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Abstract

The scarcity of durable and low-cost sorbent materials remains a significant technological
barrier to long-term heat storage. In the present work, composite materials based on activated
carbon supports and magnesium sulfate hydrates (labelled MgSO4/AC) were developed in order
to increase the energy density and improve mass and heat transport phenomena. The results of
composite characterization revealed uniform dispersion of magnesium sulfate in composites
produced via incipient wetness impregnation. The hydration enthalpy increased as the MgSOa4
content on AC increased, reaching a plateau for MgSO4 content of more than 30%wt (30-
MgSO4/AC and 40-MgSO4/AC samples). The hydration experiment performed on the 30-
MgSO4/AC sample at RH=60% verified the relation between the salt hydration level and the
hydration enthalpy. Higher water partial pressure enhanced water molecule transport and
improved salt hydration. The hydration enthalpy of 30-MgSO4/AC showed an increase from
859 J/gary material at RH=30% to 1324 J/gay material at RH=60%. After 8 cycles of
hydration/dehydration, the 30-MgSO4/AC sample was practically stable. Furthermore, the 30-
MgSO4/AC) composite was modelled in two distinct scenarios for house heating and sanitary
hot water generation. Finally, the experimentally obtained calorimetric data were used to

implement a numerical model. Two different scenarios were considered, the first for heating a
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house and the second for producing hot sanitary water. Both scenarios show the possibility of

using the MgSO4/AC composite in a multifunction thermochemical heat storage system.

1. Introduction

Fuel consumption will almost certainly double by 2050, owing to continuous increases in global
technology progress [1]. The average use of energy, especially fossil fuels, has increased
dramatically as countries are becoming more industrialized and people's standards of living
have increased [2,3]. While uncontrolled utilization depletes fossil fuel reserves, it also causes
environmental issues such as pollution, greenhouse gas emissions (mainly COy), and global
warming. Kelvin et al [4] reported that the anthropogenic emission of CO2 has been the major
source of CO emissions into the atmosphere, with fossil fuel combustion engines (392 Mt)

and coal-fired power plants (279 Mt) as the major contributors.

Global CO2 emissions have been increasing on average in recent years, with CO2 emissions
1.9% higher in 2019 than in 2018 [4,5]. According to Janssens-Maenhout et al. [6], total global
greenhouse gas (GHG) emissions (excluding land-use change) increased by 2% in 2018,
equivalent to 51.8Gt of CO2 with an annual growth rate of 1.3 %. Global greenhouse gas
emissions in 2018 amounted to 55.6 Gt CO: including those for land-use change. This increase
occurred as global economic growth in 2018 increased to an average annual rate of 3.5%, the

highest since 2012 [7].

Current emissions of greenhouse gases that exclude those from land-use change today are
approximately 57% higher than in 1990 and 43% in 2000. CO: levels are now alarming and
indicate the need to take immediate action to prevent serious repercussions from climate change

[8]. While, during the Paris Climate Conference (COP21), 195 countries decided to prevent a



global temperature upsurge of less than 2 °C, it is now fairly common knowledge that CO>
emissions are predicted to increase by over 40% in 2040 compared with those of 2010, all due
to the increase in energy demand. Hence, finding a renewable and clean fuel source is thus one

of the most cost-effective options [2,9].

One of the Paris Agreement’s goals is to completely switch away from fossil fuels and toward
renewable energy sources. However, the world’s renewable energy potential has yet to be
completely realized; only 23% of these energy sources have been used [10]. This opens up a lot
of opportunities for strengthening and innovating clean energy policies. According to the U.S.
Energy Information Administration's Annual Energy Outlook (AEO) report, renewable energy
sources such as solar, wind, and geothermal will account for 20% of total energy generation by
the end of 2020. The main issue with solar and wind energy is their intermittent nature and
inability to provide electricity 24 hours a day. As a result, renewable energy storage

technologies (REST) that enable a stable energy supply chain are critical.

Thermal heat storage systems for residential applications are currently the focus of much
research in order to extend the use of renewable energy resources [11-13]. They help in
overcoming the mismatch between the heat source's availability (solar heat, waste heat) and the
building's heat requirements [14-16]. The most promising choice among thermal energy
storage technologies is thermochemical heat storage, which has the highest energy storage
densities and hence the best compactness of the storage system [17]. Due to a lack of available

space, this criterion is critical for a residential house [18-20].

The development of new materials and their subsequent application depends on a fundamental
understanding of their molecular structure, relating the structure to material properties and

performance [21-26].



One of the main challenges is to develop new thermochemical materials with high energy
storage densities [27,28]. The material used for storage is critical. To optimize its performance,
its sorption characteristics must precisely match the system's cycle working conditions [29].
Many attempts are being made to produce novel energy storage materials with particular
features such as high energy storage density, good multi-cycle stability, non-toxicity, and cost-
effectiveness [30,31]. Thermochemical heat storage uses a reversible sorption process.
Hygroscopic inorganic salts, sorbents, or composite materials can all be used as storage
materials. Silica gels [32,33], (AIPOs and SAPQOs) [34], activated carbon [35], Metal Organic
Frameworks (MOF) materials [36—38], and zeolites [39-41] are the most often used sorbents.
Composite materials (hygroscopic salt integrated into the pores of a host matrix) provide
interesting characteristics for thermal energy storage applications, with a behavior that falls
between inorganic salts and porous host materials. The best feature of these materials is that the
matrix reduces the issues associated with salts deliquescence, such as agglomeration, free-
flowing, and corrosion [42-44], which can occur when employing pure salts. In composite

materials, heat and mass transfers are also improved [45].

A number of salt/matrix combinations have been investigated in the literature. As porous host
matrix, sorbents such as zeolites [40,41,46], silica gels [47-49], activated carbons [50] , MOF
[36,51,52], carbon nanotubes [53], or vermiculite [54] have been investigated. MgSO4 [41,55],
CaCl [56-58], LiBr [50,53,59], and LiCl [60,61] are the most commonly examined inorganic

salts.

For example, zeolites are porous materials with a high water affinity, allowing water molecules
to be adsorbed on their large internal and external surfaces. Despite having a high energy
storage capacity (for 13X zeolite, equivalent to 131 kWh/m?, [62]), zeolites have a poor thermal
conductivity (for 13X zeolite: A= 0.15 W/(m K)) [63], which may be a issue in some

applications (i.e. closed systems requiring heat exchangers). As demonstrated by A. Frazzica



[44], most zeolites have a charging temperature (dehydration temperature) greater than 150 °C,
which might limit their usage in the presence of low temperature heat sources. However, some
hygroscopic salts have greater nominal energy storage capacity than zeolites (for example,
SrCly, 667 KWh/m?; CaCl,, 583 kWh/m?; MgSOa, 583 kWh/m3; MgCl,, 555 kWh/m?3; and
Alx(SO4)s, 444 kWh/m? [64]). Unfortunately, heat and mass transfer issues are frequently
observed in these materials. Their poor thermal conductivity and the formation of crusts upon

hydration often enable the water molecules diffusion into the solid [65,66].

To fully use the great potential of salt hydrates, mass and heat transfer must be enhanced. An
option is then to prepare composite materials, where the salt hydrates are deposited on a porous
support. A suitable thermochemical heat storage composite must be capable of being cycled

multiple times (many consecutive hydration/dehydration cycles).

The possibility to maintain the heat storage density upon cycling is linked to the possibility to
completely rehydrate the salt. It must then be well dispersed and anchored to the support,
without the formation of crusts and/or structural changes [67]. The deposition technique is
therefore critical to avoid salt aggregation and the obstruction of the support's pores [64]. In
certain cases, the salts were deposited on zeolites, which had previously been studied [68].
These investigations revealed that the type of porosity (micro/meso) is an important parameter
in composite design. If the pores are too small, the salt might block their entrance, preventing
water molecules from diffusing and limiting energy storage capacity. Other materials, such as
mesoporous activated carbon or silica-gels, have been demonstrated to be extremely promising
supports. The salt may be introduced into their wide pores, enhancing their energy storage
capacity and avoiding pore blockage [45,69]. Besides the high surface area and the presence of
mesoporosity, another important criterion in the choice of the most suitable support is good
thermal conductivity. This parameter is crucial for the optimization of the heat transport

phenomena. The thermal conductivity of various potential supports is depicted in Fig. 1 Fig. 1



depicts the thermal conductivity of several potential supports [70,71]. The conductivity
measurements showed that activated carbon has a higher conductivity than the other sorbents,
reaching 0.75 W/(m-K). It is worth noticing that the highest values reported in Fig. 1 represent
the intrinsic thermal conductivity of the various materials, and that the thermal conductivity of
shaped materials (pellets, spheres, etc.), generally used in real applications, is much lower due
to the presence of air between the particles. In any case, selecting a material with a relatively
high intrinsic thermal conductivity will reasonably permit to improving that of the final heat

storage material once shaped.
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Fig. 1. Intrinsic thermal conductivity of different materials [70-76].
Moreover, the use of activated carbon (AC) in a sorption heat storage offers considerable
potential in many respects. On the one hand, the production of AC from fossil coal or biomass
is potentially more cost-effective than for the previously predominant material classes like silica
gel and zeolite due to the simple production steps. Material costs are significantly more relevant
in seasonal heat storage applications than in heat pump applications, especially with a limited
number of loading and unloading cycles throughout the system's projected service life.

Furthermore, ACs have large porosities and internal surface areas, and their hydrophilicity may
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be adjusted by the choice of starting material and pyrolysis conditions. Furthermore, chemical

modifications are possible because of AC's versatile internal surface.

Table 1. Heat storage density of different composites and salt hydrates at different operating

conditions
. Salt  Preparation Experimental Storage
Matrixes Salts (wt.%) method Conditions density Ref.
Vermiculite CaCl, g . Wet 25-150°C  364.3Jg [77]
impregnation
Vermiculite ~ MgSOs oq . Wet 25.150°C  406.5/g [77]
impregnation
Vermiculite  Ca(NO3) g . Wet 25.150°C  215.6J/g [77]
impregnation
Vermiculite  Li(NOa): 24 Wet 25-150°C  286.9/g [77]
impregnation
Vermiculite LiBr g . Wet 25.150°C  268.9J/g [77]
impregnation
Activated CaCl 24 Wet 25-150°C  305.13/g [77]
carbon impregnation
Silica gel CaCl, g . Wet 25.150°C  123.3Jg [77]
impregnation
Zeolite 13X CaCl, oq . Wet 25.150°C  168.1J/g [77]
impregnation
Expanded Wet
. . 128°C, 2.4
clayor NZ SrCl; 30 impregnation RH=71% GIm? [64]
pumice
Wet 146°C, 2.1
i CaCl, ) impregnation RH=30% cum® 64
Wet 150°C, 2.1
) MgSOs ) impregnation ~ RH=90% cum® 64
Wet 230°C, 2.0
- MgCl> i impregnation RH=33% GJ/m® [64]
Wet o 1.6
) Al2(SOa)s ) impregnation 300°C cume 164
MgS04/ZnS0O4 Wet o
i 1 9/1 i impregnation 120°C 1422 /g [78]
Wet 150°C 4h +
Zeolite 13X MgSO4 15 impregnation 300°C 2h, 632J/g [79]
RH=80%
: crcl : : 68°C,20mbar L, [80]
2 ’ GJm®
. o 2.08
- LiCl - - 72°C, 20 mbar GI/m? [80]
. 110°C, 20 2.01
i LiBr i i mbar cyms 180
: FeCl, : : 50°C, 20mbar 100, [80]
’ GJ/m®




1.74

- CuCl; - - 59°C, 20 mbar Gl/m? [80]
. caCl : : HLE 20 I s)
i Mg(NO3) i i 68°C, 20 mbar (Blj?rr313 [80]
: LiNO, : : 026,20 S s
i K2COs i i 65°C, 20 mbar 105 [80]
T R W

To select the best salt for the TES system, the salt must be inexpensive, safe for human health
and the environment, thermally stable in the temperature range where it will be used, and, of
course, have a high heat storage density (comparison in Table 1). To expand the applications
panel, the relative humidity of deliquescence (RHD) of the salt is an important parameter to
consider. The RHD is the humidity limit at which the salt will dissolve in the adsorbed water
in relation to temperature, the phenomenon of absorption into the material then occurring.
Exceeding this limit allows more water to be absorbed and thus increases the amount of heat
provided by the reaction. However, the formation of saline solution can cause corrosion
problems and can degrade the porous matrix containing the salt [81]. As an example, for
temperatures between 10 and 80 °C, the deliquescence process of MgSOa4, nH20 will not occur
below 80% relative humidity (RH) because its thermodynamically stable at this range of
temperature and humidity [82,83]. A good affinity between the impregnated salt and the support
is needed to delay the melting and the formation of agglomerates. In previous studies [64,77—
80], salt hydrates were tested under different conditions in order to obtain information on the
dehydration temperature range, the optimal relative humidity value for hydration, and to
compare the heat storage density values. MgSQO4 and CacCl, are the two most investigated salts
[79]. These two salts have been the subject of considerable research [44,66,84-87]. These salts

are highly relevant in heat storage systems since they present the highest energy density (2.8



GJ/m?® for MgSO. and 2.1 GJ/m? for MgCl.) and a low charging temperature (<150 °C), which

is suitable for building applications with solar collectors

For all the above-mentioned reasons, novel composite materials obtained by depositing MgSOa4
on an AC support were developed, thoroughly characterized, and tested in order to achieve
materials with good salt dispersion over the support surface. The goal was to produce materials
that were stable throughout the cycles (to maintain a good energy storage capacity), and had a
relatively higher thermal conductivity when compared to usual heat storage materials. Finally,
the experimental data obtained by performing hydration/dehydration cycles and physico-
chemical characterizations has been implemented in a numerical model. Following that, several

scenarios involving the usage of such material in building applications were simulated.

2. Experimental

2.1. Material preparation

The carbon material chosen as support was an activated carbon (AC) L27W from Norit N.V
(Amersfoort, Netherlands), chemically activated by phosphoric acid for enhancing the
mesoporosity. First, the AC was rinsed and filtrated several times on a Buchner funnel with
abundant water to eliminate the residual phosphoric acid, until the pH of the filtrated water was
constant (pH=5.8). Then, the powder was dried in a stove at 100°C for 12 hours until complete
dehydration. Successively, MgSO4-7H>0, from Sigma-Aldrich was deposited at different

loading (from 5 to 50 wt.% of MgSO4) on the AC support by Incipient Wetness Impregnation



(IWI). The obtained composites were dried during 12 hours at 100°C and labelled as reported

in Table 2.

2.2. Characterization of the samples

X-Ray Diffraction (XRD) analyses were performed on the compacted powder of the samples
on a diffractometer X’Celerator, equipped with a real-time multiple strip detector. The XRD
phenomenon is based on constructive interference between monochromatic X-rays and
crystalline samples. X-rays were generated by a cathode ray tube, filtered to get monochromatic
rays, assembled to concentrate and then directed towards the sample [88-90]. operating with
an angular aperture of 2.12 °26 in the 3° to 50 °26 range, and CuKa radiation with a wavelength
of 0.15406 nm. Diffractograms were recorded at room temperature with a step size of 0.017 °26
and a scan time of 4 s per step.

A wavelength dispersion X-Ray Fluorescence (XRF) spectrometer (from PANalytical, Zetium)
was used to perform the XRF measurements on pellets made of 0.1 g of the sample and 0.2 g
of binder (boric acid, HsBO3) powder.

High-resolution micrographies were acquired by a Scanning Electron Microscope (SEM) from
Philips, XL30 model to observe the morphology of AC [88] and composites and to determine
the elemental analysis of activated carbon and the distribution of deposited salt. Prior to
analysis, the samples were coated with carbon in order to create a thin conductive layer to
improve the quality of the images. The semi-quantitative chemical analysis and atomic
composition mapping of the sample were performed by means of Energy Dispersive X-ray

(EDX).

The thermal conductivity (L = 90 + 8 mWm™K-1) and the heat capacity (pCp = 307 + 26 ki m-
3K ) of the samples were determined starting from the values of thermal diffusivity (o = 2.9

+ 0.4 107 m2s?) and thermal effusivity (E = 166 + 8 Wm2K™ s%°) obtained by a Hot Disk TPS
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500 analyzer. The sample’ pellets were placed in a covered sample holder where the Kapton
sensor was horizontally placed between two layers of the material. The experiments were
conducted at 20 °C for 160 s at a heating power of 100 W. Each measurement was repeated at

least 5 times.

Nitrogen adsorption/desorption isotherms at -198 °C were acquired in a ASAP 2420 device
from Micrometrics. The samples were previously degassed at room temperature overnight, and
then at 120 °C for 12 hours before analysis [88]. The specific surface area was calculated by
applying the Brunauer, Emmett, and Teller (BET) equation, and the porous volume was

determined by Density Functional Theory (DFT) calculations.

2.3. Hydration/dehydration cycling and heat storage density determination

A Sensys Evo TG-DSC (Thermogravimetry coupled to differential scanning calorimetry)
apparatus, equipped with a Wetsys flow humidity generator (from Setaram) was used to
measure the heat and the water adsorption/desorption capacities of the composites and verify

the cycling (see Fig. 2).

| &

—

a, thermobalance e, humidity generator
b, thermopiles (calorimeter) f, sample cell

¢, data acquisition g, reference cell

d, dry air cylinder h, out streaming gas

(R

Fig. 2. Schema (a) and photo (b) of the TG-DSC-WETSYS set-up
The procedure was divided into three steps (Fig. 3). First, the composite was totally

dehydrated at 300 °C by raising the temperature from 30 to 300 °C with a ramp of 10 °C/min
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under a flow of dry air (30 mL/min), followed by a 30-minute isotherm at 300 °C. Then, the
sample was cooled down at 30 °C and, once the temperature stabilized at 30 °C, the relative
humidity of the air flow was increased to the desired value (RH=30 or 60 %). The hydration
step was prolonged for 20 hours in order to completely rehydrate the material. Finally, the
sample was heated-up to 300 °C at 5 °C/min. After the 30-minute of isothermal step, the sample
was cooled to 30 °C and cycled a certain number of times.

Fig. 3 schematically summarizes the dehydration/hydration/dehydration cycle. For the
composite containing 30 wt.% of MgSOs, similar experiments were carried out by performing
several successive cycles (with 7 hours’ hydration steps) with a pre-treatment performed at 150

°C, in order to study its stability over cycling.

30 min Dry air 30 min
- --- RH30%

300 -
&
% 200 - \ \
-
Z
] o .
5 10°C/min 5°C/min
(=9
g 100 -
= 20 hours

ot >
0
Time

Fig. 3. Thermal cycle used for the TG-DSC-WETSYS analyses (Time not at scale)

2.4. Simulation of domestic application scenarios

The system operation was simulated using two scenarios, depending on the implementation of
the MgSO4/AC composites. The first concerned using the system for winter heating, while the
second concerned producing residential hot water in the summer. For this purpose, the
simulations have been performed on the basis of a 100 m? passive house, which requires an air
exchange of 250 m%h (double flow mechanical ventilation system). The entire or a part of this

flowrate (Qiniet) was used in the model for heat generation. The indoor air was assumed to be at
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To =20°C, RH = 70% (i.e. Xw(z=0)=X0=10.2 g/kgq.a) in winter, and at To =25°C, RH = 70%
(i.e. Xw (z=0) = Xo= 13.9 g/kgd.a) in summer. To supply sufficient heat for winter heating, a
cylindrical reactor (1 m in length and 0.94 m in radius) containing 1000 kg of composite was
modeled. The cylindrical geometry of the reactor was chosen to simplify the filling of the
adsorbent material and maintain consistency with a real application [91]. The fluid was assumed
to be perfectly mixed at the reactor’s inlet. The airflow was assumed to be laminar and one-
dimensional.

A set of equations composed of 5 partial differential equations (eq 1 to 5, detailed in section
3.4) and 3 algebraic equations (air density, air density derivative, and reaction heat) were used
to model the system. The differential equations have been spatially discretized by using the
finite difference method in order to get an algebraic system of 8 equations, which were solved
for each time interval (explicit Euler method). Thus, the system was directly solved. The

program was written in Fortran-90.

3. Results and discussion

3.1. Composition, thermal conductivity, structure, and morphology of the composites

Six composites with a MgSOa content in the 4-43 wt.% interval were prepared by incipient
wetness impregnation. The elemental composition was determined by XRF in order to verify if
the magnesium sulfate content corresponded to the theoretical. Moreover, the phosphor residue
of the parent AC was also measured (Table 2).

The experimental values are in agreement with the theoretical values for composites with low
MgSO4 content. Otherwise, when the theoretical salt content value was higher, the measured
MgSOQO4 concentration value was lower than expected. These results might be related to matrix

inaccuracy in the XRF calibration curve. Indeed, the XRF calibration was based on
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conventional carbon materials and might deviate in the case of a high concentration of salt

(starting from the sample containing 30 wt.% of MgSQOa).

Table 2. Samples composition, surface area and porosity

Composition (wt.%0)

S.A. Vp Vmicro
Theoretical Measured by XRF ~ (M%g)  (cm®g)  (cm®/g)

Sample C | MgSOq4 C | MgSO4| P
AC 100 0 98.92| 0.16 | 0.92 1643 1.019 0.588

5-MgSO4/AC 95 5 9136 | 411 | 453 1411 0.805 0.511

10-MgSO«/AC 90 10 8431 | 1091 | 478 1219 0.721 0.449

20-MgSO«/AC 80 20 7549 | 20.34 | 417 829 0.466 0.323

30-MgSO4/AC 70 30 70.69 | 26.00 | 3.31 732 0.369 0.266

40-MgSO4/AC 60 40 61.52 | 35.36 | 3.12 562 0.254 0.205

OO0 |O0|0|O(O|T

54.27 | 43.09 | 2.64 342 0.208 0.162

50-MgSOJ/AC 50 | 50

A second possible explanation is the presence of residues of phosphoric acid that have not been
completely eliminated by the washing prior to deposition. Indeed, XRF analysis carried out on
the samples shows P-contents of between 2.6 wt.% and 4.8 wt.%.

The thermal conductivity (1) was estimated starting from the measure of the thermal diffusivity
determined by hot-disk (A = a-p-Cp, where a is the thermal diffusivity, p the bulk density, and
Cyp the specific heat, respectively). The measured thermal conductivity for bare active carbon
was 0.26 W/(m-K) (for a measured a=2.20-10"7 m?%/s), 0.53 W/(m-K) for magnesium sulfate
heptahydrate salt (for a measured a=1.60-10"7 m?/s), and to 0.43 W/(m-K) for 30-MgSO4/AC
composite (for a measured o=2.21-10-7 m?/s). The C, values considered in the calculation of A
were of 1300 J/(kg-K) for the AC [92] and 1556 J/(kg-K) for the salt [93]. The bulk density (p)
has been experimentally determined by weighing a known volume of the materials; it was found
to be, respectively, equal to 895 kg/m? for the AC and 1878 kg/m? for MgSO4:7H20. The results
obtained for the salt are comparable to those reported in the literature (and confirm the reliability

of the used methodology [94]. The composite presented a relatively high thermal conductivity
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when compared to other composites reported in the literature (see Fig.1). This value is
particularly high because it is measured on the shaped sample (cylindrical pellets), and
represents the true value of the heat storage materials that will be potentially charged in a real
storage system.

All composites and the bare support have been observed by SEM. The homogeneity of the salt
deposition was verified for the various composites. The eventual presence of a crust of salt on
the surface was also investigated, as previously observed on composites prepared on different

porous supports [41].

Fig. 4. (a) SEM picture of the activated carbon and (b) SEM picture of the activated carbon
impregnated with 30 % of MgSO4 (30-MgSO4/AC.
Observing the micrographies reported in Fig. 4, no large crystallites can be seen on the
composite containing 30 wt.% of magnesium sulfate (Fig.4b); no substantial differences can be
observed when compared to with the SEM micrographies of the parent activated carbon (Fig.
4a). The salt deposition is uniform, and no macroscopic aggregates are visible on the composite

surface or in the macropores’ entrance.
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Fig. 5. (a): SEM picture (left) of 40-MgSO4/AC composite and its EDX mapping pictures in
right hand (C, S, O, and Mg content); (b): SEM picture (left) of 50-MgSO4/AC composite and
its EDX mapping pictures in right hand (C, S, O, and Mg content)

A mapping of the elements present in the samples was performed by EDX; the results for the
samples containing 40 and 50 wt.% of MgSOs are shown in Fig. 5. The uniformity of the
impregnation of the salt on the carbon support can be confirmed for the 40-MgSO4/AC
composite (Fig. 5a). In the four cartographies, each analyzed element (C, S, O, and Mg) is
dispersed in uniform layers. Otherwise, for 50-MgSO4/AC (Fig. 5b), zones rich in Mg, S, and
O (light colors) can be differentiated from the carbon support (dark zones) due to the presence
of crystallites of MgSOs segregated on the support. The presence of such aggregates can cause
different problems, for example, the blocking of the AC pores and the formation of salt crusts.
Therefore, both phenomena contribute to the decrease of the mass transfer performance of the

material (i.e. water molecules diffusion during the hydration/dehydration process).
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Fig. 6. XRD diffractogram of activated carbon, MgSQOs salts, and all prepared composite
samples dried at 150°C for 3 hours.

The SEM+EDX analyses were confirmed by the XRD analysis of the samples (Fig. 6). The
XRD pattern of AC showed an amorphous structure with two broad peaks at 17° and 23°, which
are characteristic of amorphous carbon. No peaks related to crystallized magnesium sulfate are
visible on the samples containing up to 30 wt.% of MgSOa. For the 40-MgSO4/AC sample,
crystallization begins, and two small peaks assigned to MgSO4 can be observed at 21 and 29
°20. The salt present in the 50-MgSO4/AC sample is highly crystallized, as already observed
by the presence of aggregates visualized by SEM analysis. The pattern of the 50-MgSO4/AC
sample mainly corresponds to that of MgSO4-2H>0, reported in Fig. 5 for comparison.

In order to investigate the impact of the salt deposition on the porosity of the various

composites, N2-adsorption at -198 °C was performed (Fig. 7).
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Fig. 7. N2 adsorption-desorption isotherms of activated carbon and all prepared composites.

Information on the microstructure of the samples can be deduced by analyzing the shape of the
curves and the hysteresis of the nitrogen physisorption isotherms, by referring to the IJUPAC
classification [95]. For the low magnesium sulfate-containing samples, the hysteresis is quite
pronounced, but, even if less visible, its shape does not vary for all the samples. The isotherm
shape is of type I (Fig. 7), typical of microporous samples (like activated carbons and molecular
sieves) characterized by a relatively small external surface, for which the limiting nitrogen
uptake is driven by the micropores’ accessibility. In addition, isotherms presented an H4 type
hysteresis loop.

Fig. 8 shows the pore distribution of the samples. All composites maintain the distribution as

the parent active carbon after the addition of MgSQa.
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The samples are mostly micro- and mesoporous (pore diameters of <20 A and from 20-500 A,
respectively. A smaller fraction of macropores (pore diameters >500 A) is also observed. The
porous volume decreases by increasing the quantity of salt deposited. Indeed, magnesium
sulfate prevalently blocks access to micropores and mesopores. For instance, bare activated
carbon, for example had a microporous volume of 0.145 cm®/(g-A), while the 50-MgSO4/AC
sample had a pore volume of only 0.052 cm®/(g-A), which was 3 times lower (see Table 2).
Macropores are definitely less affected by salt deposition.

Fig. 9 shows the inverse correlation between the pore volume and the surface area as a function
of the magnesium sulfate content. The two curves follow almost the same decreasing trend; the
lower surface area is related to the blockage of the pores and to the impossibility of the nitrogen
molecule to adsorb on the internal surface. The decrease in surface area can also diminish the
surface available for water adsorption during the hydration/dehydration processes and diminish
the heat storage capacity of the material. A compromise between the amount of salt deposited

and the maintain of the specific surface area and porosity is then crucial for the design of these
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composites. This point has been then further investigated by measuring the water sorption and

heat storage capacities, as reported in the next section.
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Fig. 9. Effect of MgSQO4 content deposited into activated carbon on total pore volume and
surface area of each studied sample

3.2. Heat and water sorption capacity

The heat and water sorption capacities of the various composites were measured in the TG-
DSC-Wetsys coupling described in Section 2.2. The calorimetric hydration peaks (here reported
as an example for the 30-MgSO4/AC sample) obtained during water uptake under air flow with
a relative humidity (RH) of 30 and 60 % are respectively reported in fig. 10 and 11. The
integration of the surface of the peak represents the heat released (in kJ/Kg™ary materia), lately
reported on the left Y-axes of Fig. 12, for comparing all composites after hydration at 30 % RH
(and 60 % RH for 30-MgSO4/AC only). The hydration heat values have an uncertainty of
approximately + 15 kJ/Kg ary material.

The integration of the sections of the calorimetric curve at different times of adsorption permits
the determination of the interaction energy between the water molecules and the sorbent (i.e.

the composite). These values (expressed in kd/molx20) are reported on the right Y-axes of Figs.
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10, 11, and 12. The water molecules adsorbed on the composite surface with decreasing energy
with the progress of the sample hydration: the related points present a decreasing behavior. The
energy of water molecule adsorption on the composites at different coverage extents
(corresponding to different time intervals), and represented by the diamond-shaped symbols,
varies from 65 (for the first fraction of water molecules adsorbed) to 20 kJ/molw20 (for the water
molecules just physisorbed on the composite). These values are the average over the intervals
considered; the first water molecules react with the salt with a high enthalpy of adsorption. For
this reason, the total enthalpy of hydration expressed in kJ/molx2o calculated over the entire
hydration process is higher for the composites containing the smallest amount of MgSOs (Fig.
12). These composites (5-MgSO4/AC and 10-MgSO4/AC) present on their surface thin layers
of salt (as previously observed by SEM and XRD analysis) that can be easily and completely

be hydrated, therefore exploiting the intrinsic heat storage capacity of the salt (high hydration

enthalpy).
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Fig. 10. Hydration enthalpy integration at regular times intervals for the 30-MgSO4/AC
sample (Dehydration at 300 °C at 5 °C/min; hydration at 30°C; RH=30%; time: 20 hours.
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Grevel et al. [83] measured and enlightened the existence of a linear correlation between the
number of water molecules adsorbed and the enthalpy of formation of magnesium sulfate
hydrates. Therefore, the higher the degree of hydration of the salt, the greater the energy
released. Unfortunately, the impregnation of magnesium sulfate on the AC decreases the pore
volume and the surface of the composites, thus decreasing the salt fraction involved in the
hydration process (salt trapped in the pores and inaccessible by water molecules, or salt forming
thick layers towards which the diffusion of water is restricted). A compromise needs then to be
found between the highest quantity of salt that can be deposited on the AC support and the

highest heat storage density that can be obtained through the hydration process.
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Fig. 13. Effect of MgSO4 salt content on water sorption on the prepared composites
(Dehydration at 300 °C at 5 °C/min; hydration at 30°C; RH=30%; time: 20 hours)
If the heat release during magnesium sulfate hydration is linearly proportional to its hydration
level, as claimed by Grevel et al. [83], it is possible to estimate the necessary amount of
magnesium sulfate to deposit in order to optimize the hydration level. Indeed, when the ratio
between the quantity of water sorbed per mass unit of composite (MH20/Mdry materia) and the
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quantity of magnesium sulfate present on the composite (MgSQO4 quantity, wt.%) is below the
dotted linear trend curve represented in Fig.13, the optimal quantity of salt to deposit is
overtaken. The experimental points in Fig. 13 have been obtained by measuring, using
thermogravimetric analysis, the mass difference between the dehydrated and the fully hydrated
material. In order to take into account the quantity of water adsorbed exclusively by MgSQea,
the measured values were corrected by subtracting the quantity of water adsorbed by the AC
support (0.097gH20/gdry AC)-

The MgSO4 optimal quantity limit is then located between 26 and 35 wt.% of magnesium
sulfate. This result is confirmed by the heat storage density (AHhydration) measured on the
samples and reported in Fig. 12. The hydration enthalpy increases with the quantity of MgSO4
to reach a plateau for a MgSOa4 content above 30%wt (30-MgSO4/AC and 40-MgSO4/AC
samples). The 30-MgSO4/AC is also the sample presenting a good salt dispersion with the
highest MgSOs4 content of the series of composites, as previously shown by XRD and
SEM+EDX analysis.

The correlation between the salt hydration level and the hydration enthalpy is also confirmed
by the hydration experiment performed on the 30-MgSO4/AC sample at RH=60 %. At higher
water partial pressure, the water molecule diffusion is improved, and the salt hydration is
ameliorated, as previously observed for MgSOa/zeolite composites [79] and potassium
carbonate salt hydrate [96]. The water sorption increased from 0.28 to 0.52 gn20/Qdry material. The
hydration enthalpy of 859 J/gdry material measured at RH=30 % increases to 1324 J/Qdry material at
RH=60 %. Such values are very promising when compared to those obtained for well-

performing storage materials reported in the literature [68,69,79].

3.3. Hydration/dehydration cycles
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In order to evaluate the stability of the composites after several hydration/dehydration cycles,
several consecutive experiments have been performed on the 30-MgSO4/AC sample,
alternating dehydration steps at 150°C and short hydration steps of 4 hours’ duration at RH=30
%. The measures of hydration enthalpies are reported in Fig. 14. For the first 8 cycles, no
decreasing trend was detected in the heat storage capacity of the material.

Moreover, with the aim to verifying if any modification of the salt deposit on the AC surface
took place, SEM observations were performed after cycling (Fig. 15).

The magnesium sulfate salt reorganizes on the AC surface during the successive
hydration/dehydration steps. The very well dispersed salt film, present on the fresh composite
(Fig. 4), forms, after 8 cycles, salt filaments homogeneously dispersed on the surface (Fig.15).
Despite this structural change, the hydration enthalpy remains unchanged. This modification of
the structure does not evidently affect the water diffusion, and the salt hydration remains
efficient. On the AC support, the crystallization and the formation of a thick salt crust are absent

or, in any case, not pronounced enough to decrease the diffusion of water molecules.
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Fig. 14. Heat of hydration and mass changes to study stability over cycles for 30-MgSO4/AC
sample (Dehydration at 150 °C at 5 °C/min; hydration at 30°C; RH=30%; time: 20 hours)

Fig. 15. Salt crystallization after the first cycle on 30-MgSO4/AC. (Dehydration at 300 °C at 5
°C/min; hydration at 30°C; RH=30%; time: 20 hours)

3.4. Operation scenarios of a thermochemical heat storage system for domestic use

The aim of the following numerical study is to develop a numerical tool able to simulate
different operating scenarios. The heat storage and release were simulated for ambient and
domestic water heating in a passive house. The 30-MgSO4/AC composite was the storage
material selected for simulating the system.

In order to provide a simple, flexible, and effective simulation tool, the selected geometry for
the storage reactor was cylindrical. An asymmetric 1D unsteady model was then developed; it
included mass, momentum, and energy balances in the material and in the fluid (air). In the
model, the fluid (moist air from controlled ventilation) enters the reactor, passes through the
material, and transports the heat to the exit of the reactor. The air acts, at the same time as a
water and heat carrier.

The modelling program simulates the thermal behavior of a tubular reactor operating under

laminar flow. The fluid (moist air) is assumed to be perfectly mixed at the reactor inlet. The
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flow field in the reactor is described by the unsteady mass, energy, and water concentration

balances [97]. The equations used in the model are presented as follows.

The continuity equation is:

Eapa J(%% doa) _ M
oT, \ ot dz

Where p,, Ta are respectively the air density and temperature, u the air velocity in the reactor,

t the time, and z the reactor axis coordinate.

The energy balance in the material is expressed by the following equation:

2
{mepm Mo 3, Co Isdz = A, H(m,) T

ot m 822 ot +hS(Ta_Tm) (2)

Where p,,, Cpm, 4, , Tm are the density, the specific heat, the thermal conductivity, and the

temperature of the material, respectively. S is the reactor section, my is the mass of water in the

material, h is the heat exchange coefficient between air and the material and A,H(m,) is the

reaction heat.
A linear law was applied to take into account the kinetics of adsorption in the material. The
amount of adsorbed water during dt in the volume Sdz is:

om, _ X m,, («0) —m, (t, ) p.US 3)

ot " m,, () :

Where Xy is the water content in the material and m, () the mass of water adsorbed in the

material at equilibrium.

The energy balance in air is expressed as:

oT, oT d’T
Cp,| —2+u—2|-A —2|Sdz=-hS(T, -T 4
{pa pa(at azj adzz} L-T.) @

Where Cp,and A, are the specific heat and the thermal conductivity of air, respectively.
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And the water mass balance in the air as:

oX,  om

p e ()

.50z

The heat released from the storage material during hydration was deduced from the

experimental results obtained by differential scanning calorimetry coupled to thermogravimetry
(thermal flux and mass vs. time). For this purpose, A,H(m,) was calculated by numerical

integration for various amounts of adsorbed water. Fig. 16 shows the heat released from the
material during hydration with air at 30 °C (at 30 % RH), as a function of the mass fraction of
water in the material.
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Fig. 16. Heat release during water adsorption versus mass fraction of water sorbed. Test

performed at T = 30 °C and 30 % RH.

Then, a linear approximation was performed to obtain:

my, my

<0.14 A.H=1f(m,) =510 - 850 (kJ/kg of sorbed water)

pmSaz pPmSdz
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my, my

0.14 < <0.165 A,H = f(m,) =2640 - 16000 (kJ/kg of sorbed water)
pPmSdz pPmSaz
The boundary conditions were: Ta(z = 0) = To, Tm(z, t = 0) = To, u(t,z=0) = Q;nl:t,

Xuw(z=0,)=Xo

Fig. 17 is a schematic representation of the two studied scenarios. The first scenario (Fig. 17a)
is based on the use of the storage system for heating the house (during winter for example). The
second (Fig. 17b) is oriented on the use of the storage system for supplying a complement of
energy for producing hot sanitary water. This scenario corresponds to the periods in which the
demand for central heating is absent or low. In the first case, the storage unit is an additional
system intended to provide energy for special situations (severe weather conditions). The
second is the use of the stored energy for heating domestic water during short periods in which

the solar irradiation is limited (mostly in summer).

Fig. 17. Schemes of the two studied scenarios. House heating (a) and sanitary hot water
production (b)

For the two simulations, the material is supposed to be firstly completely dehydrated by the hot

and dry air by means of solar heaters.
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For the first scenario (heating), the reactor permits production of 361 kWh of thermal energy
with an air temperature of 65.6 °C at the reactor outlet. If the inlet air is maximized, the system
can deliver a heat power of about 3.6 kW for more than 4 days. This value is in agreement with
the required heat input for such type building (passive house, ~ 15 kWh/(m?-year)) [98].

The heat demand management is linearly controlled by the fraction of indoor air directly send
into the reactor (0 < Qiniet < 250 m%/h, being 250 m*/h the maximum flow of the recirculating
system).

In the second scenario, the heat storage system is used to supply a complement of energy to
warm-up the sanitary water, when the energy given by the solar heater is not sufficient (i.g.
cloudy days). For this purpose, the entire flow of air entering/exiting from the reactor (Qiniet =
250 m3/h) is sent to the “hot water” system (see Fig.17 b). The heating power is approximately
3.5 kW, which is sufficient to warm-up for 14 times 300 L of water from 15 to approximately
60 °C in less than 8 hours (assuming an effective efficiency of 60%), with no need to recharge

the system [99].

4. Conclusion

Heat storage by sorption has been investigated in this study by several MgSO4/AC composites.
The results of composite characterization revealed a homogeneous dispersion of magnesium
sulfate in composites prepared by incipient wetness impregnation.. The hydration enthalpy
showed an increase by increasing the MgSO4 content on AC to reach a plateau for a MgSOa4
content above 30%wt (30-MgSO4/AC and 40-MgSO4/AC samples). The correlation between
the salt hydration level and the hydration enthalpy was also confirmed by the hydration
experiment performed on the 30-MgSO4/AC sample at RH=60 %. At higher water partial
pressure, the water molecule diffusion was improved, and the salt hydration was ameliorated.

The hydration enthalpy of 30-MgSO4/AC at RH=30 % was increased from 859 J/gdry material tO
1324 J/Qdry material &t RH=60 %. The stability of 30-MgSO.4/AC sample was found to be nearly
stable after 8 cycles of hydration/dehydration. Moreover, two different scenarios for heating a

house and for the production of sanitary hot water were simulated for the 30-MgSO4/AC)
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composite. In addition to the need to test the stability of the material under a higher number of
hydration/dehydration cycles, in both scenarios, the possibility to implement the synthesized
material in a domestic heat storage system was confirmed. New research is ongoing related to
the effect of binary salt impregnation and the effect of different methods of composites

preparation on heat storage performance.
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