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Thermochemical energy storage (TCES) is an emerging technology promising for domestic applications.
Recently, K,CO3; was identified and studied as a TCES material. In this work, the composite “K,COs in
expanded vermiculite” (69 wt. % of the salt) was prepared and studied for thermochemical energy
storage bearing in mind its application for space heating. The hydration rate was found to be higher for
the confined K;COs3 in comparison with K,CO3 granules of the same size. While morphology and texture

of the composite alter after 74 hydration/dehydration cycles, its chemical composition and average grain
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size do not change. The energy storage density of the composite bed can reach 0.9 GJ/m? (250 kWh/m?)
for cycles with deliquescence which makes the composite an inexpensive thermochemical material for
space heating. Stable conversion for deliquescence conditions was shown for at least 47 cycles.

© 2019 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

Widespread use of renewable energies and implementation of
energy efficiency policies are currently considered as cornerstones
of future energy systems [1]. Nowadays around 70% of all the en-
ergy consumed by the residential sector in the European Union is
used for space heating while around 10% is used to heat up water
[2]. Direct use of solar energy for these purposes is complicated by
decoupling heat supply and heat demand. This difficulty makes
storage of thermal energy a crucial task in implementation of
renewable and sustainable energy systems and spurs development
of thermal energy storage systems.

The existing approaches to thermal energy storage harnessing
sensible or latent heat of materials are generally acknowledged as
technologically mature [3]. A promising alternative to these tech-
nologies is thermochemical energy storage (TCES) involving
reversible chemical reactions for storage of heat in a form of
chemical species. TCES provides high heat storage density (> 1 GJ/
m?) due to the high heat effects of chemical reactions and theo-
retically infinite storage time due to separate storage of reagents
and products [4].
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Among many chemical transformations considered for TCES, the
dehydration/hydration reactions have been in the spotlight since
the late 1970s [5] as the water is easy-to-handle and environ-
mentally benign working fluid. The dehydration-hydration of salt
hydrates have started attracting increasing researchers’ attention
during the last decade which resulted in several studies dedicated
to the systematic screening of the salt hydrates for TCES aimed at
expanding the “shortlist” of candidate salts [6—10].

One of such studies by Donkers et al. [8] surveys 563 salt hy-
drates, bearing in mind their potential application in a TCES system
which must be charged by solar or waste heat (100 °C) in order to
be able to upgrade heat from 10 °C (underground water) to
40—60 °C (useful heat) at the discharging stage (Fig. 1). In that
study, potassium carbonate, K,CO3, was identified as one of the
salts that meets thermodynamic criteria for the boundary condi-
tions of the thermochemical cycle [11]. This salt forms a sesqui-
hydrate (K,CO3-1.5H,0) that can be dehydrated to store heat:

K3C03-1.5H70(s) = K2CO3 (5) + 1.5 H20 (g) ArH%9g =98 kJ/mol [12](1)

The heat stored in the form of the anhydrous salt may be
released on demand by hydration of K,CO3 with water vapor (the
reverse reaction (1)). Unlike many other salts proposed in the
literature, potassium carbonate is inexpensive, corrosion inactive
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Nomenclature

Abbreviations

DVS Dynamic Vapor Sorption

EDS Energy Dispersive Spectroscopy
MIP Mercury Intrusion Porosimetry
PCM Phase-change material

SEM Scanning Electron Microscopy
TG Thermogravimetric

TGA Thermogravimetric Analysis
TCES Thermochemical Energy Storage

VSDg,p, Volumetric Storage Density with absorption, GJ/m>

VSD, Volumetric Storage Density with reaction only, GJ/m>

VSDKZCO3 Volumetric Storage Density of pure K2C03v GJ/lTl3

XRD X-Ray Diffraction

Latin symbols

a equilibrium water uptake, (g-H,0)/(g-K>CO3/V)

do equilibrium water uptake after formation of
K2CO3-1.5H,0, (g—HZO)/(g—KzCO3/V)

ac equilibrium water uptake under particular
conditions, (g-H,0)/(g-K,CO3/V)

my mass of completely dry material, mg

Mimax maximal mass of water sorbed by the composite, mg

Mu2o molar mass of H,0, g/mol

Miocos molar mass of K;COs, g/mol

4,H%9g  standard reaction enthalpy at 298 K, kJ/mol

P(H;0) water vapor pressure for a current experiment, mbar

Peg equilibrium pressure at a certain T, mbar

Te evaporator temperature, °C

T hydration temperature, °C

Qupb absorption heat, kj/mol

Q: reaction heat, kJ/mol

Qm melting heat, kJ/mol

Qs total hydration heat, kj/mol

W12 average heat release power over half-conversion
period, W/kg

W, average heat storage or release power in a reactor, W/

kg

Greek symbols

o conversion

) weight content of the salt, %
T1/2 half-conversion time, s

Pcom composite density, kg/m>
PK2C0o3 KzCOg density, kg/m3

Charging Discharging

ste he Useful hea
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Fig. 1. Charging and discharging conditions of a TCES system for space heating/hot tap
water production.

and does not degrade chemically. Both dehydration and hydration
show good reversibility. The maximal heat storage density is 1.3 GJ/
m> in an open system [11]. All these features render potassium
carbonate a promising candidate for domestic heat storage
applications.

Despite the advantages, application of K;COs for TCES is

challenged by slow hydration rate, swelling/shrinking and particle
agglomeration which eventually aggravates material performance
in real devices. A possible approach to overcome these drawbacks is
the use of porous matrices. The composites consisting of an active
component (i.e. a salt) and a matrix that fully accommodates the
active component were actively studied during the last decade [13].
The popular matrices are commercially produced adsorbents such
as porous silica [14], alumina [15], zeolites [16], carbon-based
materials [17] and some metal-organic frameworks [18]. Recently,
siloxane polymer foams [19] and encapsulation of salt in methyl-
cellulose shells were proposed for stabilization of some salts for the
applications [20]. Besides preventing agglomeration of the salt
particles, the matrices are often able to accommodate salt solution
inside pores which expands their range of operational conditions.

Vermiculite is an alumosilicate clay
(Mg,Fe*? Fe*3)3[(ALSi)4010](OH)2-4H,0) which can be rapidly
expanded by thermal treatment forming a porous structure with
slit-shaped pores of several micrometers in size [21]. Due to high
pore volume, this material was recently identified as a promising
host matrix for accommodation of PCMs [22] and some thermo-
chemical materials such as LiCl [23], LiNOs [24], BaCl, [25] and
metal hydroxides [26,27]. Due to the high porosity of the matrix
(~0.8) typical values of heat storage densities for such materials are
relatively high as compared to other composites salt/matrix. They
vary from 0.3 GJ/m? (83 kWh/m?>) for CaCl,-based composites [24]
to 0.9 GJ/m> (250 kWh/m?) for LiCl-based composites [28] per 1
cubic meter of a bed and depend on the hydration conditions
suitable for a particular heating or cooling application. The lower
the heat release temperature and/or higher evaporation tempera-
ture the more heat can be released in the course of hydration due to
absorption of the water vapor by the salt solution in pores. While it
is a common opinion that these composites are promising for ap-
plications in thermochemical systems, there is no proof of cyclic
stability of such composites in the literature and the state of a
confined salt after hydration/dehydration cycling is poorly studied.

This work addresses the stability of the novel composite “K,CO3
in expanded vermiculite” with respect to hydration/dehydration
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cycling and deliquescence with the emphasis made on material
state. The goal of the work is a comprehensive study of the com-
posite cyclic stability: 1) chemical stability; 2) changes in
morphology and porosity of the composite grains; 3) grain size
evolution and stability of the bed before and after cycling in a lab-
scale bed reactor. Moreover, hydration/dehydration kinetics, water
sorption isotherms, and conversion stability in the cycles with the
salt deliquescence are reported, heat storage density is evaluated
and application of the new composite for space heating is
discussed.

2. Experimental
2.1. Material preparation

The composite K,CO3 in pores of expanded vermiculite, here-
inafter referred to as K,COs/V, was prepared by impregnation of
K,COj3 solution into the vermiculite pores. The expanded vermic-
ulite (Sigma Aldrich, CAS #1318-00-9) was sieved (grain size 1-
2 mm) and dried overnight at 160 °C. After that, a saturated at room
temperature K,CO3 solution (53 wt%) was added to the vermiculite
grains (2.8 ml of solution per 1 g of vermiculite). The impregnated
material (~50 g) was then dried by using a rotary evaporator, under
vacuum and intense rotation at 75 °C to ensure uniform impreg-
nation. In order to dehydrate the material completely, the further
drying was carried out at 160 °C overnight, which also removed
possible KHCO3 impurities. The weight content of K,COj3 in the dry
composite determined by weighing of the K,CO3/V batch was 69%.

The dry K,COs3/V was cycled in a setup imitating a closed ther-
mochemical system (Fig. 2). A portion of K2CO3/V (~20 g, 50 cm?)
with grain size 1-2 mm was loaded into a bed reactor equipped
with a heater. The system was vacuumed with the reactor being
maintained at 120 °C to ensure complete drying of the material
before the experiment. After that, the vacuum pump was discon-
nected and the water vapor was introduced to the reactor by con-
necting the reactor to the evaporator/condenser with liquid water
at a constant temperature T, = 19 °C. This temperature was main-
tained constant during the experiment by the thermostat. Then the
temperature of the reactor was set to 40 °C for 9 h in order to

Pressure gauge

Vacuum pump

Fig. 2. A scheme of the setup for cycling of the K,CO3/V composite.

perform the hydration. The cycling was carried out by means of
temperature swinging from 40 °C (hydration, 9 h) to 120 °C
(dehydration, 3 h) and backwards while maintaining T = 19 °C
(this corresponds to P(H,0) = 23 mbar). After 12, 23 and 54 cycles,
part of the material (100-150 mg) was picked from the bed in
dehydrated form for characterization. The cycled composites will
be referred to as K,CO3/V-X where X is the number of cycles. In
total, 74 hydration-dehydration cycles were carried out.

2.2. Material characterization

The as-prepared and cycled composites were characterized by a
series of methods investigating stability, reaction kinetics and salt
state in the course of the cycling.

Scanning electron microscopy (SEM) was carried out by using
the electron microscope FEI Quanta 600. Dry composite grains were
placed on an aluminum stage covered with double-side gluing
carbon tape. The microscope chamber was vacuumed down to 3-
107> mbar and electron beam with accelerating voltage of 20 kV
was used to obtain the SEM images. Energy-dispersive X-ray
spectroscopy (EDS) mapping was carried out with the resolution of
124 eV in the range 0—8 keV. Silicon and potassium spectral bands
were used to distinguish between the K,CO3 and vermiculite which
contains mainly Si and O [29].

X-Ray diffraction (XRD) analysis was carried out by using
Rigaku Miniflex 600 benchtop X-Ray diffractometer (6-26 geome-
try). The scanning was performed in air, in the 20 range of 5-60°,
with the scanning step of 0.02° and 1 s accumulation time. Prior to
the measurements the dry samples were powdered by means of a
Fritsch pulverisette 5 ball grinder (agate balls, 200 rpm, 30 min).
The software Rigaku PDXL2 was used to analyze the XRD data.

Grain size distribution was determined by photographing the
composite grains (with a scale ruler) on a black background using a
digital camera (Canon EOS 700D, 15 MP) on a stand (KAISER RS 2
CP) followed by images processing by means of MATLAB. An
ellipsoid was drawn around each composite particle and length of
the shorter axis was taken as particle size since this parameter
ensures passing a grain through the sieves used to separate frac-
tions. About 800 grains of K;CO3/V and K,CO3/V-74 were photo-
graphed in order to investigate the size distribution.

Thermogravimetric analysis (TGA) was used to study hydra-
tion and dehydration kinetics by means of a Mettler Toledo© TGA/
SDTA 851e thermobalance equipped with a humidifier and flow
controllers which created and maintained a water vapor pressure of
14 mbar in the flow of N, (Fig. 3). The relative humidity inside the
chamber was calibrated by using deliquescence points of inorganic
salts (LiCl, MgCl,, K;CO3, CH3COOK). The temperature was verified
by using the melting point of indium.

Vermiculite is a matrix with large pores of several micrometers
and very low physical adsorption values due to low specific surface
area (typical values are 2—3 m?>/g). Therefore, no size effects are
observed for the salt in such composites (in other words, the phase
diagram in Fig. 3 does not change) and adsorption of H,O on the
matrix surface can be neglected. This makes possible application of
"traditional” kinetic analysis for the K;CO3 confined in vermiculite
pores.

The hydration kinetics experiments were performed at various
temperatures (30—48 °C) and water vapor pressure of 14 mbar in
air flow (300 ml/min). Prior to hydration the loaded samples were
fully dehydrated at T = 160 °C in dry flow to determine the dry
mass mgp. Then the water vapor was introduced and hydration ki-
netic curves were measured.

Dehydration kinetics experiments were conducted at the same
pressure and higher temperatures of 75, 85 and 95 °C (Fig. 3).
Before dehydration, the material was saturated by placing a dry
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Fig. 3. Conditions of kinetic TGA, equilibrium DVS and cycling experiments plotted on
a phase diagram of K,CO3—H,0 system. The conditions are marked as () for cycling
K>C03-1.5H,0 — K»COs, (m) for cycling solution — K,COs, (A) — for hydration kinetics
measurements, (W) — for dehydration kinetics measurement, (4¢) — for absorption
isotherms of K,COj3 solution in vermiculite.

K5CO3/V sample in a desiccator at the fixed relative humidity of 33%
(T = 25 °C) over saturated MgCl, solution overnight. The
completeness of hydration was confirmed by weight loss during the
drying at 160 °C which followed every experiment. For all the ex-
periments the initial sample contained 1.48—-1.49 molecules of
water per one K;COs formula unit. A pan with the hydrated sample
was quickly (~1 min) inserted to the pre-heated measurement cell
which was then immediately closed.

Mass change in the course of all TG experiments and mass
content of K;CO3 in the composite, w, were used to determine the
conversion, «, of K,CO3 to the sesquihydrate (K,COs-1.5H;0) as
follows:

g MO =M 2)

Mmax

where m(t) is mass at the moment t, my,,x is maximal mass of water
sorbed by the composite calculated based on reaction (1) stoichi-
ometry and mass content of K,CO3 in the material:

Mmax = 1-5m0wM7 3)
Mg, co,

where Mp,0 and Mg,co, are molar masses of water ant K>COs,
respectively.

Another cycling experiment verifying the material stability un-
der the K,COs3 deliquescence conditions (hereinafter referred to DC-
cycling) was carried out by using the setup with the bed reactor
(Fig. 2) at evaporation temperature T, = 25 °C (P(H,0) = 32 mbar)
in order to find whether the repetitive dissolution/recrystallization
of the salt inside vermiculite pores affects the material perfor-
mance. The chosen cycle duration (4 h of dehydration and 6 h of
hydration) ensured the deliquescence of the salt and is considered
as a compromise between the sorption value in the cycling exper-
iment and overall experiment duration. For this experiment the
reactor was put on a balance to register its weight change which
was then normalized per 1 g of the composite.

Mercury intrusion porosimetry (MIP) was carried out by
means of Micrometrics ASAP 2060 apparatus. A dehydrated dry

material (around 100 mg) was loaded in an automatic porosimeter.
A solid penetrometer (3 cm’) with stem volume 0.412 cm® was
used. The range of pressures used was 0.0007—227.5270 MPa). The
mercury intrusion data was analyzed by means of AutoPore IV 9500
software.

Dynamic vapor sorption (DVS) was used to measure equilib-
rium water vapor absorption by the composites. The absorption
isotherms were measured by using a TA Instruments® QS 5000 SA
thermobalance at T = 30—55 °C and P(H,0) = 22-117 mbar corre-
sponding to deliquescence conditions of K,COs3 (Fig. 3). The dry
K>CO3/V (ca. 12 mg) was loaded into a reaction chamber purged
with N, which was then stabilized at a constant temperature.
Water vapor was introduced into a stream of pure (>99.999%) ni-
trogen (ca. 500 ml/min) to create a certain water vapor pressure
over the sample and weight change was registered. After equilib-
rium was reached, the RH was raised in a stepwise manner at a
constant temperature. Every isotherm was measured for a new
specimen of dry K,COs3/V.

3. Results and discussion
3.1. X-ray diffraction (XRD) analysis

Potassium carbonate could react with alumosilicate matrices
such as vermiculite forming silicates in the course of the cycling
which would make the composite chemically unstable. In order to
verify the chemical stability of the composite with respect to this
process, the powder X-Ray diffraction analysis was performed. The
powder XRD pattern of the cycled composite K;CO3/V-74 exhibits
only reflexes of K,CO3, K»CO3-1.5H,0 (due to some exposure to the
ambient moisture) and vermiculite phases. The vermiculite reflexes
were identified by XRD analysis of the pure matrix and their po-
sitions correspond to the ones in the K,CO3/V-74 (Fig. 4). It is
noteworthy that no traces of potassium silicates are found. More-
over, the initial and cycled composites exhibit similar positions of
the reflexes for all the phases. Thus, the XRD analysis showed that
under the cycling conditions the composite K,CO3/V-74 consists of
potassium carbonate and vermiculite which do not chemically
interact with each other for at least 74 hydration/dehydration

10 20 30 40 50 60

K,CO,/V

—K,CO,
——— K,CO0,41.5H,0

Fig. 4. Measured (black) and calculated (blue, red) XRD profiles of K2CO3/V, K2CO3/V-
74.V stands for vermiculite reflexes. (For interpretation of the references to colour in
this figure legend, the reader is referred to the Web version of this article.)
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cycles.

3.2. Scanning electron microscopy (SEM)

Expanded vermiculite is a clay composed of alumosilicate layers
that detach from each other in the course of thermal swelling [21].
The layered structure of expanded vermiculite conserves in the
composite K;CO3/V. In Fig. 5a one can see the lamellas of vermic-
ulite with irregular inclusions between them that can be ascribed to
particles of the salt crystallized rapidly during the drying. Such a
composite structure was confirmed by EDS mapping. In Fig. 5b, the
K,COs3 (cyan) covers the vermiculite lamellas (magenta) and also
fills the space between them. Large gaps between the layers which
are not filled with the salt can be observed in a lower-magnification
image (Fig. 5a).

After twelve hydration-dehydration cycles, the appearance of
the salt dramatically changes from irregularly-shaped particles to
agglomerates of 2—3 um crystallites with crystal habits clearly
visible in some cases (red circles on Fig. 6a). This self-dispersion of
K,COs after several cycles may be attributed to cracking of the salt
hydrate typically occurring due to mechanical stresses [30] fol-
lowed by recrystallization of smaller K;CO3-1.5H;0 particles during
hydration.

Further cycling leads to further filling of the gaps between
vermiculite sheets (blue in Fig. 6b) by the salt particles (red in
Fig. 6b). The self-dispersed K,CO3 forms its own porous structure
which in the course of the cycling occupies the large gaps initially
present between vermiculite layers (Fig. 6¢ and d). While salt par-
ticles change their morphology, the vermiculite conserves its
layered structure which is not disintegrated and remains stable in
the course of the cycling.

3.3. Mercury intrusion porosimetry (MIP)

According to the results of MIP, the pure expanded vermiculite
possesses high porosity of 80% (Table 1) and pore volume of 3 cm®/g
(Fig. 7a) with around 90% of the pore volume belonging to the pores
of less than 7 um size (Fig. 7b).

The total pore volume normalized per 1 g of the matrix is 2.9
cm>/g-V which suggests that the salt is not rigidly attached to the
matrix lamellas and at maximal pressure (227.5 MPa) the mercury
forces the salt removal to fill in the pores of the vermiculite matrix
which appears to be mechanically stable judging from the prox-
imity of the normalized pore volumes for vermiculite and K>CO3/V
(Table 1). The normalized pore volume increases by 12% after 74

cycles suggesting that the vermiculite matrix slightly changes its
porous structure (e.g. the interlamellar distance is increased) due to
the mechanical forces exerting it in the course of the cycling.
Alternatively, such increase may be explained by some loss of the
salt from the pores of the matrix after the cycling.

3.4. Grain size stability

The stability of the bed was investigated by visual comparison
and measuring the grain size of the composite. The visual appear-
ance of KyCO3/V and K,CO3/V-74 is generally similar with some
grains becoming larger after cycling (red circles of Fig. 8).

This result was corroborated by the analysis of grain size dis-
tribution. The majority of K,COs3/V grains are 1—2 mm in size with
an average diameter of 1.6 mm (Fig. 9), which corresponds to the
grain size of the vermiculite fraction taken for the composite
preparation. The cycling broadens the size distribution as some
grains larger than 2 mm are observed (some of them may be seen in
Fig. 8). The average value of the grain size remains almost the same
for K5CO3/V, K5C03/V-12, K2CO3/V-23, K2C03/V-54 and K,CO3/V-75
(inset graph on Fig. 9) thus evidencing stability of the material grain
size. At the same time, the distribution becomes slightly broader
suggesting that a minor part of grains agglomerates. This agglom-
eration may occur due to some K,CO3 on the external surface of the
grains “gluing” them together. On the other hand, a minor part of
the grains may decrease in size due to delamination.

Thus, the characterization of K;CO3/V and K,CO3/V-X by means
of SEM and MIP has shown that the morphology of the grains
changes dramatically due to salt self-dispersion. The porosity in-
creases only slightly in the course of the cycling. Cycling in a lab-
scale reactor showed that the average grain size remains constant
with a broadening of particle size distribution.

3.5. Hydration/dehydration kinetics and heat storage density

Hydration of K,CO3 granules at P(H,0) = 14 mbar (this corre-
sponds to Te = 11 °C) is a long-term process with the rate
decreasing at higher temperatures since the system approaches to
the equilibrium as oversaturation P(H20)/Peq drops from 10.9 to 2.7
(Fig. 10a). Dispersion of the K;CO3 in vermiculite considerably fa-
cilitates the hydration making half-conversion times 4-5 times
shorter (Fig. 10b) for the same grain size. The phenomenon of
increasing the hydration rate due to dispersion of a salt in a porous
matrix was previously observed for many alike systems and can be
attributed to the amelioration of transport in a composite grain

Fig. 5. (a) A SEM image of K,CO3/V with (b) EDS mapping overlay (K — cyan, Si — magenta). (For interpretation of the references to colour in this figure legend, the reader is referred

to the Web version of this article.)
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50 pm

Fig. 6. SEM images of K»CO3/V-12 (a, ¢) and K,CO3/V-74 (b, d). Red circles represent salt crystallines, blue circles represent vermiculite lamellas. (For interpretation of the references

to colour in this figure legend, the reader is referred to the Web version of this article.)

Table 1
Some characteristics of vermiculite and the composites determined by MIP.

Material Pore volume, cm?/g Pore volume, cm?/g-V Porosity, % Average pore size (4V/A),um
Vermiculite 3.02 3.02 80.5 1.04
K,CO5/V 0.90 2.90 63.8 0.79
K,CO3/V-74 1.05 3.38 66.5 1.01
[13]. particles and its rate is likely to be determined by local crystal

The half-conversion of K;CO3/V at 48 °C is reached after 1 h of
hydration. This gives an average heat release power W;;> = 140 W/
kg as determined by Eq. (4):

1 w-A/H° 1

w, —=.alt b
22 My,co, T1)2

(4)

The dehydration of the K,CO3-1.5H,0 corresponds to charging of
a thermal battery by external heat. This process goes slowly at
T = 75 °C and P(H,0) = 14 mbar with a pronounced induction
period due to slow nuclei formation (Fig. 11). At the higher tem-
peratures, the dehydration half-conversion is reached much faster
(20 min at 95 °C) which may be considered practically promising.
The composite K,CO3/V exhibits slightly shorter half-conversion
times which suggests that dehydration is not sensitive neither to
salt morphology nor to transport properties outside the K,COs

transport phenomena such as transport of lattice defects or diffu-
sion of water molecules to the external crystal surface, mechanical
stresses and other local processes occurring in the course of
dehydration of salt hydrates [30].

Hydration kinetics of the cycled K>CO3/V was studied at higher
water vapor pressure P(H,0) = 23 mbar to imitate conditions of the
bed reactor cycling experiment (Fig. 3). Under these conditions, the
reaction is faster and half-conversion of K,COs/V hydration is
reached already at 18 min with W;, = 450 W/ke.

The cycling thus leads to the increase of initial hydration rate
which remains almost constant for materials after 23 and 74 cycles
(Fig. 12). A reason for such unusual behavior may be the self-
dispersion of K;CO3; which creates additional porosity of the ma-
terial and opens additional pathways for the water molecules.

The values of Volumetric heat Storage Density (VSD) for the
composite were evaluated taking into account only reaction (1):
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3.0
2.5
2.0 4
2
% *._
§ 1s- 0 oS AU
>
0 1 2 3 4 5
1.0 N Pore size, um
0.5
00—t e — 3 —F=— .
0 5 10 15 20 25 30
Pore size, pm
a
K,COs/V K,COs/V-74

Fig. 8. Photographs of the K,COs;/V bed before cycling and after 74 hydration-
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VSD; = VSD, co, - w--Lom (5)
PK,C0;

where VSDg,CO3 is maximal storage density for K,CO3 (1.3 GJ/m3), w
is the mass content of K;CO3 in K,CO3/V (69 wt.%), pcom iS cOmposite
density (kg/m>) and pK,COs is density of K,CO3 (2290 kg/m>). The
real density of the composite grains measured by mercury intru-
sion porosimetry (800 kg/m>) was taken as peom for the estimation
of VSD on the grain level. According to the calculation, the matrix
dilutes the active component lowering the VSD by a factor of 4 from
1.3 GJ/m> for bulk K»CO3 to 0.33 GJ/m> for K,COs/V on the grain
level.

For the bed, the value of pcm = 400 kg/m? corresponds to the
measured density. The packing of K;CO3/V grains is thus very loose
which further reduces the VSD by a factor of 2. The obtained values
are comparable with VSD for phase-changing materials (PCMs) and
PCM-based composites operating in the similar temperature region
[24,31]. The VSD for such composites “Salt in a porous matrix” may
be boosted up by using these materials under the salt

0.25
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S63 20003
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Fig. 9. Particle size distribution for K;CO3/V and K;CO3/V-74. The average particle size
is shown by the inset graph.

deliquescence conditions which allows extraction of additional
heat by exothermic water vapor absorption by the salt solution in
pores.

3.6. Water absorption isotherms and heat storage density

The vermiculite matrix is known for its ability to retain solution
due to capillary forces (the water uptake of the matrix itself is
negligible). This effect may be used to extract more heat from the
composite due to the absorption of water by the solution in pores.
In order to make a quantitative estimation of this opportunity, the
absorption isotherms were measured for the composite K;CO3/V.
High values of water uptake a (g/g) can be achieved due to the high
pore volume present in K;CO3/V.

The dependencies water uptake — P(H,0) for a certain tem-
perature are well fit by exponential law (Fig. 13a). The interpolated
dependencies were used to build sorption isosteres (i.e. P-T de-
pendencies for a fixed uptake a) which then were linearized in InP
— 1/RT coordinates in order to determine absorption heat from the
slope of these lines. The dependency of isosteric heat on water
uptake can be well described by the exponential law (Fig. 13b):
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Th = 75 °C, 0.24 (85 °C) and 0.14 (95 °C).

Qup =46171.75 + 67108.91e~55=[] / mol). (6)

The hydration heat of K;CO3/V from anhydrous state to solution-
in-pores state was evaluated by using the total hydration heat Qs
composed of three components, namely, hydration heat of K,CO3
according to reaction (1), Q, melting heat of K,CO3-1.5H,0 Qp
which was neglected and absorption heat evaluated using the up-
take value a. found from the absorption isotherms for a particular
cycle with given T and Tj:

Qy~=Q + Qm + Qaps; Gn =0 (7)
_ ArH3gg 3
~ Mg, co, ¢ (®)

AgpsHO (a)da

Mo 9)

ac

Qap = J
Qo-0.135
The volumetric heat storage density under absorption condi-
tions can then be evaluated as:
VSDgp = szcom (10)
According to Fig. 14, VSD on the bed level (assuming
pecom = 400 kg/m?) can reach values higher than 0.8 GJ/m? if one
utilizes extra heat of deliquescence. Such values correspond to the
state-of-the-art VSD for other composites salt/matrix [28,32]. The
temperature lift of hydration (T, - Te) for the cycles with deli-
quescence is lower than for the case when only reaction (1) is used
for the heat upgrade. In other words, the lower-grade heat is
extracted if one uses deliquescence conditions. However, some
promising cycles at T, = 30—40 °C which may be used for space
heating applications (e.g. warm floor) are marked by beads on
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Fig. 12. Hydration kinetics of K,CO3/V and K,CO3/V-X (X = 11, 23, 74) at T = 40 °C and
P(H,0) = 23 mbar. P(H;0)/Peq = 8.1.

Fig. 14. Indeed, temperatures less than 25 °C are below a comfort-
able level while 30—40 °C heat may be used for space heating in
some countries, for example, in “hot floor” systems. For a modern
low-energy building in Europe (100 m?) around 10-12 m? of the
K,CO3/V composite should suffice the yearly need for space heating
[28].

Thus, the volumetric heat storage density of K,CO3/V composite
may be boosted up to 0.7—0.9 GJ/m> by extracting additional heat
due to water absorption by K,CO3 solution in pores. The valuable
heat may be extracted using lower-grade heat of 20—30 °C at hy-
dration temperature T, = 30—40 °C by which may be promising for
space heating.

3.7. Cycling and charging/discharging power for cycles with
deliquescence

Conversion stability of K;CO3/V was studied for a cycle with the
salt deliquescence. For the study, a cycle with the highest temper-
ature lift of 15 °C and maximal VSD of 0.71 GJ/m> (Te = 25 °C,
Th = 40 °C) was chosen (red dot in Fig. 14).

1.6

40°C

Water uptake, g-H,0/g-K,CO,/V

0.2 T T T T T T T
10 20 30 40 50 60 70 80

P(H,0), mbar

T T T 1
90 100 110 120

a

The hydration/dehydration conversions, as well as the bed
temperatures, are shown to be stable over at least 47 cycles (Fig. 15).
The bed temperature was set to 40 °C, however, the real values
were even higher thus showing discharge possibility at Ty, = 43 °C.

Thus, cycling in a lab-scale reactor showed stable hydration and
dehydration conversions over at least 47 cycles.

4. Conclusions

The composite K;CO3/expanded vermiculite for thermochem-
ical energy storage (69 wt. % of K;CO3) was prepared by the dry
impregnation method. Its chemical stability, morphological stabil-
ity of the grains and grain size stability were experimentally
studied.

The hydration kinetics of the composite K,CO3/V was studied by
thermogravimetric analysis (TGA) at various temperatures
(26—53 °C) and water vapor pressures (8-20 mbar). Dehydration
kinetics was studied by TGA at T = 75—95 °C, P(H,0) = 12 mbar.
Both processes were found to be 2-5 times faster for the composite
in comparison with the appropriate mass of K;CO3 granules of the
same size. Interestingly, cycling of the material made hydration rate
faster, thus possibly indicating building up porosity upon cycling
which was further confirmed by scanning electron microscopy.

The initial and cycled materials were characterized by scanning
electron microscopy (SEM) with EDS mapping, X-Ray diffraction
(XRD) analysis and mercury intrusion porosimetry (MIP). By means
of MIP it was found that 90% of the salt fills the vermiculite pores
with size less than 7 pm. After cycling the porosity increases by
some 15% due to the pores larger than 7 um. Morphology of the salt
particles changes dramatically in the course of the cycling from
irregular lumps of the K;CO3; to agglomerates of crystallites of
2—3 pm in size. The XRD analysis showed no chemical interaction
of K,CO3 with vermiculite over at least 74 hydration/dehydration
cycles.

The composite K,CO3/V can retain water solution of K,COs in the
pores due co capillary forces. Water absorption isotherms of K,CO3
in vermiculite pores were obtained by means of dynamic vapor
sorption (DVS) method. It was found that the composite can absorb
0.4—1.5 g/g of HoO at 30—50 °C and water vapor pressures of
22—117 mbar. The volumetric heat storage density may thus be
boosted up to 0.7—0.9 GJ/m?> for conditions that may be promising
for space heating. The material conversion was found to be stable
over 47 such cycles with salt deliquescence.

60

55 4 -

Q,,, kJ/mol
3
1
t
1
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Water uptake, (g-H,0)/(g-K,CO,/V)

b

Fig. 13. Water sorption isotherms for K,CO3/V under the salt deliquescence conditions (a) and isosteric heat of absorption for different sorption values (b).
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Thus, confinement of K,CO3 to the expanded vermiculite matrix
was shown to ameliorate hydration and dehydration kinetics and
stabilize the salt towards cycling. The composite retains solution in
pores which expands the set of working conditions and allows for a
boost of heat storage density through the advanced organization of
a heat storage cycle. The composite may be promising for thermal
energy storage.
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