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Abstract

The potential of thermochemical energy storage and heat transformation has been soundly
highlighted in literature. For applications in the temperature range from approximately 150 °C
to 300 °C, the inorganic salt strontium bromide, which reacts with water vapor in an exothermic
reaction, is a promising candidate:

SrBr2 (s) + H20 (g) = SrBr2-H20 (s) + ArH .

This chemical reaction offers a specific energy density of 291 kJ/kg SrBrz2 (or 81 kWh/t). The
feasibility of a thermochemical energy storage and heat transformer based on the SrBro/H20
working pair has already been successfully demonstrated on a 1 kW scale in a lab-scale storage
unit. Here, we report on the steam pressure-dependent reaction temperatures of the dehydration
and hydration reactions as well as the reaction rate and the cycle stability of the reactive system
over 100 reaction cycles using thermogravimetric analysis. For distinct operating points, e.g.
running the hydration reaction at 180 °C and 69 kPa, specific thermal powers up to 4 kW/kg
SrBr> were experimentally determined. Running the dehydration reaction at 210 °C and
5 kPa steam pressure showed specific thermal powers of 2.5 kW/kg of SrBr,-H-0O, thus proving
the suitability of SrBro/H>O as thermochemical working pair for high-power storage
applications. Our results provide fundamental material-related data for the design of high-power
reactor modules as well as for numerical studies on the potential of thermochemical energy
storage and heat transformation based on SrBr2/H>0.
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1 Introduction

The potential of thermochemical energy storage and heat transformation to increase the energy
efficiency in industrial processes, and thereby to reduce the carbon footprint, is widely
discussed in literature [1], [2], [3]. Various types of thermochemical working pairs are
investigated for a wide range of operating temperatures, many of them based on gas-solid
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reactions. Several material screening studies focus on the criteria which gas-solid reactions need
to fulfill in order to be suitable candidates for thermochemical energy storage [4], [5] and heat
transformation applications in particular [6], [7]. In short, the most relevant criteria for industrial
applications are summarized as follows:

— reversible and cycle-stable reaction in the relevant temperature range,

— sufficient specific energy storage density (kWh/kg),

— high effective reaction rates which allow for large specific thermal powers (kW/kg) ,

— no side reactions, thermal decomposition or melting,

— non-toxic materials and commercial availability.
A promising candidate is the inorganic salt strontium bromide. The dehydration reaction of
strontium bromide hexahydrate to the monohydrate was discussed in several studies, e.g. by
N’Tsoukpoe et al. [8] for thermal energy storage applications below 105 °C. Michel et al.
investigated the monohydrate-hexahydrate reaction in an experimental study with a packed bed
reactor operated with 400 kg hydrated salt, and reported thermal powers in the range from
0.75 — 2 W/kg [9]. Besides their experimental studies, the authors developed a two-dimensional
model for a rectangular module of the thermochemical storage reactor operated at temperatures
below 100 °C [10]. The reaction rates were assumed to depend on the reaction advancement
and on the distance from the thermodynamic equilibrium, and a first-order kinetic law was
chosen. A more detailed reaction rate model for the hydration reaction from the monohydrate
to the hexahydrate form was developed by Esaki et al. for maximum operation temperatures of
80 °C [11]. In another experimental study, a composite material based on strontium bromide
hexahydrate and natural graphite was investigated by Cammarata et al. [12]. The authors report
an improvement of the hydration reaction progression due to an increased thermal conductivity
and a reduced thermal hysteresis. However, no investigation on the cycle stability of the
composite material was conducted. Same as in the studies referenced above, this
thermochemical system addresses domestic applications with a maximum storage temperature
of 100 °C. A possible show stopper in these low-temperature storage applications are the
relatively high specific material costs of strontium bromide, since especially seasonal storage
applications require high storage capacities. Nevertheless, the production process of strontium
bromide on a large industrial scale is not yet optimized and costs may reduce drastically with
increasing usage. This issue is addressed by Gilles et al. [13]. The authors investigate an
alternative and cost-efficient synthesis pathway to reduce production costs, and also discuss the
carbon footprint of strontium bromide when used for low temperature energy storage
(<100 °C).

In contrast, operating a thermochemical reactor with the reacting couple SrBr2-H>O at higher
temperatures (> 150 °C) and high specific thermal powers has not been in the spotlight of
research yet. This is possible by selecting the thermochemical reaction from the anhydrous
phase to the monohydrate,

SrBr2 (s) + H20 (g) = SrBr2-H20 (s) + ArH , Eq. (1)

instead of mono- to hexahydrate. This reaction is listed in a database on salt hydrate pairs by
Glasser [14], and thermodynamic data is given with ArH°= 72.8 ki/mol and
ARS® = 152 J/(mol-K) (p° = 27.4 Torr, T° = 298 K). Based on the standard enthalpy and entropy
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of formation given in the NBS Tables [15], the reaction enthalpy and entropy are 71.98 kJ/mol
and 143.93 J/(mol-K), respectively (p° = 0.1 MPa, T° = 298 K), which are the values we refer
to in the present work. The reaction was identified as a potential candidate for thermochemical
heat transformation applications in a previous study by our research group [6]. We found the
reaction to be reversible, however, a thermal reaction hysteresis was observed in
thermogravimetric analysis (TGA) experiments: at a water vapor partial pressure of 5 kPa, a
difference of 22 K between the hydration and dehydration temperatures was found. For 10
dehydration/hydration reactions, cycle-stability was experimentally confirmed. Based on these
screening results, we investigated the hydration reaction of strontium bromide on a 1 kg scale
[16]. This work led to an experimental proof-of-concept for thermochemical heat
transformation with 102 K thermal upgrade and a maximum discharge temperature of 280 °C
in a1 KW lab-scale prototype [17]. During the discharging process, the specific thermal power
of the storage module was observed to slightly decrease with increasing discharge temperature
and constant steam pressure. In addition, the granular storage material was found to have
agglomerated into larger porous structures, thus raising questions on the cycle stability of the
chemical reaction.

Therefore, to further clarify the qualification of the SrBr./H.O working pair for industrial
energy storage and heat transformation applications in the temperature range from
approximately 150 - 300 °C (e.g. waste heat recovery from batch processes in chemical
industries), in this work we present a detailed analysis of its cycle stability and thermodynamic
and Kkinetic properties.

2 Experimental methods and data analysis

Two different experimental methods were applied in the presented study: firstly,
thermogravimetric analyses with samples on a 15 mg scale, and secondly, investigations with a
lab-scale test setup with sample masses of around 1 kg of SrBr2-H20.

2.1 Sample preparation

Strontium bromide was supplied in the form of hexahydrate crystals (strontium bromide
hexahydrate, 99%, CAS 7789-53-9, particle size: 0.2 - 1.25 mm, abcr GmbH). The hexahydrate
phase melts at a temperature of 89 °C [18], and therefore was dried in a circulating air oven at
70 °C for several hours to obtain the monohydrate form, SrBrz-H2O. Full decomposition from
the hexahydrate to the monohydrate phase was assured by recording the mass loss. The
monohydrate samples were then preserved at 70 - 110 °C until they were investigated with the
experimental methods described in the following.

2.2 Thermogravimetric analysis (TGA)

For the kinetic and cycling investigations on milligram scale, two different commercial TGA
setups were used: a NETZSCH STA 449C Jupiter®, equipped with a water vapor furnace and
a steam generator (aDROP by Bronkhorst), and, a NETZSCH STA 449F3 equipped with a
humidity generator (MHG32 by ProUmid) and humidity sensor. The two devices mainly differ
in the manner of vapor generation and, thereby, in their operation range in respect to the
available water vapor partial pressure.



In both devices, a dry flow of nitrogen was used as purge and protective gas. To set the desired
vapor partial pressure, the purge gas flow was mixed with water vapor (constant total volumetric
flow of 100 ml/min). The volumetric flow of nitrogen used as protective gas stayed at a constant
level, and is not considered in the calculation of the water vapor partial pressure (STA 449C:
50 ml/min, STA 449F: 20 ml/min). The TGA devices operate at ambient conditions, and we
assumed the ambient pressure to be at a constant value of 97 kPa. In the case of the STA 449C,
the resulting water vapor partial pressure was calculated from the set nitrogen volume flow and
water mass flow (maximum error +£0.5...1 kPa). In case of the STA 449F, humidity data were
obtained from the humidity sensor located right before the gas inlet to the sample chamber.
Assuming a humidity sensor measurement accuracy of 2%, and an error in the temperature
measurement in the evaporator chamber (Pt100, +1 K) contributing to the maximum error
propagation, this results in a maximum error of 1.3 kPa for typical operation conditions (85 °C
evaporator temperature, 5 kPa water vapor partial pressure). A TGA sample mass of 15 £ 1 mg
and platinum/rhodium crucibles (STA 449F3, DSC sample carrier with thermocouple Type K,
measurement accuracy 1 K) or alumina crucibles (STA 449C, TG sample carrier with
thermocouple Type S, measurement accuracy 1 K) were chosen. The sampling rate was set to
60 points per minute. To reduce noise, all TGA data were smoothed using the NETZSCH
Proteus® software (Savitzky-Golay filter, smoothing factors 4 - 6, A).

At the beginning of each TGA experiment, the sample was heated up to 250 °C to obtain the
anhydrous phase. The hydration and subsequent dehydration and further reaction cycles were
performed under the desired water vapor partial pressure and temperature conditions. From the
recorded mass change Amrca(t), the reaction conversion X(t) was calculated based on the
SrBr2-H>0 sample mass, Msample, and molar weights, M:

Amrga (£) Msepro-m20

X t) =
hyd.( ) Msample MHZO Eq. (2)
Amyga (8) Msigrom20
Xiehya () = 1 — :
dehyd( ) msamp]e MHZO Eq. (3)

The reaction conversion is analyzed in isothermal and dynamic (constant heating or cooling
rate) experiments in the temperature range from 150 - 210 °C and the water vapor partial
pressure range from 0 - 97 kPa. For the later application, this is the operation range relevant for
thermally charging the storage at low temperatures, e.g. by using waste heat from industrial
processes. For discharging the storage at higher temperatures, higher steam pressures are of
interest. However, due to the experimental limitations of the setups, higher pressures could not
be investigated in the available TGA devices. For this purpose, a lab-scale test setup was
implemented.

2.3 Lab-scale test setup

The lab-scale setup was designed to answer two specific questions: Firstly, the investigation of
the general feasibility of the hydration reaction at steam pressures up to approximately 150 kPa,
and secondly, detailed investigations on the reaction temperatures of the hydration and
dehydration reactions. To investigate the bulk phase of the reactive material, a rectangular
packed bed of the reactive material is examined, which is enclosed by single-embossed pillow
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plates (see Fig. 1). Via the pillow plates, the reaction chamber is heated by thermal oil, with the
most important design consideration being the minimization of heat losses from the SrBr;
packed bed to the ambient. A detailed description of the setup is given in [16]. The test rig that
was used to operate the chemical reaction is adapted from former experiments on calcium
chloride [19]. The steam pressurizer, which is constructed from a tube bundle heat exchanger
with thermal oil on the shell side, serves as condenser during the dehydration, and as evaporator
during the hydration process. In the present work, the relevant measurement data recorded
during the experiments are the temperature measured at the central position of the bulk phase
and the steam pressure in the setup, which is controlled by the set condenser/evaporator
temperature  (temperature  sensor: Ptl100 class A, measurement uncertainty
+(0.15 °C + 0.002 9/°C), digitization error +0.05 K. Pressure sensor: Endress+Hauser,
Cerabar M PMP55, measurement uncertainty and digitization error £(0.8 kPa + 0.007 p/kPa)).

)

pillow plates

steam inlet/outlet

*H,0 packed bed
205x225x20 mm

Fig. 1. Pillow plate reaction chamber. a) top view, b) side view. In addition to the aspect of
minimized heat losses from the bulk phase to the ambient, the reaction chamber was designed
to be easily accessible for temperature sensors. It consists of two single-embossed pillow plates
that are mounted with their plane sides back-to-back. This way, a 290 mm x 225 mm x 20 mm
space is formed, filled with approximately 1 kg of SrBr-H.O (205 mm filling height). The
reactive packed bed is fixed by metallic sinter filters with a mesh size of 5 um. During the
dehydration and hydration experiments, the temperature and the flow rate of the heat transfer
fluid (HTF) are set to constant values. Pt100 temperature probes are installed in the HTF inlet
and outlet, and at several positions within the SrBro-H2O fixed bed. In this analysis, the
temperature measured at the central position of the fixed bed is evaluated.

The experiments are conducted as follows: before the start of a dehydration experiment, the
reactive material is preheated to a constant temperature via the heat transfer fluid. Hence, steam
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pressure builds up in the reactive chamber. As soon as the pressure in the reaction chamber
drops when connecting the reaction chamber with the condenser, the endothermic reaction
starts, indicated by a temperature drop in the solid bulk phase. When the temperature in the
fixed bed reaches its initial value, the dehydration reaction is considered to be completed, and
the test setup is evacuated to remove all remaining inert gases or steam. Correspondingly, during
the hydration process, steam is supplied at a constant evaporation temperature. As soon as the
vapor penetrates the solid phase after connecting the reaction chamber with the evaporator, the
exothermic reaction starts, thus resulting in a steep rise in the solid temperature. Again, the
chemical reaction is assumed to be completed when the bulk phase reaches its initial
temperature. For the hydration reaction, we discussed exemplary T(p,t) curves and pressure-
dependent maximum reaction temperatures in a prior publication [16]. In this work, we present
the corresponding results of the dehydration reaction, i.e. the minimum temperatures which
were measured at the central position of the fixed bed for different steam pressures.

2.4 Thermodynamic equilibrium and Kkinetic modelling of gas-solid reactions
Before we proceed to the discussion of the experimental results, the thermodynamic
considerations for the analysis of reversible gas-solid reactions will be discussed in brief.
Assuming ideal gas properties, the equilibrium constant Keq for the gas-solid reaction from
Eq. (1) is given by the expression

p VH20
) ) Eq. (4)

K1) = (5
with the stoichiometric coefficient vizo = 1 and the reference pressure p°. In the thermodynamic
equilibrium state, the Gibbs free energy is minimized, and Eq. (5) applies:

ARG = ARG® + RT - InK,(T,p) = 0. Eq. (5)
With the definition of the Gibbs free energy of reaction,
ARG® = AgH® — T - ARS°, Eq. (6)
we obtain the linear form of the Van’t Hoff equation for a reversible gas-solid reaction:

P ARHO ARSO
InK.(T,p) =ln<ﬁ) =~ 7T + R

Eq. (7)

Thus, according to Eq. (7), a In(Keg) versus 1/T graph (Van’t Hoff plot) based on the standard
molar enthalpy and entropy of the chemical reaction (e.g. calculated from molar enthalpies and
entropies of formation) gives an approximation of the equilibrium line. Different methods are
established to investigate the thermodynamic equilibrium line of gas-solid reactions, e.g.
dynamic TGA measurements with varying gas pressures or long-term pressure measurements
in isothermal closed systems. However, in non-ideal thermochemical systems, a thermal
hysteresis can arise between the endothermic and the exothermic reactions, e.g. due to kinetic
limitations and the occurrence of a metastable zone in the vicinity of the equilibrium line,
resulting in two “apparent” equilibrium lines instead of a single one, €.g. such as observed in
the case of calcium chloride [20] and copper chloride [21]. This is also the case for the
SrBr2/H20 reaction system investigated in the present work. In this context, we therefore use
the term “pressure-dependent reaction temperature”, when we refer to the apparent equilibrium
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temperature. Experimental data points on the pressure-dependent reaction temperatures are
obtained from the lab-scale setup. These data are evaluated to determine the operation range of
the thermochemical working pair.

For the design of high-power storage reactors, not only knowledge on the reaction temperatures
is required, but also information on the effective reaction rates, as these might limit the
performance of the storage. However, it is important to note that it is not our aim to gain a deep
understanding on the actual reaction mechanisms or the physical processes which determine the
reaction kinetics of the gas-solid reactions. Instead, we set our focus on establishing application-
oriented empirical models for describing the effective reaction rate with regard to the relevant
conditions for thermochemical energy storage and heat transformation.

For the parametrization of the empirical reaction rate models, experimental data from TGA
measurements are evaluated. Based on the general kinetic equation commonly used for
describing the reaction rate in gas-solid reactions, we consider three separate rate-determining
terms:

= k(D) £ h(p) £q. (8)

with the temperature-dependent term k(T) according to Arrhenius law, a yield-dependent term
f(X), and a vapor pressure-dependent term h(p). For describing the influence of the gas pressure,
we chose a term in the form of h(p) = (1 — p/p*)", with p* referring to the equilibrium pressure.
Hence, for the dehydration reaction, the reaction rate is described as follows:

dx E, p \"

—=Aex{——}- X-<1— ) Eqg. (9

<7 = Aoexpi— i f0) — 9. (9)
and, correspondingly, for the hydration reaction:

dx Eq, p "

— = LR = =1]) . Eq. (10

dt Ao exp{ RT} Fe0 <phyd 1) - (10)

The kinetic parameters (pre-exponential factor Ao, activation energy E,, conversion-depending
reaction model function f(X), and pressure term exponent n) are fitted from isothermal and
isobaric TGA experiments. The detailed fitting procedure is described in section 3.3.

3 Results and discussion

Using the experimental methods and data analysis procedures described above, the
thermochemical working pair SrBro/H20 is investigated with regard to its operation range for
energy storage and heat transformation. Data on the dehydration reaction temperature and
Kinetics are necessary to better understand the limiting processes during the charging phase of
the storage, which we assume to take place at temperatures as low as possible in industrial
applications. In contrast, the hydration reaction determines the maximum discharge temperature
and thermal power of the storage, given that steam is supplied as gaseous reactant at a certain
maximum pressure, e.g. determined by the maximum available waste heat temperature. And,
lastly, cycle stability of the chemical reaction is a basic prerequisite in all kinds of industrial
storage and heat transformation applications.



3.1 Investigations on the dehydration and hydration reaction temperatures
As described above, data on the thermodynamic equilibrium of gas-solid reactions are
commonly determined from dynamic (non-isothermal) TGA measurements. Usually, sets of
dynamic experiments with varying vapor pressures are performed, and the onset temperatures
are evaluated [22]. As the onset temperature also depends on the heating rate (dehydration) or
cooling rate (hydration), respectively, measurements are conducted at different rates. The onset
temperatures are extrapolated to a rate of 0 K/min, which gives the estimated equilibrium
temperature for a corresponding vapor partial pressure.
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Fig. 2. a) Investigation of the dynamic dehydration and hydration reaction with
thermogravimetric analysis (TGA). Resulting level of hydration for p=19kPa and a
heating/cooling rate of +/-0.5 K/min. A hysteresis of 53 K is found between the hydration and
dehydration onset temperatures (3%, %). b) Investigation of the pressure-dependent reaction
temperatures in the lab-scale setup. For a similar steam pressure as in the TGA experiments
(hydration: 18 kPa, dehydration: 17 kPa), a significantly smaller hysteresis of 14 K between the
reaction temperatures (A,A) is observed. When the pressure was lowered to 6 kPa in the
dehydration process, a reaction temperature of 189 °C was reached. In comparison to the 188 °C
hydration data point, this corresponds to a hysteresis of approximately 12 kPa in terms of the
pressure offset between the back and forward reaction at the same temperature.

However, following this procedure for the reaction system SrBr2/H20, a kinetic limitation was
found which led to unexpectedly low hydration temperatures. For example, for heating/cooling
rates of £0.5 K/min and a water vapor partial pressure of 19 kPa, the onset temperature of the
dehydration reaction was 211 °C, whereas for the hydration reaction at the same vapor pressure,
an onset temperature of 158 °C was found, thus resulting in a thermal hysteresis of 53 K (see
Fig. 2a).



In contrast to these dynamic TGA experiments, where a specific temperature profile is applied
on the SrBr. sample, the experiments with the lab-scale setup are conducted at constant preheat
temperatures. However, no significant heat flux is introduced into or withdrawn from the
reactive material during the reaction. Hence, a characteristic temperature plateau builds up in
the bulk phase. These characteristic plateaus correspond to a minimum temperature in the case
of the endothermic dehydration reaction, and to a maximum temperature in the case of the
exothermic hydration reaction.

Compared to the TGA experiments at similar vapor (partial) pressures, our results from the lab-
scale experiment show slightly lower dehydration temperatures (202 °C reaction temperature
vs. 211 °C onset temperature) and significantly higher hydration temperatures (188 °C reaction
temperature vs. 158 °C onset temperature). Thus, in the lab-scale experiment, the thermal
hysteresis is reduced to 14 K between the dehydration of the monohydrate and the hydration of
the anhydrous phase (see Fig. 2b). This finding indicates that the onset temperatures determined
from dynamic TGA experiments are dominated by a kinetic limitation, and therefore do not
lead to a reliable evaluation of the thermodynamic equilibrium state. Obviously, the lab-scale
setup results are much closer to the actual thermodynamic equilibrium. As described by
Sdgutoglu et al., a metastable zone in the vicinity of the of the equilibrium line can be described
by nucleation and growth processes [21]. Based on their findings, the kinetic limitation
observed in the TGA experiments on the SrBrz hydration reaction could be explained by the
formation of nuclei, with the nucleation rate limiting the overall conversion in the metastable
zone. This could lead to the lower hydration onset temperature found in the dynamic TGA
experiment. In contrast, in the lab-scale setup with a sample mass of around 1 kg, the existence
of nucleation sites already at the very beginning of the hydration reaction is very likely, e.g. due
to a remainder of some only partially dehydrated crystals in the packed bed. These already
available nucleation sites could instantaneously trigger the hydration reaction, thus leading to
higher apparent equilibrium temperatures in the lab-scale setup. Hence, to obtain the pressure-
dependent reaction temperatures of the hydration and the dehydration reactions, we use the lab-
scale setup which features reaction conditions more representative for potential storage
applications.

One key finding of those lab-scale experiments is that the temperature plateaus are solely
determined by the steam pressure, and do not depend on the preheat temperature of the bulk
phase, which is set via the heat transfer fluid temperature. Corresponding exemplary
experiments with a variation of the steam pressures and preheat temperatures are presented in
Fig. 3. Based on these results, we conclude that from the temperature plateaus, the pressure-
dependent reaction temperatures of the chemical reaction can be derived in sufficient
approximation.
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Fig. 3. Investigation of the reaction temperatures in the lab-scale setup for different steam
pressures and preheat temperatures. The differing preheat temperatures can be read from the
isothermal conditions before the start of the experiment (t =0 min). The resulting plateau
temperatures (A,A) are evaluated as a function of the corresponding pressure data. a)
Dehydration reaction. b) Hydration reaction.

The resulting temperature-pressure data pairs are plotted in the Van’t Hoff graph in Fig. 4 for a
total of 75 experiments, conducted with three different batches of SrBro-H2O. In this
experimental series, the steam pressures as well as the preheat temperatures were varied. The
experimental results reveal that there still is a thermal hysteresis between the endothermic and
the exothermic reaction, but that it is significantly smaller than found in dynamic TGA
experiments. We assume this hysteresis to be caused by a similar mechanism as discussed for
the TGA experiments, which is presumably more significant at lower temperatures. For
experimental reasons (the maximum thermal oil temperature is limited to 210 °C), higher
dehydration pressures could not be investigated in the available setup. Additional experiments
would hence be needed to fully clarify if the two lines merge into one at higher steam pressures
(and thus, at higher absolute temperatures), as it is the case e.g. for the hydration reaction of
Ca0 and dehydration of Ca(OH)z, respectively [23].

In order to account for the drifting apart of the reaction temperatures from the equilibrium line
for pressures below approximately 30 kPa, the dehydration and the hydration data points were
fitted by linear regression:

3

_ _ 10

dehydration reaction: 10g(Penya /kP2) = 14.69 — 6.41 - /K Eqg. (11)
. . 103

hydration reaction: log(Phyq /kPa) = 8.18 —3.19 " —— Eq. (12)

T/K

These correlations of the steam pressure and the reaction temperatures give a first estimation of
the operation range of a thermochemical storage and heat transformer operated with the
SrBr2/H20 working pair. E.g., we conclude that a minimum temperature of 170 °C will be
required to charge the storage, even if the steam pressure is kept below 2 kPa (15 °C
condensation temperature), which can be considered a lower limit in industrial applications due
to the needed cooling effort. The two p,T-correlations from Eq. (11) and Eqg. (12) are used in
the analysis on the effective hydration and dehydration reaction rates later on.
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Fig. 4. Van’t Hoff plot of the experimental results on the dehydration and hydration reaction
temperatures. In addition to the pressure-dependent, characteristic temperature plateaus found
in experiments with the lab-scale setup (A,A), the plot contains data from dynamic TGA
measurements (¥, %) . These two experiments were conducted at a heating and cooling rate of
+/-0.5 K/min and, despite this low rate, reveal a thermal hysteresis which is significantly larger
than the one observed in the lab-scale experiments. The thermodynamic data
ARH® = 72.8 kJ/mol and ArS® =152 J/(mol'K) are given for the reference pressure p° =
0.1 MPa, and temperature T° = 298 K [15].

3.2 Cycle stability

After having identified the operation range of the reversible chemical reaction, probing the cycle
stability is the next crucial hurdle to qualify the SrBr./H.O working pair for any industrial
storage application. As 170 °C is identified as the minimum required charging temperature, this
value is chosen as reference temperature for isothermal cycling TGA experiments. In this
analysis, the progression of the reaction conversion is evaluated.

100 hydration/dehydration cycles were performed at the constant temperature of 170 °C (STA
449 F3 with humidity sensor): In the hydration phase, the water vapor partial pressure was set
to 30 kPa (relative humidity of 51% at 85 °C) for the duration of one hour. This humidity
condition was chosen as it allows for full conversion to the monohydrate within less than 10
minutes. Subsequently, the relative humidity in the sample chamber was set to 0% for one hour,
except for the last dehydration phase (cycle #100), which was set to three hours under dry
atmosphere. The humidity was measured in the gas mixing chamber next to the inlet of the
sample chamber. When analyzing the recorded humidity for the given TGA operation
conditions, we observed that it takes less than 2 minutes to reach 80% of the set humidity during
the hydration phase, but approximately 10 minutes until a dry atmosphere is obtained in the
sample chamber in the dehydration phase. This temporal offset, which depends on the TGA
parameters (e.g. prior and set humidity, gas volume flow and temperatures) causes a dead time
until the reaction in the TGA sample chamber starts, both in the case of the dehydration and the
hydration reaction.
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In the analysis on the reaction conversion calculated from the mass loss or gain during cycling,
it is assumed that at the end of a hydration phase, i.e. after 60 min under humid atmosphere, a
full reaction conversion of Xnya = 1 is reached. The progression of the reaction conversion from
cycle #1 up to cycle #100 is displayed in Fig. 5. It is found that the phase transition from the
monohydrate to the anhydrous phase and reverse is cycle stable, although the rate of the
dehydration reaction deccelerates considerably during the cycling series especially for the “tail”
of the reaction progression.
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Fig. 5. Cycle stability in terms of the reaction progression during isothermal cycling. Data from
different cycles are indicated by changing colors from black to red, with examples shown in the
legend for orientation. a) Isothermal dehydration at 170 °C sample temperature and dry nitrogen
atmosphere. b) Isothermal hydration at 170 °C sample temperature and a water vapor partial
pressure of 30 kPa.

While in the 1% dehydration cycle, full conversion is already reached within approximately 20
minutes, the 100" dehydration is completed only after three hours (not shown in the graph).
Although the hydration reaction was observed to slightly deccelerate too, the effect is less
significant. The first hydration reaction apparently has an offset compared to all the later cycles,
even though the qualitative trend is very similar to the next cycles. We assume this to be caused
by the experimental conditions in the setup, e.g. humidification of the sample chamber walls
and piping, as the equipment was purged with nitrogen for several hours before the start of the
experiment. Similarly, we consider the larger dead times in several of the dehydration cycles to
be experimental artefacts caused by deviant humidity conditions in the setup.

As the experimental cycle time was fixed to one hour each for the hydration and the dehydration
runs, the decomposition reaction did not reach full yield after several cycles, and therefore the
hydration reaction did not start from the hydration level 0.0 mol H2O/mol SrBr; for higher cycle
numbers. The impact of the rate-decelarating effect is quantifiable from the analysis presented
in Fig. 6, which gives the experimental time until 50% and 80% of the expected full conversion
are reached. The time constants do not change for the hydration and, in the case of 50%
conversion, also for the dehydration reaction. In contrast, the 80% time constant in case of the
dehydration rises linearly. Over the course of 100 hydration/dehydration cycles, this time
constant increases by approximately 60%. We assume this to be caused by microscopic changes
within the SrBr2>-H20 phase, e.g. causing inhibited vapor mass transfer, or by some effect on

12



the reaction kinetics of the dehydration reaction. It is not clear from this experiment, if and
when any steady state is reached.

OpF——T——T7T T T 1

hydration: dehydration :
50 |- v 50%conv. ¥ 50% conv. =
A 80% conv. A 80% conv.

S

o
T
|

time t (min)
T
R

0.20I40I60.80I100
cycle number (-)

Fig. 6. Evaluation of the cycle stability in terms of the experimental time required to reach 50%

and 80% reaction conversion. While the hydration reaction can be considered to be fully cycle-

stable under the given experimental conditions (170 °C, 30 kPa water vapor partial pressure), a

decrease of the effective reaction rate of the dehydration reaction is found at reaction

conversions larger than 50% (170 °C, dry nitrogen atmosphere).

Please note that this cycling series was performed under “extreme” experimental conditions,
i.e. the minimum temperature required to perform the dehydration reaction on a reasonable time
scale (< 1 hour in TGA experiments). We believe this very low temperature of 170 °C to be
hardly realistic for charging the storage in an industrial application as this requires very low
steam pressures (< 2 kPa or 15 °C condensation temperature). Therefore, in order to understand
how the cycling affects the dehydration behaviour at higher temperatures and pressures which
are likely to be more relevant in industrial applications, additional experiments were performed
with the cycled SrBrz sample and compared to an uncycled sample in an identical experiment.
At the beginning of these experiments, the samples were treated with the usual heating
procedure up to 250 °C to ensure complete dehydration to the anhydrous phase. Fig. 7 contrasts
the results obtained for the cycled SrBrz with the results from the uncycled SrBr». In all cases,
the reaction conversion exceeds 95%, with no significant differences between cycled and
uncycled samples (< 3%) with the given measurement accuracy. For better comparison of the
reaction progression, the conversion is normalized to a value of 1 in Fig. 7. As the dead time
varies due to the different experimental conditions, the curves are shifted along the time axis.
The onset time t = 0 min is determined by the intercept point of a tangent fitted at Xnorm = 0.1
with the time axis. It is observed that at higher dehydration temperatures (210 °C), the reaction
conversion of the cycled material is very similar to the behavior of uncycled material: the
progression of the dehydration reaction at 210 °C and a dry nitrogen atmosphere, and also under
a water vapor partial pressure of 10 kPa, is not affected in any way similar to the dehydration
behavior under the cycling series conditions (170 °C, 0 kPa). This is a very important finding
since it proves that the lacking cycle stability indicated by Fig. 6 is only of little relevance under
application-relevant operation temperatures. Also, this observation supports the assumption that
cycling may affect the reaction kinetics of the dehydration reaction, but not the “chemical”
reversibility of the dehydration reaction.

13



[T
g 08 _

5
N
5 06 4
wv

g —— 170°C, 0 kPa, cycle #1

S 04 — — 170°C, 0 kPa, cycle #100 |
c —— 210°C, 10 kPa, cycle #2 | |
= — — 210°C, 10 kPa, cycle #102

g 02 —— 210°C,0kPa, cycle #3 |
= — — 210°C, 0 kPa, cycle #103

0.0 1 L 1 " 1 N 1 L 1

0 30 60 90 120 150 180
time t (min)

Fig. 7. Progression of the dehydration reaction conversion of cycled and uncycled SrBrz-H20.
For better comparison, the conversion is normalized and the reaction onset time is set to 0 in
this graph. These experiments prove the cycle stability of the SrBr2/H20 working pair over 100
hydration/dehydration cycles.

No macroscopic changes were visible to the bare eye when the SrBr, sample was optically
investigated after the completion of the experimental series. The granules did not agglomerate,
but were still loose and easily pourable. However, this does not give information on cycling-
induced microscopic transformations within the SrBr; particles.

Summing up, from the experimental study on the cycle stability of the monohydrate formation
and decomposition, we conclude that the reaction is chemically reversible, although the reaction
rate of the dehydration reaction decreases in the course of the cycling at low temperatures
(170 °C). Given that this degradation effect is not observed when the cycled material is
investigated at higher temperatures (210 °C), and moreover, that the degradation could likely
be eliminated by pretreating the SrBr2-H20 particles (e.g. milling to obtain smaller primary
particles) or using rate-accelerating additives, our results indicate that the reaction system
SrBr2/H20 is indeed a promising candidate for thermochemical energy storage and heat
transformation, with applications requiring large numbers of charging/discharging cycles.
Besides, the progression of the dehydration reaction conversion performed under application-
relevant operation conditions (210 °C and 10 kPa, corresponding to 45 °C condensation
temperature) shows that 80% of the full conversion is reached after approximately 5 minutes,
thus highlighting that the SrBr2/H>O working pair promises high specific thermal powers due
to fast reaction kinetics. This last point is discussed in more detail in the following section.
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3.3 Empirical models of the effective reaction rates

Not only the thermodynamic properties (i.e. pressure-dependent reaction temperatures), but also
the reaction kinetics determine a thermochemical storage’s operation range since the maximum
thermal power of the thermochemical reactor is limited by the effective rate of the chemical
reaction. To be able to assess the maximum thermal powers allowed by the effective rate of
reaction, Kinetic data on the reaction progression are required, which include the temperature
and pressure range relevant for typical storage applications. However, due to the operational
limitations of the TGA setups, this range is restricted to operation under atmospheric pressures
and adjusting the steam pressure by dilution with nitrogen. In the following analysis, it is
therefore assumed that running the chemical reaction at water vapor partial pressures instead of
pure steam atmosphere does not affect the reaction progression. This is considered a valid
assumption due to the milligram sample size, so that the formation of a nitrogen boundary layer
(which could limit vapor transport) can be neglected. Please note that the aim of this section is
not to understand the reaction mechanism in depth, but rather to provide the simplest empirical
model with sufficient resolution for the investigation of potential applications.

Based on the qualitative progression of the reaction conversion presented in the investigation
on the cycle stability, a single-step reaction progression is assumed. Besides, the trends of the
reaction conversion of uncycled material suggest that a bounded exponential growth model is
appropriate to mathematically describe the effective reaction rates. Hence, we chose the first-
order rate model for both the dehydration reaction and the hydration reaction [24] :

X(t) =1 —exp(— kegr " 1), Eg. (13)

With the thereby given linear correlation between —In(1-X) and t, effective rate coefficients
Ketfexp Were determined by fitting results from TGA experiments similar to the cycling
experiments from Fig. 5 conducted under isothermal and isobaric conditions. The rate curves
X(t) are normalized to 1. In the non-normalized data, the average reaction conversion is 1.00,
with a standard deviation of 2%. The minimum and maximum values range from 0.95 to 1.05.
We assume that the reaction yielded full conversion in the experiments evaluated in context of
the reaction rate determination, and attribute the error to measurement inaccuracies, e.g. due to
partial hydration during weighing of the monohydrate samples under ambient conditions. The
results of the evaluation on Ketf,exp are summarized in Tab. 1 (dehydration reaction) and Tab. 2
(hydration reaction).

Considering the rate of reaction derived from Eq. (13),

= ket (1= X) = kg ), Eq. (14)

and the rate model proposed in Eq. (8), it follows that kets gives all the necessary information
on the activation energy E,, the pre-exponential factor Ao, and the exponent n of the pressure
term:

Ea

n
dehydration reaction: kete = Ag exp {— ﬁ} . <1 — > P ) Eq. (15)
dehyd
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hydration reaction: Eq. (16)

E p "
keff = AO eXp {— R—;} ' <m - 1) .
y

The further reaction rate analysis is discussed separately for the hydration and dehydration
reactions in the following sections.

Tab. 1. Effective rate coefficients Kefrexp Of the dehydration reaction under isothermal and
isobaric conditions. AT gives the difference between the experimental temperature T and the
reaction temperature Tqenya €Xpected for the given water vapor partial pressure p. R? gives the
coefficients of determination of the linear fit of the experimental data, which is evaluated in the
range from Xmin t0 Xmax.

T p Tdehyd AT Keff,exp R? Xmin Xmax

G (kPa) (W) (K) (10°s) () () ()
162 0 -- -- 1.08 0.921 0.05 0.80
172 0 -- -- 1.82 0.938 0.05 0.80
185 0 -- -- 3.20 0.974 0.05 0.80
190 0 -- -- 4.20 0.987 0.05 0.80
210 0 -- -- 8.69 0.997 0.05 0.80
210 0 -- -- 9.01 1.000 0.05 0.80
185 5 185 ~1 1.47 0.987 0.10 0.60
190 5 185 5 3.25 0.987 0.05 0.80
200 5 185 15 5.26 0.996 0.05 0.80
210 5 185 25 9.21 0.998 0.05 0.80

Tab. 2. Effective rate coefficients Ketf,exp O the hydration reaction under isothermal and isobaric
conditions. AT gives the difference between the experimental temperature T and the reaction
temperature Thyd expected for the given water vapor partial pressure p. R? gives the coefficients
of determination of the linear fit of the experimental data, which is evaluated in the range from
Xmin 10 Xmax.

T p Thyd AT keff,exp R? Xmin Xmax

(C) (kPa) CC) (K) (10°%/s) () () ()
186 69 230 -44 12.98 0.996 0.06 0.95
192 69 230 -38 8.19 0.985 0.05 0.90
200 69 230 -30 3.84 0.992 0.05 0.85
203 69 230 -27 2.35 0.996 0.05 0.85
207 69 230 -23 1.38 0.994 0.05 0.65
180 29 202 -22 1.54 0.997 0.05 0.85
180 36 209 -28 3.46 0.984 0.05 0.90
180 45 216 -36 8.06 0.991 0.05 0.80
180 55 223 -42 13.20 0.986 0.05 0.95
151 45 216 -65 65.63 0.964 0.05 0.95
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3.3.1 Parametrization of the dehydration reaction rate model

The dehydration reaction of the monohydrous salt was investigated in isothermal experiments
performed at low water vapor partial pressures (STA 449F3 with humidifier and humidity
sensor). To account for the temperature-dependency of the dehydration reaction rate, the first
parameter being assessed from an Arrhenius plot is the activation energy Ea.. and the pre-
exponential factor Ao, see Fig. 8a. In this analysis, data from TGA experiments in dry nitrogen
atmosphere are evaluated, since this way the vapor pressure influence on the reaction rate can
be neglected. The temperatures in the considered experiments vary in the range from 160 °C to
210 °C, and the analysis gives the two parameters E, = 75.7 kJ/mol and Ao = 1.38-10° 1/s.

B e s ey s 02 ——T—"T"T1T" T T T
45 210°C B 0kPa, isothermal | 7] . W 5kPa, isothermal
I —— linear fit i 0.0 - | — linear fit 210°C m
5.0 | - B |
o H 200°C
. 8 02} a
L 55 190 °C - =
K 185 °C o
x ® 0.4 b =
< 60k N 4 0.4
B <
65| R?=0.998 Yl il ¢ 06 R’ =0.963 -
slope-9.11 162°C | f:-:/ slope 0.25
F0k intercept 14.14 ol - 08k 185 °C |
P P RN NP R R PR IR N NN RPN RPN B |
205 210 215 220 225 230 235 -35 -3.0 -25 -20 -15 -1.0 -05 00
1000/T (1/K) IN(1-0/P genye) ()

Fig. 8. Dehydration reaction. a) Determination of the activation energy Ea. from the slope and
the pre-exponential factor Ao from the offset of the linear regression (Arrhenius plot). Only
experiments conducted under dry nitrogen atmosphere are evaluated in this analysis. b)
Determination of the pressure term exponent. Here, experiments conducted under 5 kPa water
vapor partial pressure and different temperatures are evaluated.

In the next step, the pressure term exponent n is fitted from dehydration experiments in humid
atmosphere. In this analysis, experiments at a constant water vapor partial pressure of 5 kPa and
different temperatures were considered, as these values are relevant for industrial applications
and, besides, correspond to the operation conditions investigated in the proof-of-concept of the
SrBr2/H20 working pair in a 1 kW storage module [17]. From the plot given in Fig. 8b, we
obtain the parameter n = 0.25.

Hence, the empirical rate model of the dehydration reaction is parametrized as follows:

dx 75.7 kJ - mol~? p \"%
—~ =1.38-105s"1 ex {— } (1-X)- <1 - ) . Eq.(17)
de P RT Pdehyd

The reaction pressure peenyd for the given temperature is derived from the experimental results
of the lab-scale setup, and can be obtained from Eq. (11).
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3.3.2 Parametrization of the hydration reaction rate model

The hydration reaction was investigated in isothermal experiments performed at higher water
vapor partial pressures (STA 449C with steam generator). Following the same procedure as in
the case of the dehydration reaction, the effective rate coefficients Kefrexp are calculated based
on a first-order rate model, see Tab. 2. Notably, the results indicate that at constant vapor
pressures and varying temperatures, the rate coefficients actually decrease with increasing
temperature (or decreasing temperature difference AT).

This is explained by the pressure term in Eq. (10) (last term): an increased temperature leads to
a higher reaction pressure pnyd, thus resulting in a smaller ratio p/pnyd, which lowers the overall
reaction rate. In the considered temperature and pressure range, this rate-limiting effect of the
pressure term overbalances the rate-increasing impact of the Arrhenius term. If these kets data
were fitted in an Arrhenius plot (compare Fig. 8a for the dehydration reaction), this would result
in a physically nonsensical negative activation energy. This is not an uncommon phenomenon
for gas-solid reactions showing a rate decrease in the vicinity of the equilibrium line. For
instance, a virtual negative activation energy was also observed for the hydration reaction of
calcium oxide [25]. A non-parametric modelling method such as proposed by Birkelbach et al.
is one approach to address such kind of a reaction rate behavior [26]. However, since in this
work we pursue an application-oriented empirical correlation on the hydration reaction rate, we
set aside the determination of the Arrhenius parameters (pre-exponential factor Ao, activation
energy Ea) from the experimental data. Instead, based on the assumption of a first-order rate
model, we simplify Eq. (16) by replacing the Arrhenius term by a constant, and obtain the
following equation:

n
ket = Kit - <L - 1) . Eqg. (18)
Phyd

Provided that this mathematical approach is valid, plotting the data points In(kesr) versus
In(p/pryd-1) should result in a straight line, with the slope n and the offset In(Krit). Indeed, the
experimental data displayed in Fig. 9a indicate that this simplification of the rate model is
justified. The slope of the linear fit gives the pressure term exponent n = 1.8. The rate coefficient
Krit = 1.60 - 107 1/s is determined from the intercept.
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Fig. 9. Parametrization of the hydration rate model. a) The pressure term exponent n is
determined from the slope, and the rate coefficient Krit from the intercept of the linear fit. b)
Validity evaluation of the effective rate coefficients predicted by the empirical model, which is
parametrized with the values n and Krit determined from the left plot. The bisectrix in the parity
plot indicates an ideal reproduction of the experimental rate coefficients.

Therefore, the parametrized rate model of the hydration reaction results in:

dx p 1.8
— =160-103s1-(1-X)- <—— 1> . Eq. (19)
de Phyd

The reaction pressure pnyq for the given temperature is derived from the experimental results of
the lab-scale setup, and can be obtained from Eq. (12). Due to the simplification of the hydration
rate model, i.e. due to omitting the rate-diminishing Arrhenius term, the model will at some
point fail to correctly reproduce the decrease of the rate with decreasing temperatures. Instead,
the model given in Eq. (19) would predict infinitely increasing reaction rates with decreasing
temperatures. Hence, predicting a “cold start” of the hydration reaction from initial temperatures
of more than approximately 65 K below the expected reaction temperature (compare maximum
values of AT given in Tab. 2') could lead to incorrect results. Apart from that, in the particular
case of the SrBro/H20 reaction system, starting from “too low” temperatures (e.g. ambient
temperature) would lead to a hydration reaction not only from the anhydrous salt to the
monohydrate, but also from the monohydrate salt to the hexahydrate, and then to an unwanted
solid-liquid phase change at higher temperatures.

Although Eq. (19) is based on a simplified rate model approach, the effective rate coefficients
are reproduced with good accuracy. This is indicated by the evaluation presented in the form of
a parity plot in Fig. 9b, which contrasts the predicted with the experimental rate coefficients.
The rate-diminishing effect of increased temperatures is correctly reproduced. However, for
operation parameters resulting in larger rates, e.g. 69 kPa and 186 °C, the model slightly
underrates the experimental values.

3.3.3 Model evaluation

In a last step, the empirical models are evaluated by comparison with the experimentally
determined reaction conversions from the TGA experiments. Fig. 10 shows the modelled
reaction conversions (line plots) versus the experimental results (scattered plots) for varying
operation conditions. For all of the depicted graphs, the results from the empirical models are
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shifted along the time axis so that the point Xnorm = 0.5 corresponds to the same point of the
experimental curve in order to compensate for the dead time caused by the TGA experimental
conditions.

Generally, the qualitative trends of the reaction conversions are correctly reproduced by the
empirical models. In the case of the dehydration, the rate-increasing impact of the temperature
is clearly indicated by the model (e.g. 5 kPa, 190 °C versus 210 °C). For higher rates, e.g.
10 kPa and 210 °C, the slope of the reaction conversion is closely reproduced by the empirical
model up to a conversion of 80%, even though the parametrization of the rate model was
implemented based on a data set with a maximum dehydration vapor pressure of 5 kPa. For low
dehydration rates, e.g. 170 °C and dry nitrogen atmosphere, the model underrates the
dehydration progression of SrBr2-H,O. Here, the reaction conversion follows a more sigmoidal
trend and, hence, is not closely represented by a first-order rate model.
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Fig. 10. Evaluation of the empirical rate models. The experimental data is given by the scatter
plots; the corresponding results from the experimental rate models given in Eq. (17) and
Eq. (19), respectively, are displayed as line plots in the same color. a) Dehydration reaction. b)
Hydration reaction.

Similarly, in the case of the hydration reaction, the empirical model shows close agreement with
experimental data for operation parameters which allow high reaction rates. For operation
parameters closer to the equilibrium conditions, e.g. 69 kPa, 207 °C, the experimental reaction
conversion shows a more sigmoidal progression, and hence, cannot be fully reproduced by the
first-order rate model. To prove the validity range of the empirical model, the plot includes
additional experimental data which are not considered in the determination of the rate model
parameters (97 kPa, 189 °C). Still, even for this higher water vapor partial pressure, the
empirical model predicts the reaction conversion with sufficient accuracy.

In general, in the range from approximately 0.1 < Xnorm < 0.8, the qualitative trend of the
reaction conversion is accurately reproduced, so that the models parameterized in this work are
considered valid empirical descriptions of the hydration and dehydration reaction rates of
strontium bromide anhydrate.

20



3.4 Consequences for thermochemical storage applications

The performed material characterization study provides technically feasible charging and
discharging temperatures as a function of the water vapor pressure. In a previous study, we have
demonstrated the technical feasibility of distinct storage operation parameters, e.g. a minimum
charging temperature of 179 °C (1 kPa condenser pressure) and a maximum discharging
temperature of 281 °C (560 kPa evaporator pressure) [17]. With the p,T-correlations presented
here, the operation parameters of the storage can be estimated for any other operation point
within this range. E.g. for a given waste heat temperature of 120 °C (200 kPa) available for
steam generation, the corresponding reaction temperature of the hydration reaction is 270 °C,
according to Eq. (12. Assuming that a heat exchanger temperature gradient of 20 K is required
to allow for a heat flux between the heat transfer fluid (HTF) and the storage, we conclude that
the storage can be discharged at 250 °C HTF temperature. On the other hand, charging the
storage e.g. at 210 °C HTF temperature (e.g. solar thermal energy or industrial waste heat)
requires the condensation of the gaseous reactant at 7 kPa, see Eq. (11). Again, this estimation
takes into account an internal gradient of 20 K in the heat exchanger. This vapor pressure
corresponds to a condensation temperature of 40 °C, e.g. cooling with ambient air. The given
operation points therefore result in an effective thermal upgrade by 40 K between the charging
and the discharging temperature. Besides, the analysis of the effective reaction rates reveals
170 °C as the minimum temperature required for charging with technically relevant operation
conditions: although charging the storage at lower temperatures is possible with moderate
dehydration rates in water-free atmospheric conditions, this requires additional cooling effort
to condense the water vapor emerging from the reactive material (e.g., below 15 °C).

Our results on the effective rates of reaction imply that the SrBro/H20 working pair is suitable
for applications which require high specific thermal powers: e.g. for the discharging reaction
running at 69 kPa and 200 °C, the effective rate coefficient 3.84 - 10 1/s implies that 80% of
the storage’s capacity can be discharged with specific thermal powers from 0.2 — 1.2 kW/kg
SrBr, assuming a reaction enthalpy of 72 kJ/kg, the SrBr, molar weight 247 g/mol, and the
first-order rate model described in Eq. (14). By choosing a higher steam pressure, these values
can be further increased. Alternatively, for a lower discharge temperature and the same steam
pressure (180 °C, 69 kPa), the specific power reaches values in the range of 0.9 — 4.4 kW/kg
SrBr; (effective rate coefficients in Tab. 2). Correspondingly, running the charging reaction e.g.
at 210 °C and 5 kPa results in specific thermal powers in the range of 0.5-2.5 kW/kg
SrBr2-H>O (effective rate coefficients in Tab. 1). However, the thermal power of an actual
storage reactor is more likely determined by its design with regard to heat and mass transfer
limitations. For instance, at distinct operating points (discharging at 208 °C, 150 kPa), the
proof-of-concept storage reactor featured a maximum thermal power of 0.26 kW/kg SrBr, [17],
and hence, was probably limited by heat transfer. Still, the empirical rate models developed and
validated in this work are required to optimize the storage performance, e.g. by performing
numerical studies on the packed bed heat exchanger design.
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4 Conclusions

The hydration reaction of strontium bromide to its monohydrate phase and the dehydration
reaction of the latter were identified as a promising thermochemical system for thermal energy
storage and heat transformation. In this study, we report on the thermodynamic and kinetic
properties and the cycle stability of the reactions. Our study includes examinations based on
thermogravimetric analysis (TGA) as well as lab-scale experiments.

Pressure-temperature correlations describing the reaction temperatures for the dehydration and
the hydration reactions are derived from the lab-scale setup in a pressure range from 1 kPa up
to 150 kPa. The observed reaction temperatures stretch from approximately 160 °C up to
260 °C. At a steam pressure of 17 kPa, a thermal hysteresis of 14 K between the dehydration
and the hydration reaction is observed. With the p,T-correlations presented here, the operation
parameters of a SrBro/H>O thermochemical energy storage and heat transformers can be
assessed in terms of charging/discharging pressures and temperatures.

To be able to assess the maximum thermal power allowed by the effective rate of reaction, we
conducted Kinetic studies in a temperature and pressure range relevant for typical storage
applications. It is found that the rate of reaction slows down significantly when approaching
thermodynamic equilibrium conditions not only in the case of the dehydration, but also in the
case of the hydration reaction: here, at constant steam pressure, increasing temperatures
effectively lead to lower reaction rates. For instance, when discharging at 180 °C and 69 kPa
steam pressure, specific powers up to 4.4 kW/kg SrBr. were found in the TGA experiments.
Furthermore, we developed empirical models for the hydration and the dehydration reactions
which allow predicting the progression of the chemical reactions in a storage system operated
under technically relevant operation conditions (hydration reaction: 30 — 97 kPa, 150 — 210 °C;
dehydration reaction 0 — 10 kPa, 160 — 210 °C).

Cycle stability is experimentally proven in an isothermal TGA experiment for 100
hydration/dehydration cycles. Although the rate of the dehydration reaction decreases for
conversions larger than 50% during cycling under low temperatures (170 °C), the reaction is
fully reversible. Although no final statement can be drawn on the more long-term cycle stability
or possible macroscopic changes when operated on larger scale, strontium bromide is a highly
promising candidate for thermochemical energy storage and heat transformation.
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6 Nomenclature

Greek letters

\ stoichiometric coefficient
9 temperature, °C

Latin letters

Ao pre-exponential factor, 1/s

ARG Gibbs enthalpy of reaction, kJ/mol

ARH? standard molar enthalpy of reaction, kJ/mol
ArS° standard molar entropy of reaction, J/(mol-K)
Ea activation energy, kJ/mol

f(X) reaction model function

h(p) pressure term

k rate coefficient, 1/s

k(T) Arrhenius term, 1/s

Krit reaction rate coefficient, 1/s

Keg equilibrium constant

m mass, kg

n pressure term exponent

p pressure, kPa

p° reference pressure, kPa

R universal gas constant, 8.314 J/(mol-K)
R? coefficient of determination

t time, s

T absolute temperature, K

X reaction conversion
Indices

0 standard conditions for temperature and pressure (273.15 K, 1 atm)
dehyd dehydration

eff effective

exp experimental

g gas

hyd hydration

norm normalized

S solid

Abbreviations

DSC differential scanning calorimetry
HTF heat transfer fluid

TG thermogravimetric
TGA  thermogravimetric analysis
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