345 1.5
350 < A<420 349 6.3
>420 183 1.4

Siogel_30LiCl Sorption <310 0.52 370 4.0
310 < A<390 388 3.2
390 < A<450 389 7.2
>450 78 0.6

Desorption <350 0.8 290 1.3
350 < A<490 329 3.8
>490 3.2 0.3

Siogel_35LiCl Sorption <310 0.58 370 4.0
310 < A<390 388 3.2
390 < A<480 395 7.5
>480 108 1.0

Desorption <350 0.86 290 1.3
350 < A<400 332 6.5
>400 185 1.5
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account the effect of hysteresis. The integral enthalpy of adsorption
was derived from the DA fitting of the sorption curves. As expected,
the achievable TESC is comparable among the tested materials,
especially in the case of Central EU operating conditions
(Tcond ¼ 30 �C). Differently, in Northern EU conditions
(Tcond¼ 35 �C), up to 1200 J/gads can be achieved by the SGST_35LiCl
compared to 1080 J/gads for the SGST_30LiCl, with an increase of
around 11% of TESC. On the other side, the careful selection of the
optimal composite needs to take into account also possible stability
issues related to possible solution leakages. Accordingly, it can be
assumed that using the SGST_30LiCl whose stability under both
operating conditions is assured, a TESC higher than 1000 J/gads is
guaranteed. Considering an experimentally measured average
Fig. 10. Heat storage capacity for Central and Northe
packing density of 600 kgads/m3
ads, for the composite showing the

best applicability, SGST_30LiCl, a storage density at material level
ranging between 620 MJ/m3 and 650 MJ/m3 can be obtained under
the different operating conditions investigated.

7. Conclusions

This paper presents the development and characterization of
composite sorbents based on commercial mesoporous silica gels
and LiCl as embedded salt. The aim of the paper was to optimize the
preparation and the post-treatment of the samples in order to
guarantee the optimal salt impregnation inside the matrix’ pores.
To this aim, two nominal salt’ concentrations were investigated,
namely 30 wt% and 35 wt%, to analyse the possibility of achieving
high energy storage density, still avoiding any stability issues
related to leakages of the solution under real operating conditions.,
Two relevant boundary operating conditions, namely, Central and
Northern Europe, were considered. The selected matrices as well as
the prepared materials were characterized through nitrogen
physisorption and SEM, highlighting the presence of salt deposited
onto the external surface of the as-prepared samples. This issuewas
solved by applying a post-treatment to the composites, based on a
adsorption phase followed by a slow desorption phase, which
allowed the salt to move from the surface into the pores, most
probably due to a capillary effect. The equilibrium properties of
each sample were then evaluated by means of adsorption and
desorption isobars, in order to draw the reference operating cycles
and thus calculating the expected water exchange. The adsorption
capacity reaches 42 and 46 wt% for SGST based sorbents. However,
the leakage of the salt solution can occur for SGST_35LiCl sorbent,
which limits its practical application for the considered STES cycles.
The equilibrium curves were then fitted by means of the Dubinin-
Astakhov formulation in order to evaluate the achievable TES
density of each sample under the defined operating conditions. As
expected, the TESC is always higher under Northern EU conditions,
since the condensation temperature during charging phase is lower
than the one in Central EU. The maximum achievable TESC is ob-
tained for the SGST_35LiCl, reaching up to 1200 J/gads. It has to be
highlighted that, considering also possible stability issues, the same
matrix with 30 wt% of LiCl can reach a TESC as high as 1080 J/gads,
rn Europe evaluated for the synthetized SWSs.
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which corresponds to a volumetric energy density ranging 620 MJ/
m3 and 650 MJ/m3.
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