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Abstract

Thermochemical heat storage in salt hydrates is a promising concept to bridge the gap between
supply and demand of solar thermal energy in the built environment. Using a suitable
thermochemical material (TCM), a heat battery can be created to supply low-temperature thermal
energy during colder time periods. The principle is based on a reversible hydration-dehydration
reaction with water vapour. The TCM can be charged (dehydrated) at a temperature of 120°C by
using solar thermal collectors. Conversely, the discharge (hydration) occurs at room temperature
using a constant water vapour pressure of 12 mbar. Previous studies have indicated that potassium
carbonate (K»CQOs) is a good candidate to fulfil the role of TCM in built environment applications.
To generate adequate power from a heat battery for hot tap water or space heating, the kinetics of
the TCM need to be sufficiently fast. It is hypothesized that the kinetics of the material improve
over multiple charge and discharge cycles due to crack formation and volume increase of the
grains. The aim of this work is to evaluate the kinetics of 500-700 um K,COs; grains using
thermogravimetric analysis and differential scanning calorimetry (TGA/DSC), and to quantify
the improvement in kinetics over multiple charge and discharge cycles. The kinetics serve as input
for an existing nucleation and growth model, simulating the fractional conversion at grain level.
In the TGA/DSC experiments, the material was charged and discharged numerous times under a
constant water vapour pressure of 12 mbar. The cycling temperature varies from room
temperature to a maximum temperature of 120°C. The conversion time of each cycle was
monitored. Additionally, using an optical microscope, cycling experiments of K,CO; were
performed in a micro climate chamber with the same conditions as in the TGA/DSC experiments.
This allows tracking of the apparent surface area of the grains and the observation of crack
formation for each cycle. The existing nucleation and growth model is enhanced by incorporating
grain growth and crack formation observed from the optical experiments. Thermal
characterization by means of TGA/DSC has indicated that indeed the kinetics of the material
improve over multiple cycles. Typical conversion rates are increased by a factor 10 comparing
the first and the 12" cycle. Preliminary optical microscope experiments show an increase of the
apparent grain surface area of approximately 55%. Additionally, crack formation is observed over
multiple hydration and dehydration cycles leading to increased inter-particle porosity, likely
adding to the improved kinetics.

Keywords: Thermochemical heat storage, Nucleation and Growth model, TGA/DSC, Heat
Battery, Salt Hydrate
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1. Introduction

Fossil fuel depletion and climate change are becoming increasingly hot topics in Europe. The
European Commission roadmap has stated that it is necessary to reduce CO; emissions by 95%
by 2050 compared to 1995. In the residential sector, 68% of the end-use energy is dedicated to
space and water heating [1]. Solar energy is one of the most promising sustainable energy source
to fulfil this heating demand. However, since solar energy is intermittent, long-term energy
storage is required.

Thermal energy storage using thermochemical materials (TCMS) is a promising technique to store
energy without significant losses, and over longer periods of time [2]. The principle of TCM
storage involves a reversible chemical reaction between a solid and a gas. The reaction is
described according to A(s) + B(g) < AB(s) + heat. Charging the TCM requires adding heat
to the system, expelling the gas and therefore storing the added heat. Recombining the gas and
the TCM releases the heat. This work focuses on a water-salt-hydrate reaction pair, which is
suitable for low-temperature heat storage [3]. Dwellings equipped with solar panels can apply the
acquired heat during summer to dehydrate the TCM. In colder periods, inducing water vapour to
the dehydrated material frees the stored heat. This principle allows the creation of a heat battery.

Donkers et al. published a review on 563 thermochemical materials and included criteria such as
operating conditions, costs and environmental impact [4]. One of the most promising salt hydrates
according to this study is K,C05. This material has a theoretical volumetric energy density of
1.3GJ/m® and its thermochemical reaction is given by:

K,CO3(s) + 1.5H,0(g) < K,CO3 - 1.5H,0(s) + AH, (1)
with AH,. the reaction enthalpy of 65.8kJ/mol of water.

Care should be taken when a TCM is hydrated as salt hydrates are prone to over-hydration [5],
[6]. This phenomenon causes the micro pores of the material to saturate with crystal water.
Dehydrating the material afterwards causes a non-porous structure that dramatically reduces
water transport and hence the performance of the TCM. A phase diagram is commonly used to
evaluate the operating conditions of a salt hydrate [7].

The performance of a TCM is hypothesized to improve due to the opposite effect of over-
hydration: crack formation and consequentially volume growth of the particles. Multiple charge
and discharge cycles cause the grains to break open, leading to an increase in micro porosity that
allows water to enter and exit the sample more easily. The formation of micro-channels is
demonstrated in [8] for the dehydration of lithium sulphate.

In order to improve existing thermochemical heat storage systems, a comprehensive
understanding of the reaction Kinetics is required. Numerical models describing the hydration and
dehydration phenomena can be particularly helpful in this regard. Typical solid-state reaction
models are available in the literature [9,10]. However, these analytical models are often used to
evaluate the overall process and in several occasions even led to erroneous results. This is
elaborated extensively in the works of Pijolat et al. and Favergeon et al. [11,12] and an alternative
approach was proposed to kinetic modelling based on nucleation and growth. The dehydration of
lithium sulphate monohydrate was studied using a nucleation and growth modelling approach
[13,14]. The model is based on Mampel’s assumptions and uses a stochastic approach to account
for non-isothermal and non-isobaric conditions [15]. Moreover, this model is applicable to any
grain shape.

In present work, the nucleation and growth model created by Lan et al. [13] is extended to include
grain growth and the formation of cracks in K,C0O5 grains. The effect is investigated of these
morphological changes on the kinetics. Microscopy experiments on K,C0O5; particles are
performed to evaluate the grain growth as function of the amount of charge and discharge cycles.
TGA/DSC experiments are performed in parallel to evaluate the performance of the material
under the same conditions as the microscopy experiments. This way the hypothesis is tested that
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grain growth and consequentially crack formation go hand-to-hand with the improvement of TCM
performance.

2. Materials and Methods

To provide input to the numerical model, two types of experiments are carried out. The
microscopy experiments are used to evaluate the geometrical changes of the particles as function
of the number of cycles. TGA/DSC experiments allow the determination of the fractional
conversion, power output and energy content of the grains. In these experiments, K, CO5 particles
(Sigma-Aldrich, 700 — 1000 um in diameter) were used. The particles were stored in a small
closed container to prevent over-hydration (possibly causing deliquescence) or dehydration.

Microscopy experiments

K,CO4 particles are placed in a so-called ‘stage’, which is a miniature climate chamber (Linkam
THMS600-H Stage) that is connected to a humidifier (Linkam RH95). The humidity and
temperature are carefully controlled by the humidifier and the stage. The particle environment is
alternated between hydration and dehydration conditions. The operating conditions are set
according to the phase diagram, to ensure that the sample conditions are below deliquescent
conditions at all times. More details on the pressure and temperature conditions for K, C0O5 can be
found in [7]. A typical example of the grains evaluated from the micro climate chamber is shown
in Figure 1.

Figure 1: Typical example of K,CO3 grains in the micro climate chamber.

One very important factor to consider is the sample mass. Based on previous work [6,16,17] it is
concluded that the sample mass should be kept small. The ratio of diffusion over intrinsic reaction
rate decreases as sample mass decreases (assuming the same particle size). A small sample mass
ensures a good representation of the hydration reaction. The typical sample mass used is 10 mg.
By sample mass is meant the number of particles times the averaged mass of an individual
particle. The average mass of 1 grain is 0.285mg.

First, the sample is dehydrated by increasing the stage temperature from 25 °C to 120 °C using a
heating rate of 1 K/min and setting the RH to 2% @ 25 °C. This translates to a water vapour
pressure of approximately 32 Pa, or 0.32 mbar. During the first dehydration, these conditions are
maintained for at least 10 hours to ensure that the sample is completely dehydrated.

After this initial dehydration, the sample is cooled to 25 °C with a cooling rate of 1 K/min, in dry
conditions. Once this temperature is reached these conditions are kept constant for 40 minutes to
allow a stable environment. Afterwards, the RH is set to 38 % at 25 °C, which is equivalent to a
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water vapour pressure of 12 mbar. This initiates the hydration process and the sample is hydrated
for 10 hours. Subsequent dehydrations are done for 3 hours. Dehydration and hydration cycles
are alternated for at least 12 cycles. Every 10 minutes, a picture of the sample (Figure 1) was taken
using the Zeiss microscope (SteREO Discovery V20). This allows the observation of
morphological changes of the sample particles. The particle growth is measured and averaged
over 10 particles, mapping the growth of the particles as function of the number of cycles.

TGA/DSC experiments

Additional experiments using a thermogravimetric, differential scanning calorimetric analyser
(TGA/DSC, Jupiter F3 STA 449) were performed. This allows careful monitoring of the sample
weight (TGA) and the heat flux (DSC). Characterization of materials by means of TGA/DSC is
up to the present a widely applied technique [6,7,18-21].

The TGA/DSC experiments are performed at the same conditions as the optical microscope
experiments. A typical sample mass of approximately 10mg was loaded in aluminium pans of 40
pL without a lid and placed in the furnace. The material was then cycled 12 times. A ProUmid
MHG Modular Humidity Generator with a flow rate of 300 ml/min and 38 % RH at 25°C, or 12
mbar, is used to hydrate the sample. The measured sample masses are translated to the fractional
conversion by:

a(t) = 2D 2

mo—Meo

in which a(t) is the fractional conversion as function of time, m, is the initial mass of the sample,
m(t) the mass at time t and m,, the final mass of the sample. The conversion ranges from 0,
indicating that the reaction is yet to start, to 1 which indicates that the reaction is completed. The
TGA/DSC apparatus was calibrated before the experiments were performed.

Nucleation and growth model

The nucleation and growth model consists of a spherical geometry with initial radius Ro. The
sphere is represented by N randomly generated discrete points. Initially, the geometry is in an
untransformed state (blue). When the simulation starts, nucleation is initiated on the boundary of
the sphere causing nuclei to appear on the surface. Nucleation is followed by deterministic,
isotropic growth towards the centre of the sphere. The radii of the nuclei grow with a constant
growth rate ¢ [mol/m?s] according to:

T (T,t) = Vot — 1) @)

With 7, (z, t) the radius [m] of a nucleus formed at time 7 [s] and evaluated at time t [s] (t = 1)
and V,, the molar volume of the grain [m®mol]. If the distance between a nuclei o (x, y, z) formed
on the surface and an arbitrary point p(x, y, z) in the bulk is covered by the radius of a nucleus,
that area is transformed. This holds when:

(px—0%)? +(py_0'y)2+(pz_a'z)2
T (1,t)?

<1 (4)

With p,. the x-coordinate of point X, g, the x-coordinate of point ¢ etc. The rate limiting step is
assumed to be at the interface between the initial phase and the new phase of the sphere.
Simulation snapshots of the nucleation and growth process are displayed in Figure 2.
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Figure 2: Simulation snapshots of the nucleation and growth model. Initially, the sphere is in an untransformed state
(blue). After the simulation starts, nuclei (in red) are formed on the surface area of the grain. Following the nucleation
process, each nucleus grows towards the centre of the sphere. This growth is deterministic. Transformed areas are
shown in black.

The fractional conversion is determined by calculating the ratio of transformed to total points,
neglecting coalescence and ingestion. The radius R, of the sphere is set to 6 - 10~* m. The molar
volume Vyis set to 2.4 - 107¢ [m*mol].

Modelling the fractional conversion using a nucleation and growth approach has several
advantages. It is applicable to any geometry shape and is valid for non-isothermal and non-
isobaric conditions. In this work the nucleation rate is assumed to be very high. This activates all
surface points for nucleation instantaneously, covering the surface area of the sphere by a thin
layer of product. This results in a model resembling a shrinking core characteristic. The fractional
conversion is therefore only dependent on the growth rate and the surface area available for
nucleation.

Crack formation

Due to repeated hydration and dehydration of the material, the TCM is expected to crack and
expand in volume. The numerical model is adjusted accordingly by introducing cracks and
allowing the grains to grow in size with each cycle. The cracks are assumed to be straight and
split the sphere all the way to the core to avoid complexity. Simulation snapshots of the sphere
with different amount of cracks are displayed in Figure 3. The radius of the particle increases with
each crack such that the total solid volume, Vsoiig = Vsphere — Vpores, fEMains constant.

x1074 x1074 %104 %104

%107 x107 x107* x10™

Figure 3: Simulation snapshots of the geometry adapted with cracks. The particle radius increases as the amount of
cracks increases.

3. Results and discussion

In this section, the results of the microscopy experiments, the TGA/DSC experiments and the
numerical simulations are shown and discussed.

Microscopy experiments

K, CO5 particles were cycled 12 times and pictures of the top view of the individual particles were
taken after each hydration cycle. This ‘projected area’ was averaged over 10 particles after each
hydration, and the results are displayed in Figure 4.
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Figure 4: Relative growth of the projected area of the grains of a 10mg sample. The percentage area increase is
relative to the initial area.

It is observed that the relative area increases after each hydration until a limit is reached. On
average, the relative area is increased by 7% compared to the initial size. A maximum increase of
about 55% is observed after hydration 12.

TGA/DSC experiments

A 10 mg sample of K,C05 was cycled 12 times in a TGA measuring device, and the conversion
was monitored. The maximum hydration time is set to 10 hours (36000 seconds). The results are
displayed in Figure 5. The TGA results show that cycle 1 does not reach full conversion in 10
hours. Although initially the conversion increases rapidly, it levels off as the experiment
progresses. However after subsequent cycles, a significant increase in conversion speed is
observed, likely due to grain growth and consequently crack formation. This improvement
continues until the 12 cycle, which is completed after only 45 minutes. The improvement in
conversion speed is diminished over time. This indicates that the effect of grain growth and crack
formation on the reduction in hydration time becomes less significant with each cycle.

Conversion, «

ol I 1 I I 1 I
0 0.5 1 1.5 2 25 3 35

Time(s) <104

Figure 5: Conversion of the hydration of a 10mg K,CO; sample. It is observed that the first hydration cycle (dark
blue) does not reach full conversion in 10 hours. After subsequent hydration cycles, however, the reaction speed is
increased.
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Nucleation and Growth model

The numerical results of the nucleation and growth model are displayed and discussed in this
section. It is assumed that the particles have not yet developed any cracks during the first cycle.
First, a sphere without any cracks is simulated and the conversion is compared to the TGA result
of the first cycle. It is assumed that all surface points are activated and start to grow immediately
after the simulation starts. Observing the fast increase in conversion for lower time steps (Figure
5) this assumption seems valid. The growth rate ¢ is fitted to cycle 1 of the TGA result. This
results in a growth rate of ¢ = 3.1 - 10~* mol/m?s. The result is displayed in Figure 6.

0.9
0.8

0.7

e
=)

Conversion, a
f=]
w

—cycle 1
numerical O cracks

0 075 1 1.5 2 25 3 3.5

Time(s) x10°
Figure 6: Numerical simulation of a spherical geometry without cracks in orange. TGA result of a 10mg sample in
blue. The growth rate used in this simulation is ¢ = 3.1 - 10~* mol/mZs.

It is observed that the numerical model predicts a lower wetting rate than observed in the
experiments. The mismatch between numerical simulations and experiments may be explained
by the hypothesis that the rate limiting step is at the interface. In the experiment the material is
hydrated quickly up to a conversion of 0.3. As the reaction proceeds, the fractional conversion
increases more slowly as water needs to diffuse into the bulk material. This may indicate that a
later stages of the conversion the limiting step becomes the diffusion of water into the bulk.

Next, the effect of the cracks on the fractional conversion was simulated. The growth rate is kept
constant at ¢ = 3.1 - 10~*mol/m?s and for every cycle 2 extra cracks (Figure 3) are introduced.
This is done to avoid asymmetry affecting the fractional conversion. The result is displayed in
Figure 7.
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Figure 7: Modelled fractional conversion with a constant growth rate of 3.1 - 10~ *mol/m?s and an increasing
amount of cracks. The time step of the simulation was 2000s.

The same trend is observed as in the TGA experiments: the more cracks are introduced, the faster
full conversion goes. Water can access untransformed material easier because it can diffuse
through the air in between the cracks as opposed to diffusion through the bulk material. Indeed
the model shows that an increase in number cracks improves the hydration time.

Conclusion

In this work a hypothesis is posited that grain growth and consequentially crack formation go
hand-to-hand with the improvement of a TCM. To this end, a K,C0; sample was cycled in a
micro climate chamber while carefully monitoring the temperature and humidity. Using an optical
microscope, pictures of the particles were taken at regular intervals. This allows tracking of the
projected surface area and hence, the increase of the particle radius. After 12 cycles, the apparent
surface area is increased by approximately 55%. This confirms the hypothesis that the particles
grow in size and cracks are formed in the grain structure.

K, CO4 particles were cycled 12 times in a TGA measurement device and the fractional conversion
was monitored over time. The first cycle reached only 95% of the full conversion after 10 hours.
Subsequent cycling dramatically reduced the conversion time from 10+ hours of the first cycle,
down to 45 minutes for the 12" cycle. It is concluded that repeated thermal cycling of K,CO5
particles can potentially reduce the hydration time by a factor 10-12. Combined with the
microscopy results, it is concluded that the increase in particle volume and formation of cracks in
the particles the main reason of the reduced hydration time.

A numerical model based on nucleation and growth phenomena was modified to include crack
formation and grain growth. The nucleation rate is assumed to be very high: instant activation of
all surface points of the grains with an isotropical growth towards the centre. The growth rate ¢
is fitted with TGA data of the first K,CO5 cycle. In every next cycle, the number of cracks is
increased by 2. The same growth rate as in cycle 1 is assumed. The numerical results
underestimate the initial fractional conversion, but overall the trend of improvement in kinetics
caused by the increased surface area is present in both numerical and experimental results.

Improvements to the hydration time of a TCM can be made by introducing micro cracks to the
TCM grains. This allows the water to diffuse into the material easier at the start of the experiment.
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