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The objective of this study is the synthesis and thermal characterization of cement-based composites for ther-
mochemical energy storage (TES), focusing on three cement families: Portland Cement (PC), Calcium Aluminate
Cement (CAC), and Calcium Sulfoaluminate Cement (CSA). We explore the potential of those composites in
enhancing energy storage capabilities, while being cost-effective and robust. The research has involved com-
posites with varying proportions of sepiolite to enhance porosity and reduce costs. An in-situ synthesis technique
was conveniently employed allowing promising results on control over salt content. Water vapor-sorption an-
alyses were conducted on six selected samples at two temperatures (30 °C and 50 °C) and across five relative
humidity points. The Polanyi adsorption potential theory was employed to extend the analysis and model
realistic operating cycles. We found that the top-performing composite exhibited an energy density of 85 MJ/m?
with a storage cost of 9.30 €/kWh, thus resulting comparable or superior to materials like Zeolite 13x,/MgSO4
and silica gel/CaCly, but lower than vermiculite/CaCl, or LiCl. Nonetheless, the novel composites demonstrate
lower costs and promising behavior with respect to important challenges as deliquescence or poor mass trans-
port. The synthesized cement-based composites show significant potential in TES technology, though further
optimization is still requited in terms of energy density and material cost. This research also suggests that cost
reductions for CAC and CSA cements through scale economies and material mixing strategies, like combining
CAC with PC might be feasible to further enhance the viability of these composites in TES applications.

1. Introduction generally considered for the storage and use of low temperature heat.

Among other applications, this may pave the way to affordable seasonal

Sorption thermal energy storage (STES) belongs to the broader
family of thermo-chemical energy storage, with which it shares the basic
operating principle of exploiting a reversible physical or chemical re-
action to store and release heat. A definitive taxonomy of this broad
branch of TES systems has not been established yet [1]. Coined by
McBain in 1909 [2], the term ‘sorption’ is used to describe both
adsorption and absorption phenomena, in which the first refers to the
attachment of a gaseous or liquid specie (adsorbate or sorbate) on the
surface of a solid (adsorbent or sorbent), while the latter is a volumetric
phenomenon in which the absorbate is incorporated within the bulk
structure of the absorbent, typically a liquid, even modifying it. With
respect to the broader thermochemical energy storage, STES are

* Corresponding authors.

thermal energy storage for residential space heating, by harvesting solar
thermal energy through solar collectors or concentrating solar power in
the temperature range between 90 °C and 150 °C [3] for a later use in
winter time.

Yu et al. [4] proposed a classification of STES based on the materials
involved which, in turn, characterize the type of forces, reactions and
energies at stake. They divided STES in:

e Liquid absorption, widely used for absorption chillers and heat
pumps (liquid salt solutions) and in industrial refrigeration
(ammonia-water), have gained much attention for TES applications
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as well, in which the most popular aqueous solutions are those based
on LiBr and on NaOH [5].

Solid adsorption, based on physical surface interactions between a
solid adsorbate and a gaseous adsorbate. The latter is generally
constituted by water vapor, although also methanol and ammonia
have been studied. Adsorbates to investigate are selected between
porous materials characterized by a high specific surface, in order to
guarantee a large sorbate hosting capability; the most common are
zeolites, activated carbon, natural rock, silica gel and metal organic
frameworks (MOFs) [6,7].

Chemical reaction, which for solar TES applications mainly involve
hydration/dehydration reactions of hygroscopic salts with water
vapor. In general, due to stronger binding energy in chemical
interaction as compared to solid adsorption, this implies higher en-
ergy densities (e.g. 2.8 GJ/m? in the case of the full hydration of
MgSO4 [8]) but also higher desorption temperatures. However, even
if several salts exist that could be used [9], most of them unfortu-
nately present important limitations [10]. The use of pure hygro-
scopic salts in bulk, indeed, often exposes them to the phenomenon
of deliquescence and degradation, which seriously affects the ma-
terials stability and storage performance after some cycles [1].
Furthermore, those salts are generally characterized by a low heat
conductivity (0.4-1 W/m K), hindering the heat transfer needed in
any heat-based process. Their use in bulk also sensibly hampers the
mass transport, necessary in any STES to allow the sorbate (typically
water vapor) to easily reach adsorbent sites [1].

Physically porous sorbents (zeolite, silica gel etc.) are attractive for
stable performances but have low energy density and energy capacity.
Chemical sorbents are characterized by higher storage capacities,
although the phenomenon of deliquescence, which may affect grain
stability, limits their performance. Recently, several studies proposed a
family of new solid sorbents, consisting of “hygroscopic salts inside a
porous matrix with open pores” (CSPM) [11]. Indeed, the presence of the
porous matrix can help alleviating salt deliquescence and degradation,
but also significantly improve the mass and heat transfer phenomena, e.
g. through a typically higher heat conductivity of the matrix materials
with respect to the salts as well as a much more efficient sorbate mass
transfer. Moreover, being composites, their properties may be tailored
more accurately for given applications [12]. As such, CSPM are
considered among the most promising class of materials for solar driven
STES and are gaining a relevant increase of attention in the scientific
literature [13-16].

In a work of 2011, Hongois and coworkers [17] analyzed a zeolite
13x loaded with a 15 % in weight of MgSO4 adsorbing moist air from
buildings, and a temperature lift of 30 °C was measured. By means of a
differential scanning calorimetry (DSC), the composite behaved simi-
larly to pure zeolite 13x but with higher peaks at maximum tempera-
ture. Because of this, the researchers assumed that MgSO,4 can exchange
ions with the very zeolite structure and does not behave as a mere salt
confining host matrix. The energy density of 0.6 GJ/m®> was thus eval-
uated, 27 % more than the zeolite theoretical one of 0.47 GJ /m°>. In 2013
Lele and colleagues [18] studied thermal conductivity of pure CaCl; and
composites with silica gel or vermiculite, finding a value of 0.39 W/(m
K) for pure calcium chloride and 0.83 W/(m K) for silica gel composites
and 0.74 W/(m K) for vermiculite composites, proving the thermal
conductivity improvement of composite materials. In their work of
2014, Casey and coworkers [19] investigated three different salts,
namely CaCly, MgSO4 and LiBr, as active materials for composites with
silica gel, zeolite 13x and vermiculite as host matrices. While matrices
were characterized by Type I adsorption isotherms, all the composites
have shown a Type IV isotherms with hysteresis loops. The observed
peculiar behavior appears linked to structural damage induced by the
presence of salt to both zeolite 13x and, to a lesser extent, silica gel host
matrices. In particular, the former has shown a wider pore size distri-
bution with respect to the narrow one observed for the pure matrix.
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Because of this, composites based on silica gel and zeolites were able to
adsorb less water vapor. Conversely, the structure of vermiculite
remained unchanged. In the study, composites containing CaCl, and
LiBr exhibited the highest energy density values: specifically, 0.18 GJ/
m? for CaCl, and 0.17 GJ/m? for LiBr, with salt contents reaching 56 %
and 65 % respectively. However, the above energy density values are far
from the one obtained by Hongois et al. in 2011 [17]. Again in 2014,
Druske and coworkers [20] studied carbon foams and expanded natural
graphite as host matrices and impregnated them with KCI and CaCly,
addressing the deliquescence issue of chlorides. Composites improved
both thermal conductivity and water uptake of pure salts. The most
interesting results were provided by the couple expanded natural
graphite/CaCl,, which has shown a water uptake of 0.45 g/g, a thermal
conductivity between 0.74 and 1.64 W/m K and an energy density of
0.63 GJ/m>. In recent years, other potential porous matrices have also
been under study. Anodic Aluminum Oxides (AAO) are emerging as
possible host matrices for hygroscopic salts. In 2020, Yilmaz and co-
workers investigated AAO impregnated with various inorganic salts
(LiCls, LiNO3, MgCl,, CaCly) either individually or in multiple combi-
nations. The maximum energy density achieved was 461.8 kJ/kg using
an AAO impregnated with a binary mixture (1:1) of LiCl and LiNO3 [21],
which is lower than the energy density of the vermiculite-LiCl composite
(1147.5 kJ/kg) [22]. Additionally, metal-organic frameworks (MOFs)
have been tested as matrices for CSPM materials. In 2019, D'Ans and
colleagues [23] obtained an energy density of 233 kWh/m> for SrBr,
encapsulated in a MOF structure, with a dehydration temperature of
80 °C.

A brief survey on the latest advancements in this field was provided
by four reviews [15,24-26] that cover all the aspects related these topic.

Despite these premises, the performances in terms of energy densities
provided by a large number of composite materials are currently not
considerably different with respect to the ones provided by pure ad-
sorbents such as zeolite 13x [27]. However, although zeolite 13x is one
of the most common materials for water sorption heat storage, its cost
and desorption temperature are too high to allow its actual adoption as
heat storage means, especially for seasonal storage [28].

The aim of this work is to synthesize and study an innovative com-
posite material for seasonal low-temperature sorption heat storage.
Particular attention is focused on the composite affordability and
widespread availability, in order to possibly contribute to develop new
sorbent material that can be commercially attractive in the near future,
even at the expense of smaller energy density values. For this purpose,
cement will be investigated as a potential host matrix for various salt
hydrates. In fact, dry cement paste is a porous material, cheap and
widely used on a global scale, having undergone extensive economies of
scale. In addition, its porosity can be controlled rather easily by acting
on the water to cement ratio, a key parameter involved in the cement
paste synthesis, and by adding a second porous phase, which in this case
is sepiolite. Characterization of pure cement paste properties, synthesis
and analysis of cement-based composites materials, potential water
sorption heat storage applications for space-heating and economic
analysis will be provided and discussed in this work. The cycle condi-
tions used in this work are illustrative and have been chosen primarily to
facilitate comparison among different materials. However, we can
consider these conditions realistic for a geographical area like southern
Italy.

1.1. Materials

In this work Ultracem 52,5 R and Ali Pre Green both from Italcementi
has been chosen as Portland cement (PC) and Calcium Sulfo Aluminate
(CSA) cement, respectively. For Calcium Aluminate Cement (CAC) the
Ciment Fondu® from Imerys Aluminates has been selected. In order to
improve the porosity of the dry cement paste a second porous phase has
been introduced therein, namely sepiolite from Lampa Accessories.
MgS04-7H,0 was purchased from Merck.
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2. Methods

The production of pure cement samples took place by following the
typical procedure for such materials, analogous for the three types of
cements: a proper amount of deionized water is mixed with a respective
amount of cement powder. These amounts are chosen based on the
weight ratio between water and cement, identified by the so-called w/c
ratio Since the latter strongly influences the porosity of the product,
different samples were produced by varying this ratio above the ones
typically used for structural applications, with the aim to maximize
samples porosity. When applied in the construction field, typical values
of w/c for PC are 0.35-0.6 [29], while for CACs for structural applica-
tions the maximum w/c is around 0.40. Finally, CSAs are manufactured
with a w/c in the range 0.5-0.6, though this depends on their specific
composition. In order to increase the porosity of the samples, sepiolite
was also added to the cement powder, with sepiolite/cement weight
ratios up to 70 %. It should be pointed out that the water-to-cement ratio
considered here is the “theoretical” one, namely the one that was
employed during the production. However, not all the water might end
up in the cement paste, if the phenomenon of bleeding occurs [30].
During bleeding some water separates from the paste rising to the top of
the mold and is not included in the final specimen which, as a result, is
thinner than the original paste level. We used the “effective w/c” ratio to
represent the water that is actually included in the final sample, ob-
tained by subtracting the bled water from the “theoretical w/c”.

To produce the samples, the proper amounts of cement, sepiolite and
water were blended in a beaker through a mechanical stirrer to form a
homogeneous slurry which was then poured into metallic molds. Each of
these molds have four compartments, allowing to simultaneously pro-
duce four specimens of the same size, with the same mix and in the same
conditions. The compartments measure 80 x 20 x 20 mm, thus their
available volume is 32 cm® and that of the entire mold is V = 128 cm®.

Following the methodology used in a previous research [29], two
types of sample preparation were performed. In the standard one (called
“two-step”) the cement samples were prepared with deionized water and
then they were infiltrated with a saturated solution of MgSO4 in order to
completely fill their open porosity. Then the water was removed by heat
treatment at 140 °C with the precipitation of the salt inside the pores.
However, most of the best samples were obtained by an innovative
methodology [25] (called “one-step”) where cement was not prepared
with pure water but with a saturated solution of MgSOj. In this case a
single preparation step is needed, and the salt results very well dispersed
in the cement matrix.

After a first fast screening of several compositions following the
preliminary calorimetric analysis described in the article of Lavagna
et al. [29] based on PC, CAC, CSA, and their mixtures, following both
two-step and one-step preparation approaches, the best materials were
selected for a complete characterization. The mix proportion of these
samples are reported in Table 1. In Fig. 1 samples are shown as extracted

Table 1
Mix proportion of prepared sample.
Sample PC CAC CSA Water (g) Sepiolite MgSO4
name (®) ®) () (€3] (€3]
CSA-S 65.21 98.00 46.00
CSA-S- 65.27 61.00 46.21 34.69
1s
CAC-S- 66.04 61.03 46.00 34.67
1s
CAC-S- 66.29 46.02 + 61.21° 46.02 34.76
2s
PCAC-S- 10.15 56.38 102.29 46.32 35.75
1s-A
PCAC-S- 15.10 51.55 100.24 46.33 35.16
1s-B

# 46.02 g is the mass of water used for sample preparation, while 61.21 g is
mass of the saturated MgSO4 solution used to impregnate the prepared sample.
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from the mold and in pelletized form, during the testing in the climatic
chamber.

Geometrical density was evaluated with a Radwag laboratory scale
PS 510/C/1 (resolution of 1 mg), while the sample size was measured by
means of a Preciva digital caliper (resolution of 0.01 mm). Being a
specimen approximately 80 mm x 20 mm x 20 mm, three measure-
ments along each side were taken and averaged to estimate its volume.
Once the mass and volume of the samples was measured, their
geometrical density was calculated by their ratio.

In order to study the sorption behavior and expected energy storage
capabilities of the selected materials, two adsorption isotherms at two
different temperatures were measured. All samples were inserted in the
chamber of a 2P-2T relative humidity (RH) generator model Thunder
Scientific 2500 used as primary standard for RH measurements at
INRIM. The expanded uncertainties of the applied conditions were
estimated to be between 0.2 %rh and 2 %rh for RH and 0.4 °C for air
temperature in the test volume. An adsorption isotherm was obtained by
weighing the water uptake of the samples at constant temperature under
different levels of relative humidity, with a Sartorious MA-150 scale.
The two selected temperatures were 30 °C and 50 °C and each isotherm
has been approximated by the measured values at five different levels of
RH, as a compromise between the sampling completeness of the
resulting curves and the duration of the experiment. Specifically, those
sampling points corresponds to 10 %rh, 30 %rh, 50 %rh, 70 %rh and 90
%rh. Additionally, a 0 %rh point was obtained by weighing the dried
samples. From the experimental point of view, about 30 g of each of the
6 dry samples were weighed and hosted in aluminum disposable sample
pans of 90 mm diameter and 2.50 g mass. All the pans were then placed
inside the RH generator chamber at T = 30 °C and 10 %rh. In addition to
the built-in pressure and temperature sensors of the system, two more
RH sensors were placed inside the chamber to confirm the measure-
ments. Followingly, after 24 to 36 h in the RH generator chamber, each
sample was removed from it and quickly weighed (each sample was back
in the chamber within 30 s) in order to reduce any spurious adsorption/
desorption process due to the abrupt change of temperature and relative
humidity. Once the weighing process was completed, the RH setpoint
was increased to the next point and the procedure was repeated.

All the acquired mass measurements data are reported in Table S1.
After the weighing process for the last point at 90 %rh of the first
isotherm at T = 30 °C is completed, by means of an infrared thermal
balance, all the samples were quickly dried back to weight values close
to those observed at the beginning of the first measurement (0.12 g
difference at the most for samples 8 and 9, as can be observed among the
data reported in the first column in Table S1).

3. Results

According to the IUPAC classification [31] of adsorption isotherms,
the plotting of the data reported in Table S1 produces curves belonging
to the Type II family, as shown in Figs. 2 and 3 for the data at 30 °C and
50 °C, respectively. Type II isotherm indicates an indefinite multi-layer
adsorption after the completion of the first monolayer; it is typical of
adsorbent with a wide porous size distribution and associated to the
presence of macropores.

These isotherms can be conveniently described through the theo-
retical framework developed by S. Brunauer, P. H. Emmett and E. Teller
in 1938 [32], the so-called BET model. All the curves reported in the
figures clearly show three different trends as a function of the RH value:
below 10 %rh, between 10 %rh and 50 %rh, above 50 %rh. Starting
from the first and lowest range of RH among those listed, the BET theory
identifies the observed “knee” of these isotherms with the point corre-
sponding to the completion of the monolayer coverage, in which each
adsorption site is formally occupied by one water molecule. Beyond this
value of RH, a rather linear trend associated with the multilayer
behavior starts. Finally, once RH reaches the 50 %rh, the steepness in-
creases due to the occurring capillary condensation in the pore cores
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Fig. 1. Samples of CAC-s-1s as obtained from the mold (left) and various cement samples in pelletized form during the testing in a climatic chamber (right).
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Fig. 2. Adsorption isotherms at T = 30 °C of the 6 samples. The curve fitting
result of the experimental data through Eq. (2) is reported as well.
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Fig. 3. Adsorption isotherms at T = 50 °C of the 6 samples. The curve fitting
result of the experimental data through Eq. (2) is reported as well.

[33]. In their work from 1938 [32], Brunauer, Emmett and Teller pro-
posed the following 2 models to fit the experimental data, a 2-parame-
ters equation and a 3-parameters equation, respectively:

M,, e CeRH
AM = A " RH) e (14 (C—1) e RH) m
Am— MneCoRH 1—(L+1)eRH"+LeRH"! @

(1—RH) "1+ (C—1)eRH— CeRH:!

where Mp,, C and L are the best-fitting parameters. Such parameters can
be associated to as many physical quantities, in particular:

e M, is the amount of adsorbed water that corresponds to the
abovementioned monolayer completion.

e C is a dimensionless quantity that suggests the interaction strength
between water and sorbent and characterizes the shape of the knee,
sharper for C > 2 or absent for 0 < C < 2.

e [ is the average number of adsorbed layers.

According to their paper [32], Eq. (1) is suitable only for experi-
mental data in the range 5 %rh < rh < 35 %rh, while Eq. (2) can be
applied in principle to the entire range of rh values. For this reason, the
fitting curves shown in Figs. 2 and 3 are obtained with the three-
parameters Eq. (2). The results of the various fitting process via a
Levenberg-Marquardt nonlinear least-squares (NLLS) algorithm are re-
ported in Table S2.

4. Discussion

In order to estimate the most relevant figures of merit for TES
sorption applications associated to the novel synthesized materials, it is
important to compute the expected cycled heat (Q,) and energy density
(Eq) under reasonable operating conditions of the TES plant.

The cycled heat, Q, (in MJ/kg), and energy density, Eq (in MJ/m®),
are related to the amount of energy - under prescribed conditions - that
the material is capable to store per unit of mass and of volume after an
entire energy storage cycle, respectively. In addition to the sorbent-
sorbate pair characteristics, values of these quantities are strictly
related to type of STES plant, as well as to the operating and environ-
mental temperatures. Hence, in our computations below, we will assume
a water sorption closed system, charged by concentrated solar power
systems operating at 140-150 °C. The above is conveniently accom-
plished by resorting to the typical representation of an ideal sorption-
based thermal energy storage cycle (i.e. two isosteric + 2 isobaric
transformation) within the Clapeyron chart. To this end an estimate of
the isosteric field is necessary and can be obtained starting from the
measurements of various equilibrium adsorption isotherms spanning
between the two extreme temperatures, namely:

i. The user-operating temperature (here a floor heating system working
at 40 °Q).

ii. The thermal solar collector maximum temperature (here assumed in
the order of 140-150 °C).

As only two adsorption isotherms were obtained, at 30 °C and at
50 °C, in this work the Polanyi potential theory was applied to properly
scale the measured data to the other needed isotherms values.

The potential theory of Polanyi assumes the adsorption process
similar to condensation, where the adsorbate particles behave like a
fluid, and states the principle of temperature invariance, from which it
postulates a one-to-one correspondence between the adsorption uptake
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and the adsorption potential [34]. The validity of the Polanyi theory for
the working pair water and sorbent materials proposed in this work, can
be appreciated in Fig. 4.

By adopting a thermodynamic perspective, Polanyi, Dubinin and
colleagues expressed the potential function as [35]:
Apw = RTIn (%) — _ RTIn(RH) 3)

This allows to express the adsorbed load Ax; (i.e. the data reported in
Table S1 normalized on the mass initial value):

m; — My

Axi =
my

G

as a function of this potential only, instead of considering the two pa-
rameters p and T [34], or rather

Axo<f (Apus) (5)

In principle thus it is possible, by plotting the experimentally ob-
tained load on a Ap,p — Ax graph, to obtain a single “characteristic curve”
irrespective of the temperatures and pressures used. Table S3 collects
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the adsorbed load, defined according to Eq. (4), for all the 6 investigated
samples together with the corresponding adsorption potential value
described in Eq. (3). When plotted, the experimental data collected in
this table return the trends reported in Fig. 4: black squares refer to the
data obtained from the 30 °C isotherm, while blue circles refer to the
data from the 50 °C-isotherm. As can be observed, generally the 30 °C
data show higher values of adsorbed load (Ax;) than that of the 50 °C-
data, which is in line with what expected since adsorption from gas
phase is favored by low temperatures. This is in line with all the plotted
data except for one, namely that reported with a red square in both Fig. 4
and Table S3, which corresponds to the 90 %rh for the 30 °C-isotherm.
For all the 6 samples, this value appears well below the expected value,
namely above the 90 %rh for the 50 °C-isotherm.

The point in question, according to the literature [36], would
correspond to the salt deliquescence threshold. Nevertheless, during the
tests, we did not observe salt deliquescence outside the matrix. Most
likely, we hypothesize that this point could be attributed to a lack of
adsorption equilibrium in that condition and therefore the samples
needed a further stay in the climatic chamber.

As can be observed in Fig. 4, all the experimental data for the 6
investigated samples origin rather evident trends, with the exception of
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this figure legend, the reader is referred to the web version of this article.)
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those collected at 30 °C and 90 %rh for the abovementioned reasons. As
explained, by sampling the “characteristic curve” at the given potentials
linked to the desired temperature, one can virtually obtain any desired
adsorption isotherm. To do this, a 3-parameters fitting model has been
proposed, namely

f(Apw) =

a
(o + 5] ©
and applied to all the experimental data of each sample, only dis-
regarding outliers collected at 30 °C and 90 %rh. The results of such
best-fitting procedure, performed again with a NLLS Levenberg-
Marquardt algorithm, are reported in Table 2.

As already mentioned, since the adsorption potential Apyy, is itself a
function of the thermodynamics variables T and p, the explicit expres-
sion of Eq. (6)

a
[RTIn(py/p) +b]°

suggests that, by fixing the value of T and substituting the corresponding
value of saturation pressure py, it is possible to predict all the experi-
mental isotherms. Fig. 5 reports, together with the experimental data, a
set of 5 different isotherms corresponding to 10 °C, 30 °C, 50 °C, 70 °C
and 90 °C, for all the 6 investigated samples.

These isotherms are necessary in order to derive the corresponding
isosteric curves in the Clapeyron charts, thus playing a key role in the
assessment of the main thermal and energy figures of merit of the syn-
thesized samples, namely the cycled heat (Q,) and the energy density
(Eg). The relationship between temperature and adsorption pressure is
provided by the popular Clausius-Clapeyron via the following estimate
of the isosteric heat, gjs:

aln(P)

In order to define the thermodynamic cycle, it is important to specify
all the relevant operating conditions in which the charging/discharging
thermodynamic cycle takes place. Here are the most important proper-
ties to be specified:

qis =R @

e Ty, the average winter temperature, that in this case has been chosen
to be 10 °C.

o T, the average summer hot temperature, which in this case has been
estimated to be 30 °C.

e Ty, the user operating temperature, which here is supposed to be
40 °C (this corresponds to a floor heating system).

e T¢, the heat source temperature, equal to 150 °C as concentrated
solar has been chosen as heat source.

The cycled heat Q, of the system, namely the heat that this can
deliver per unit of mass of the dry adsorbent after a complete energy
storage cycle, can be defined as:
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where MMy, is the water molecular mass, namely 18.015 g/mol, and A
X is the water uptake achievable by the given cycle, typically much
smaller than the maximum water uptake of the material.

It is important to underline that the coordinates (T~},In p) of points A
and C reported in Fig. 6 are defined uniquely by the operational thermal
boundaries. Once the coordinates are defined, common values of
Apup(Ta, Pp) = 4670.7 kJ/mol and Apy(Tc, Pc) = 16,604.6 kJ/mol for
all the 6 investigated composites are fixed. These values, matched with
the “characteristic curve” reported in Fig. 4, provide different amounts
of water uptake Ax for each sample. Such values of water uptakes are
reported in Fig. 6 and Table 3. Moreover, it is worth stressing that - since
the relationship among temperature and pressure is hindered by the
saturation vapor pressure of water - the isosteric heat g;s as defined in Eq.
(7) is equal to 59.84 kJ/mol. Keeping Ax constant means, indeed, that
also Apyp is fixed and, according to its definition reported in Eq. (3),
temperature and pressure have to vary accordingly and uniquely. The
latter value has been obtained through a linear regression in the Cla-
peyron charts of 5 different pairs of temperature and pressure providing
the same Apyp(Tc, Pc). Ultimately, the energy density (Eq) of the material
in the given system can be simply derived by multiplying the cycled heat
(Qy) by the dried density of the composites, dj49-c. Table 3 collects,
among the others, the cycled heat and the energy density for the 6
studied composites. As can be observed, the lowest value of Q, belongs
to composite CSA-S, namely the unloaded CSA cement with 70 % of
sepiolite and water-to-cement ratio equal to 1.5. This result is in line
with what expected as in this sample the salt hydrate MgSO4, main
responsible of the thermochemical storage phenomenon, is totally
absent.

Moreover, if compared with the result shown by sample CSA-S-1s,
that differs from sample CSA-S only for the presence of a 21.5 % in
weight of salt, the key role of MgSQOy4 is evident as it provides an incre-
ment on the cycled heat performance >50 %. The highest value of cycled
heat is that of sample CAC-S-1s, namely the in situ CAC with 70 % of
sepiolite and w/c = 1.5, followed by samples PCAC-S-1s-B and PCAC-S-
1s-A, respectively. However, these latter samples, the two that have
been prepared by mixing CAC and PC in different proportions, do not
dissolve if they come into contact with liquid water, unlike sample CAC-
S-1s. This aspect might play a key role in the selection criterion for
technological purposes of the composite as some condensation phe-
nomena may occur within the device and, if not water resistant, it may
undergo a performance decay.

Finally, it is worth underlining that in a previous study (Burlon),
cyclability was found to be very high without a significant loss of per-
formance for this kind of composite materials.

5. Preliminary cost analysis

The last step for the suitability evaluation of the developed materials
needs to be on their potential economic feasibility in terms of costs of the
installed storage capacity. On this regard the key performance indicator
(KPI) used as a figure of merit and expressed in terms of monetary units
per energy storage capacity, namely €/ton, is defined as the ratio be-
tween the price of the raw materials, C in €/ton, and the cycled heat, Q,

Q. = 9sAX (©)) in kWh/ton. It may be useful to recall that
MMHgO
Table 2
Fitting parameters a, b and c of the experimental data reported in Table S3 through Eq. (6).
Fitting parameters Sample
CSA-S CSA-S-1s CAC-S-1s CAC-S-2s PCAC-S-1s-A PCAC-S-1s-B
a (J/mol) 34.46 20.31 8.32 11.37 12.46
b (J/mol) 262.14 187.20 890.45 435.93 526.95 505.23
c 0.852 0.731 0.824 0.618 0.645 0.656
R? 0.916 0.930 0.991 0.991 0.988 0.984
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Fig. 5. Predicted isotherms for 5 different temperatures, namely 10 °C, 30 °C, 50 °C, 70 °C and 90 °C for all the 6 investigated samples. As a comparison,

experimental 30 °C-data and 50 °C-data are reported as well.
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o —=—e@——
kg 3.6 ton
In order to evaluate C, namely the costs of the only raw materials and
neglecting that of labor, processes, components and so on, the following

prices were assumed:

100 €/ton for PC, even if it is very country dependent [37];
400 €/ton for CAC [38];

300 €/ton for CSA cement [39];

100 €/ton for sepiolite [40];

160 €/ton for anhydrous magnesium sulfate [8].

The cost per tons of each composite can be calculated by considering
the amount of its constituent materials reported in Table 1, by dividing it
by the cycled heat the KPI can be found. Table 4 collects the cycled heat
(Qy) obtained for the CSPM materials (sample CSA-S is thus neglected)
together with the total mass of the produced samples (Mg, the cost per
ton (C) and the KPI. In order to ease the readability of Table 4, it may be

useful to recall that

e CAC-S-1s — CAC, 70 % of sepiolite, w/c = 1.5, in situ procedure.

e CAC-S-2s — CAC, 70 % of sepiolite pre-impregnated with HyO, w/c

= 1.5, 2-step procedure.
e CSA-S-1s — CSA, 70 % of sepiolite, w/c = 1.5, in situ procedure.

e PCAC-S-1s-A — CAC (85 %)-PC (15 %), 70 % of Sep., w/c = 1.5, in
situ procedure.
e PCAC-S-1s-B — CAC (77.5 %)-PC (22.5 %), 70 % of Sep., w/c = 1.5,

in situ procedure.

As can be observed, sample CAC-S-2s provides a KPI way too big with
respect to the others to be taken into account for a possible use for
tackling the TES issues. The remaining samples however show KPI
values more or less in line one to the other. It is interesting to notice that
despite sample CAC-S-1s shows a higher value of cycled heat Q, with
respect to that of the others, the high cost of CAC has an impact on the
KPI value. The presence of a fraction of the cheaper PC in samples PCAC-
S-1s-A and PCAC-S-1s-B not only allows to partially compensate this
latter aspect, but also provides water resistance to both the composites, a
feature that is absent in all the others in-situ samples. Finally, after the
characterization of these samples is concluded, it is important to
compare the results provided by the synthesized composites materials
with those already available in TES literature and also collected in
Table 5. As can be observed in Table 5, the samples produced in this
work perform better than zeolite 13 x/MgSO4 and silica gel/CaCly, but
at the same time are quite far from other systems, in particular those
based on the hydration of calcium or lithium chloride. Notice, however,
that the amount of saline ‘active phase’ in the latter systems is 3 times
larger than that in the samples here synthesized, but their operation

temperature T¢ is much lower.
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Fig. 6.

30 °C, T4 = 40 °C, and T¢ = 150 °C.

Table 3
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Charging/discharging thermodynamic cycle for the 6 investigated samples. The operational boundaries in which the cycle takes place are Ty = 10 °C, Ts =

Water uptakes (Ax) for the points A and C reported in Fig. 5, adsorption load (AX) for the cycle, dried density (p140:¢), cycled heat (Q,) and energy density (Eq4) for the 6
studied composites. The E4 values obtained from the preliminary thermal test are reported as a comparison.

Units Sample
CSA-S CSA-S-1s CAC-S-1s CAC-S-2s PCAC-S-1s-A PCAC-S-1s-B
Ax (Apup(TaPa)) 8/g 0.025 0.041 0.041 0.043 0.046 0.046
Ax (Apun(Tc,Pc)) 8/8 0.009 0.017 0.016 0.020 0.021 0.021
AX g/g 0.016 0.025 0.025 0.023 0.024 0.025
di4o ¢ g/cm® 0.91 1.03 1.13 0.87 1.05 1.03
Qy kJ/kg 53.15 81.41 84.14 74.85 81.17 82.18
E4 MJ/m? 48.37 83.85 95.08 65.12 85.23 84.65
Eacprel MJ/m? 66.42 110.33 102.04 - 94.25 84.52

6. Conclusion

The aim of this work was to synthesize and thermally characterize
cement-based composite salt inside porous matrix (CSPM) materials for
thermochemical energy storage (TES). Following the path outlined over
the years by the research group, three different cement families have
been investigated: the most popular Portland cement (PC), calcium
aluminate cement (CAC) and calcium sulfoaluminate (CSA) cement. A
significant quantity of sepiolite, up to 70 % concerning the mass of
cement powder, has been investigated as an addition to the cement

matrix to reduce costs and enhance porosity. The new in-situ synthesis
technique, especially suitable for cements, offered advantages such as
simplicity, speed, and reproducibility, enabling better control of salt
content and higher quantities of the ‘active phase’ in the composite.
Six selected samples underwent water sorption analysis at 30 °C and
50 °C, followed by assessment of storage capabilities using Clapeyron
charts and defined operational boundaries to derive key thermal char-
acterization quantities, namely the isosteric heat, the water uptake and
thus both the cycled heat and energy density. To do this, the Polanyi
adsorption potential theory has been applied to obtain other isotherms
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Table 4

Cycled heat (Q,, in kWh/ton), total mass of the samples produced (M, in g),
production cost (C, in €/ton) and KPI (in €/kWh) for the 5 samples containing
salt hydrates.

Sample Qu Mo C (€/ton) KPI (€/kWh)
(kWh/ton) (€3]
CAC-S-1s 23.37 156.69 233.3 10.0
CAC-S-2s 20.79 111.99 327.5 15.8
CSA-S-1s 22.61 140.07 212.4 9.4
PCAC-S-1s-A 22.55 152.77 222.0 9.9
PCAC-S-1s-B 22.83 152.48 212.4 9.3
Table 5

Comparison of the best composites developed with other materials in literature.
The KPI column shows the values in terms of raw materials' costs variations.

Material Salt Tc E4 C KPI Ref.
(%) o G/ (€/ton)  (€/kWh)
ton)
CAC, 70 % sep., 21.4 150 0.096 233.3 10.0 This work
w/c=1.5 sample
CAC-S-1s
CSA, 70 % sep., 21.5 150 0.084 212.4 9.4 This work
w/c =15 sample
CSA-S-1s
CAC(85 %)-PC 21.8 150 0.085 222.0 9.9 This work
(15 %), 70 % sample
sep., w/c = 1.5 PCAC-S-
1s-A
CAC(77.5 %)-PC 21.5 150 0.084 212.4 9.3 This work
(22.5 %), 70 % sample
sep., w/c = 1.5 PCAC-S-
1s-B
PC/MgSO4 21 80 0.078 132.6 3.9-6.1 [29]
140 0.18 1.7-2.7
Vermiculite/ 57.3 85 1.00 329 1.18 [41]
CaCl,
vermiculite/LiCl 59 85 2.6 4761 6.59 [42]
Zeolite 13x - 180 0.54 2000 13.4 [4]
- 160 0.38 185
Zeolite 13x/ 10-25 150 0.65 1805 10.03 [4]
MgSO4
Silica Gel/CaCl, 33.7 90 0.58 3483.5 26.39 [4]

from the available data. Finally, a preliminary cost analysis contextu-
alized the composites in terms of €/kWh within the energy market.
The key performance indicators of the best results have shown that
the obtained composites are interesting but not a breakthrough in TES
technology. The best result is obtained by the sample PCAC-S-1s-B, that
is the sample made of calcium aluminate cement with the addition of
22.5 % of Portland cement and sepiolite, obtained by the in-situ prep-
aration method. This sample shows a cycled heat of 22.83 kWh/ton, an
energy density of 0.084 GJ/ton, a cost of 212.4 €/ton and a KPI of 9.3
€/kWh. This KPI value is superior to that of highly performing materials
such as Zeolite 13x, Zeolite 13 x/MgS0O;4 or silica gel/CaCl,. However it
falls short of the KPI demonstrated by vermiculite/CaCly, vermiculite/
LiCl and Portland cement with MgSO4. On the other hand, vermiculite-
based materials can exhibit deliquescence or mass transport issues [24]
while Portland cement could have issues related to presence of sulfates,
that could modify long-term performance. A positive aspect of these
novel calcium aluminate and sulfo-aluminate cement-based composites
is that their cost is significantly lower than that of the majority of the
other composites found in the literature, so that an optimization of
support porosity and salt dispersion could provide a further improve-
ment in performance and thus in KPI. The focus on cement-based ma-
terials is indeed related to their easy and widespread availability and to
their low cost. With respect to Portland cement explored in previous
articles, calcium aluminate and sulfo-aluminate cements have a shorter
history, a narrower field of application and consequently higher costs, so
there is the possibility of reducing the costs of CAC and CSA cements by
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scale economies. The mixture of CAC with PC is also interesting, since
not only stabilizes the produced material with respect of liquid water,
but also reduces the costs still maintaining high resistance to sulfates.

Finally, it's important to note that this study focused solely on
material-based energy density for comparative analysis. For real engi-
neering applications, the energy density has to be computed including
also the volume of the other plant items. In this respect, according to [9],
only moving from bulk material to the sorption bed, for an open system,
the energy density decreases by approximately 30 %, while for a closed
system, the expected reduction is around 50 %.
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