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Abstract: The CaO/Ca(OH), system can be the basis for cost-efficient long-term energy storage, as the
chemically stored energy is not affected by heat losses, and the raw material is cheap and abundantly
available. While the hydration (thermal discharge) has already been addressed by several studies,
for the dehydration (thermal charge) at low partial steam pressures, there is a lack of numerical
studies validated at different conditions and operation modes. However, the operation at low steam
pressures is important, as it decreases the dehydration temperature, which can enable the use of waste
heat. Even if higher charging temperatures are available, for example by incorporating electrical
energy, the reaction rate can be increased by lowering the steam pressure. At low pressures and
temperatures, the limiting steps in a reactor might change compared to previous studies. In particular,
the reaction kinetics might become limiting due to a decreased reaction rate at lower temperatures, or
the reduced steam density at low pressures could result in high velocities, causing a gas transport
limitation. Therefore, we conducted new measurements with a thermogravimetric analyzer only for
the specific steam partial pressure range between 0.8 and 5.5 kPa. Based on these measurements,
we derived a new mathematical fit for the reaction rate for the temperature range between 375
and 440 °C. Additionally, we performed experiments in an indirectly heated fixed bed reactor with
two different operation modes in a pressure range between 2.8 and 4.8 kPa and set up a numerical
model. The numerical results show that the model appropriately describes the reactor behavior and
is validated within the measurement uncertainty. Moreover, our study revealed an important impact
of the operation condition itself: the permeability of the reactive bulk is significantly increased if
the dehydration is initiated by a rapid pressure reduction compared to an isobaric dehydration by a
temperature increase. We conclude that the pressure reduction leads to structural changes in the bulk,
such as channeling, which enhances the gas transport. This finding could reduce the complexity of
future reactor designs. Finally, the presented model can assist the design of thermochemical reactors
in the validated pressure and temperature range.

Keywords: thermochemical energy storage; calcium oxide/hydroxide; experimental investigation;
simulation; reaction kinetics; fixed bed reactor

1. Introduction

One possible way to store large amounts of energy and thereby better utilize inter-
mittent renewable energy sources is thermal energy storage. Using a chemical reaction
as a thermochemical energy storage offers several advantages, as the chemically stored
energy is not affected by thermal losses and the energy density is comparatively high.
Another advantage of gas-solid reactions is that heat can also be transformed by adjusting
the pressure of the gaseous component [1,2]. The reversible reaction of CaO with steam
forming Ca(OH); is promising, as the base materials are non-toxic, industrially available,

Processes 2022, 10, 325. https:/ /doi.org/10.3390/pr10020325

https://www.mdpi.com/journal /processes


https://doi.org/10.3390/pr10020325
https://doi.org/10.3390/pr10020325
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/processes
https://www.mdpi.com
https://orcid.org/0000-0002-8435-4513
https://doi.org/10.3390/pr10020325
https://www.mdpi.com/journal/processes
https://www.mdpi.com/article/10.3390/pr10020325?type=check_update&version=2

Processes 2022, 10, 325

2 0f23

and comparatively cost-efficient. Consequently, the properties of this reaction system have
been addressed by several studies. The cycle stability was proven [3,4], and different
formulations for the thermodynamic equilibrium were proposed (e.g., [5,6]). Effective
thermal conductivities of the bulk depend on the level of compression and are measured
usually between 0.1 and 0.4 W/m/K [7].

For a storage application, it is desirable to dehydrate (i.e., thermally charge) the
material at low temperatures, which requires the operation of the reactor at a low steam
pressure. A closed steam system can achieve low pressures already by ambient cooling
(e.g., a steam pressure of 5.5 kPa equals a temperature of 35 °C). Such a system can enable
the utilization of waste heat for charging at temperatures below 400 °C. For the EU, for
instance, more than 40% of the industrial waste heat would then be suitable [8]. Operation
at a low steam pressure is also desirable when higher temperatures are available as a lower
steam pressure increases the dehydration reaction rate. To support further reactor designs,
numerical models are required, including suitable reaction kinetics and experiments to
validate the models.

There are several kinetics studies on the dehydration of purged systems, thus working
at negligible steam partial pressure (e.g., [9-11]). However, it was shown that even a
low steam partial pressure can have a significant impact on the dehydration kinetics [12].
Matsuda et al. [13] performed measurements with a steam partial pressure between 1.5
and 15.7 kPa and different particle sizes between 5 and 900 um. They assumed a two-step
kinetics and found that the reaction rate is inversely proportional to the particle size. This
impact of the particle size was also found by Criado et al. [14], but their kinetics used
a single-step assumption based on measurements between 0 and 100 kPa steam partial
pressure. Schaube et al. [4] derived two equations for a conversion below and above
0.2 and covered a pressure range between 0 and 95.6 kPa. For a higher pressure range
between 50 and 500 kPa, Angerer et al. [15] derived a kinetics equation. These studies
yield significantly different equations for the effective reactive rate, since the analyzed
temperature and pressure range as well as the material’s composition and particle size
varied. Thus, there is currently no universally valid kinetics equation for the dehydration
of Ca(OH)s.

For heat storage systems with pure Ca(OH),/CaO, mainly three reactor types are
utilized. These are fluidized beds [16-18], directly permeated fixed beds [19], and indirect
fixed beds (e.g., [20-22]). While several studies show measurements with these reactor
types (e.g., [23] for an overview), there are only few measurements at low steam partial
pressures. For instance, Criado et al. [16] performed dehydrations at steam partial pressures
of 0 and 8 kPa in a bubbling fluidized bed reactor with a CaO mass between 1.8 and 2.5 kg.
Schaube et al. [19] focused on the impact of different parameters on the hydration in a
permeated 60 g fixed bed but also investigated the dehydration using a single steam
partial pressure of 1.4 kPa. As an example for an indirectly heated fixed bed, Schmidt et al.
performed several experiments in a reactor with 2.4 kg Ca(OH), [24]. However, they
mainly measured at a pressure of 10 kPa and performed only one experiment at 1.4 kPa
steam pressure. Since most studies focused on the hydration reaction, usually only a single
steam pressure was used for the dehydration measurements, and there is not much data on
pressure variations at low steam pressures, yet.

Several numerical studies of the reaction system have been conducted for each reactor
type, and the impact on different parameters has been analyzed. Criado et al. [16] and
Angerer et al. [15] used a model based on a gas phase and an emulsion phase to describe
their experiments of a bubbling fluidized bed. A comprehensive model for a permeated
fixed bed was introduced by Nagel et al. [25], and several simplified models were applied
to this reactor type (e.g., [26,27]). For an indirectly heated fixed bed, some models with
similar governing equations were utilized (e.g., [28-30]). However, few numerical analyses
addressed the dehydration at low steam pressures, and due to the lack of experimental
data, the numerical results have only been compared to single measurements.
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Therefore, in this study, the dehydration of Ca(OH); at steam partial pressures below
5.5 kPa is analyzed comprehensively. We conducted measurements between 0.8 and 5.5 kPa
steam partial pressure in a thermogravimetric analyzer (TGA) and fitted a mathematical
model to these measurements to describe the reaction rates. Moreover, we performed
lab-scale dehydration experiments in an indirectly heated fixed bed reactor in a pressure
range of 2.8 to 4.8 kPa with varying thermal input and two different operation modes.
With the derived fit for the reaction rate, we performed a finite-element simulation of these
experiments and compared the results. Finally, a sensitivity analysis of the reactor was
performed to show the limitations of the reactor.

2. Materials and Methods
2.1. Thermogravimetric Dehydration Measurements and Fit of the Effective Reaction Rate

For the determination of the effective reaction rate, analytical grade Ca(OH), with a
minimum purity of 96% and a maximum concentration of CaCO3 of 3% was used. The
average particle diameter (dpsp) was 10.4 pm. Isothermal and isobaric measurements as
well as dynamic, isobaric measurements with a heating rate of 5 K/min of the mass change
were performed in a TGA setup [24]. The sample size was around 5.5 mg Ca(OH),, and the
gas volume flow, consisting of nitrogen or a nitrogen steam mixture, was set to 100 mL/min.
To archive isothermal measurements, the gas composition was switched to a lower steam
fraction, that enabled the reaction, after the sample temperatures had stabilized. After each
dehydration measurement for a given pressure, the CaO was re-hydrated at 270 °C and
15 kPa steam partial pressure. Measurements were performed between 0.8 and 5.5 kPa
steam partial pressure and temperatures between 365 and 440 °C, as stated in Table 1.

Table 1. Overview of the TGA measurements. Isothermal values in brackets have been measured,
but they were not used for the fitting procedure.

Pressure/kPa Isothermal: Dynamic (5 K/min):
Temperature/°C Temperature/°C
0.8 (365) 375 390 270-460
12 (365 1) 375 385 390 395 405 420 270-475
2.5 390 400 405 270-490
5.5 430 440

! Stopped after 10 h.

For the mathematical fit of the TGA measurements, it is assumed that the effective
reaction rate in the rather small analyzed temperature and pressure range can be de-
scribed by a single-step reaction consisting of the product of a temperature-, pressure-
and conversion-dependent term, f(T), i(p, peq(T)) and g(X), respectively, as depicted in
Equation (1):

ax
= F(T) - h(p, peq(T)) - £(X). M

For the temperature-dependent term, the Arrhenius equation (f(T) = A - exp(—E, /RT)
with A being the pre-exponential coefficient, E, being the apparent activation energy, and R
being the universal gas constant is used.

The fitting procedure consists of two steps. In the first step, a linear fit of the time-
dependent conversion for isobaric and isothermal measurements is performed as described
by Schaube et al. [4]. For these conditions, the conversion-dependent term can directly
be compared to common reaction mechanism terms (i.e., the conversion-dependent term)
stated by [31] to identify a suitable reaction mechanism. For the linear fit as well as for
all other calculations and graphs, the equilibrium equation from Samms and Evans [6] is
used to calculated the equilibrium pressure. Several common pressure-dependent terms
are tested, and the one yielding the highest linearity in an Arrhenius plot is then utilized.
Finally, the apparent activation energy and pre-exponential factor are determined by a
linear fit in the Arrhenius plot.
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As suggested by Vyazovkina et al. [31], the result of the linear fit is used as the initial
values in a second step, which is a non-linear fit. By minimizing the quadratic differences,
the fit optimizes all parameters simultaneously for all experiments (index exp), including
also the non-isothermal measurements, according to Equation (2):

min Z Z ( Xexp,ilj — Xt
i

j)z : @

Here, j is a certain point in time in the measurement and i indicates each measurement.
For each experiment, the same amount of time points is used to equally weight each
measurement in the optimization. In addition to the result of the linear fit, also previously
published kinetics are used as initial values for the non-linear fit. As pressure-dependent
terms in Equation (1), the commonly used expression h(p, peq(T)) = [1 — p/prq(T)]", as
well as an expression by Koga et al. [12],

. b
h(PIPEq(T)) = (?) 1= (PEqP(T)> ' v

are used in the non-linear optimization. Here, py is the standard pressure and a and b are
fitting constants. For the conversion-dependent term, a generalized expression by Sestak
and Breggren [32] with fitting parameters m, n and p’ is employed:

g(X) =X"-(1-X)"- [~ In(1- X))’ @)

The Levenberg-Marquardt as well as the Nelder-Mead algorithm as implemented
in the “lmfit” library (version 1.0.3 [33]) are used for the iterative optimization. Since
the parameter space for the non-linear fit is significantly larger than for the linear fit
(i.e., 7 adjustable parameters for the non-linear fit instead of 2 plus a manually chosen
conversion- and pressure-dependent term for the linear fit), a better fit is expectable, but
the physical processes leading to the reaction rate might not be easily identified. For the
non-linear fit, all parameters are constrained to ensure positive values. Maximum values of
A and E, are set to 10%° 1/s and 500 kJ/mol, respectively, while all other parameters have a
maximum of 30 to avoid numerical problems during fitting. The results of the first step are
omitted here, and only the results of the non-linear fit are given below.

2.2. Lab-Scale Experiments

Lab-scale experiments were performed in an indirectly heated cylindrical fixed bed
reactor with a height of 70 mm and an inner diameter of 48 mm, as depicted in Figure 1a.
Details of the reactor are described by Funayama et al. [34,35]. The reactor is placed in
a reaction chamber to allow for pressure variations. A 500 W sheath heater heats the
reactor and a scale measures the weight changes of the reaction chamber caused by the
chemical reaction. The reaction chamber is connected to a vacuum pump and a water
reservoir. The temperature of the water is controlled to adjust the steam pressure in
the system via condensation or evaporation. All connecting pipes are heated to avoid
condensation. An amount of 78.98 g Ca(OH), with a purity of 99.9% was filled inside the
reactor, resulting in a bulk height of 57 mm. Inside the reactor, there are 7 thermocouples,
as displayed in Figure 1b, and additionally, there are 2 pressure probes at the vacuum
pump (p) and the water reservoir (p.). The theoretical conversion is calculated as the
quotient of the time-dependent, measured mass difference to the theoretical mass difference:
Xexp, th = Am (t)/ Amy,. The maximum theoretical mass change for the used Ca(OH), mass
is 19.2 g. Additionally, a normalized conversion (Xexpnorm = Am(t)/Am(t = end)) is
calculated to compare the experiments to the simulation if full conversion is not reached in
the experiments.
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Figure 1. Schematic setup adapted with permission from ref. [35] (a), copyright 2019 John Wiley
and Sons, and cross-section area of the reactor (b). Geometry values are given in mm. Blue and red
squares are positions of thermocouples.

Before each experiment, the system has been evacuated via the vacuum pump. Two
kinds of dehydration experiments were performed with the reactor. In the first procedure,
labeled “T+”, the dehydration is triggered by raising the bulk temperature above the
equilibrium temperature for a constant pressure. Here, at the beginning of an experiment,
the heater is set to a temperature below the thermodynamic equilibrium, and the reactor is
connected to the water reservoir. When a steady state is reached, the experiment is started
by setting the temperature of the sheath heater around the reactor to a temperature above
the thermodynamic equilibrium, triggering the dehydration reaction after the equilibrium
temperature is exceeded. The reaction is considered complete when the temperatures as
well as the reactor mass reach a constant level.

In the second dehydration procedure, the reaction is enabled by lowering the pressure
and hence labeled “p—*. Initially, a steam pressure above the equilibrium temperature is
set in the reaction chamber, and the reactor is disconnected from the water reservoir by
a valve. The water temperature is decreased to lower the pressure in the remaining part
that is disconnected from the reactor. Then, the reactor is heated up to a set temperature.
When the temperatures in the reactor and in the water reservoir stabilize, the valve is
opened again, and the pressure equalizes. Consequently, the pressure in the reaction
chamber and therefore also the equilibrium temperature decreases rapidly, which initiates
the dehydration reaction in the bulk. Again, the experiment is considered finished when
the temperature as well as the measured reactor mass reach steady values. Table 2 shows
the applied parameters for the conducted experiments.
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Table 2. Overview of the dehydration experiments.
Name Tvpe Average Steam Start Heater
M Pressure/kPa Temperature/°C Temperature/°C
E3! p— 438 450 450
E5 P— 2.9 450 450
E7 P— 3 450 450
E9 P— 3.3 450 450
El1l T+ 3.6 350 490
E13 T+ 2.8 280 450
E15 P— 3.4 490 490

1 The first dehydration experiment (E1) was not used in this study due to complications during the experiment.

2.3. Simulation Model
2.3.1. Assumptions and Governing Equations

The model used for the simulation is based on [36], which was already applied to
the hydration simulation of CaO. However, the governing equations and assumptions
for models of CaO/Ca(OH); reaction systems are similar in most simulation studies. To
simplify the calculations, the following assumption were made:

e  No strong three-dimensional effects occur, and a two-dimensional rotation symmetric
model is sufficient (based on [28]).
e  The CaO/Ca(OH); bulk acts as a continuum with an equally distributed density over
the whole filling level (i.e., no structural changes of the bulk such as agglomerates occur).
o  The bulk outside the simulated area (Figure 1) has a negligible impact (since there are
no further temperature measurements in this area, the temperature field can hardly be
validated there).
Local thermal equilibrium is assumed.
Radiative heat transfer is negligible (based on [26]).
The reaction rate is independent from the particle diameter.

The energy balance of the bed is given in Equation (5):

AH(T) - % - ncaony,0 = Poed(XToP) - pbed(T) - 55 — V- [Apea (X, T)VT]

5
+psteam<Tr P) * Cp,steam (T/ P) cu-VT. ©®)

The index bed denotes the effective properties of the bulk filled with steam. There-
fore, the properties of steam and bulk (density p, isobaric heat capacity c,, and thermal
conductivity A) are weighted by the porosity € and the solid fraction 1 — €, respectively,
and summed up. As local thermal equilibrium is assumed, T stands for the temperature of
the bulk and the steam. u describes the Darcy velocity of the steam. The molar reaction
enthalpy is given by AH(T). The effective reaction rate 0X /9t describes the change of the
conversion X over time f and ¢, (op), 0 Is the initial mole number of Ca(OH),.

The mass transport in the bulk is considered by including Darcy’s law:

Vp = —% . )

Here, p stands for the pressure, y stands for the steam viscosity, and K stands for the

d2ed
_ P
T 180(1—€)?
permeability depending on the particle diameter dp, and the porosity €.

For the effective reaction rate, we derived an equation based on the TGA measurements
as described before. The employed equation is given in the results section (Equation (7)).

permeability. The Carman—Kozeny relationship <K ) is used to calculate the

2.3.2. Initial and Boundary Conditions

The measured pressure in the beginning of the experiment is used as the initial
pressure for the whole bed. Furthermore, the measured pressures are used as boundary
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condition on the top of the reactor (boundary B1-B2, as shown in Figure 1). The measured
temperature at position 0.5R (T sRr) is set to the whole bulk as initial value, and a linear
interpolation of the temperature measurements at the borders of the bulk are used as
boundary conditions (boundaries B1-B2, B2-B3-B5, and B4-B5). Therefore, no additional
thermal loss mechanisms have to be considered for the simulated area. For B1-B4, a
symmetry boundary is used. The parameters used for the bulk are given in Table 3. The
reaction enthalpy and isobaric heat capacity are temperature interpolated, and exemplary
values are given in the table.

Table 3. Overview of the used parameters for the numerical model.

Parameter Unit Symbol Value Reference
Thermal conductivity, solid W/(m K) Acao 0.6 Fitted (see Section 3.2.1)
matrix Aca(oH), 0.7 Fitted (see Section 3.2.1)
Particle diameter um dp 5

Gas constant J/(mol K) R 8.314

Reaction enthalpy kJ/mol AH(T) 101 at 450 °C [37]

Isobaric heat capacity CaO 923 at 450 °C

Ca(OH), J/(kg K) p, butk(T) 1504 at 450 °C [37]

A rectangular mesh with increasing element numbers at the boundaries is used;
80 vertical and 50 horizontal elements build the mesh. Using the time until 90% of the bulk
is converted as a characteristic value shows that a further increase in the mesh elements by
a factor of 4 has a negligible influence on the characteristic value by 0.1%.

3. Results and Discussion
3.1. Thermogravimetric Dehydration Measurements and Fit of the Effective Reaction Rate

Figure 2 displays the results of the isothermal and dynamic TGA experiments (solid
lines). The reaction rate increases with higher temperatures and lower pressures, but
the time scales vary significantly in the analyzed range. For high temperatures and low
pressures (i.e., a large distance to the thermodynamic equilibrium), full conversion can
be reached within 5 min (420 °C at 1.2 kPa, Figure 2c), while for a lower distance to the
thermodynamic equilibrium, a conversion below 15% is reached after 200 min (365 °C at
1.2 kPa, Figure 2d). Moreover, there is a narrow temperature zone in a range of 40-50 K
above the thermodynamic equilibrium temperature where the transition between a com-
paratively slow and fast conversion takes place. The decrease of 10 K from 375 to 365 °C
increases the time for reaching the same conversion by the factor of 6 and 13 for a pressure
of 1.2 and 0.8 kPa, respectively (Figure 2d,e). Furthermore, also a pressure change can
have a strong impact on the reaction rate: if the pressure is increased at 390 °C from 0.8 to
1.2 kPa (factor 1.47), the time for reaching full conversion is increased by 1.6 times, but if
the pressure is approximately tripled to 2.5 kPa, the time until full conversion is reached
increases by a factor of 19 (Figure 2e,d,b).

An explanation for this behavior could be the change of the limiting step. Koga et al. [12]
found that for isothermal measurements, there is an induction period with negligible
mass change followed by a conversion phase with a sigmoidal conversion course. This
might be the reason why some studies found an effective onset temperature [13,15]. With
the assumed one-step kinetics, we could either fit the curves comparatively close or far
from the equilibrium satisfactorily but not the whole range. Since higher reaction rates
are more relevant for technical applications, we neglect the TGA measurements with the
longest reaction durations (i.e., the gray curves in Figure 2) for the fit. With the remaining
16 measurements, Equation (7) is derived by the minimization of Equation (2):

ar min RT " PEq

X005 (1 — X)1¥ . [~ In(1 — X)]**

0 1250 g (MEOma ) (1 )

@)
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Figure 2. Comparison of the TGA measurements for the dehydration and their respective mathemati-

cal fit for different pressures and temperatures (a—e) and dynamic measurements (f). Entries marked

with **” were not considered for the fitting procedure.

The dashed lines in Figure 2 are the integral of Equation (7), which show a qualitatively
similar behavior to the measurements. The fit has overall a low mean quadratic difference
to the measurements in the analyzed temperature and pressure range (i.e., 0.007 compared
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to 0.26 for the kinetics by Matsuda et al. and 0.071 for the equations by Schaube et al.).
However, some qualitative deviations occurred: For isothermal conditions, in most cases,
the fit corresponds to the measurement until a conversion of approximately 80% is reached
and underestimates the reaction rate for the last phase of the conversion. In the other cases,
the fit rather overestimates the reaction rate. While the extrapolation to 365 °C for 1.2 and
0.8 kPa shows a distinct decrease in the overall reaction rate, the measured reaction rate is
still significantly overestimated. Although the course of the measurement and fit is similar
for the dynamic measurements (Figure 2f), the fitted curves are shifted and precede the
measurements by about 2 min (10 K). This can also be attributed to the overestimation of
the reaction rate closer to the equilibrium.

3.2. Comparison of Experiments and Simulations

For the lab-scale experiments, the measurements are shown accompanied by the nu-
merical results to enable a direct comparison and characterize the model’s limitations. Only
representative experiments for the T+ and p— modes are shown here, while the remaining
experiments from Table 2 are given in the Supplementary Materials (Figures S1-54).

3.2.1. Thermal Conductivity of the Bulk

In the literature, the effective thermal conductivity of Ca(OH), and CaO differs be-
tween 0.1 and 0.4 W/(m K). For this study, in a first step, the thermal conductivity of the
porous bed was fitted with experiments at conditions inhibiting the chemical reaction. The
fit results in a thermal conductivity of 0.6 and 0.7 W/(m K) for a CaO and Ca(OH), matrix,
respectively, yielding effective thermal conductivities of the bed of about 0.25 W/(m K)
for the analyzed experiments. Figure 3 shows the measured temperature of a Ca(OH),
bulk during heating up without reaction at a steam pressure of 90 kPa as well as the corre-
sponding simulation. Overall, the simulated temperatures show close agreement with the
measurements and have a mean absolute error (MAE) of 2.4 and 2.6 K for the temperature
measured on the symmetry axis, Ty, and on the half radius, Ty 5r, respectively. There are
small deviations at temperatures between 275 and 325 °C and above 425 °C, indicating
that the temperature dependence of the thermal conductivity of the solids in the respective
range might have a small impact. However, the temperature dependency is neglected in the
following simulations due to the lack of reliable data. Moreover, as the final temperature
plateaus of the simulation matches the plateaus of the experiment closely, the interpolated
temperature boundary condition is a suitable approximation for the thermal losses of
the reactor. Hence, the heat transfer as well as the effect of the temperature boundary
conditions are adequately described by the numerical model.

3.2.2. Dehydration by Temperature Increase

A dehydration reaction initiated by a temperature increase (T+) from an initial tem-
perature of 270 °C is depicted in Figure 4. Both Ty and T sr (black and red solid line with
markers in Figure 4a) increase until a local maximum is reached after 30 min. Then, Ty 5r
decreases to a short plateau at 390 °C and minute 50, which is held for about 30 min and
finally increases again up to a temperature of 440 °C. For Ty, the plateau is at a lower
temperature of 385 °C, and with a duration of about 120 min, it is more pronounced. The
following temperature increase is steeper, covering 150 K in 150 min. The equilibrium
temperature from the measured steam pressure ‘exp Tgq" (orange dotted line) shows a
slowly increasing course with a mean temperature of 353 °C, which corresponds to a
pressure of 2.8 kPa. The measured conversion (exp X, black solid line with markers in
Figure 4b) shows a decelerating course, starting at about 14 min and reaching its maximum
conversion, which also corresponds to a theoretical full conversion after 360 min.
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Figure 3. Comparison of measurements and simulation for the heating up procedure of Ca(OH),
without reaction at a steam pressure of 90 kPa. MAEs are 2.4 K for T and 2.6 K for Ty 5R.

For the simulation, a particle diameter of 5 um is assumed, and the temperatures
T and Ty sr are depicted in Figure 4a (black and red dashed line, respectively). They
are in close agreement with the corresponding measurements with an MAE of 3 K for
both temperatures. The local maxima occur at minute 25, which is slightly earlier than in
the measurements. The equilibrium temperature calculated from the pressure at Ty (sim
Teq, blue dotted line) also shows a local maximum at 375 °C at 20 min and decreases
again, converging to the equilibrium temperature calculated by the measured pressure (i.e.,
exp Tgq read from the pressure scale in Figure 4a). The overall simulated conversion (sim
X, red dotted line in Figure 4b) starts to increase at 14 min and also shows a decelerating
course, reaching full conversion 300 min later. Compared to the measured normalized
conversion, the simulation slightly overestimates the reaction rate and has an MAE of 0.04.
The conversion at the symmetry axis and the half radius (sim Xy, blue dashed line and sim
Xo.5rR, green dashed line) start 8 min after the global conversion increases, and both show
a sigmoidal increase. However, X 5r increases faster than X, and reaches full conversion
60 min earlier.

The local temperature maximum is caused by a mass transport limitation in the bulk
that is pronounced for the first 120 min. The sheath heater heats the bulk and enables the
dehydration firstly at the adjacent material. In the beginning, the whole heat transferring
area of the reactor is covered by Ca(OH);, and there is no thermal resistance due to a
product layer. Therefore, the effective reaction rate is the fastest in the beginning and slows
down gradually, as is shown by the global conversion. Steam is generated faster than it
can exit through the bulk, and thus, the pressure in the bulk increases, slowing down the
reaction rate. Consequently, a local temperature maximum is reached for Ty and Ty sr.
When the annular product layer grows from the outside to the center, the effective global
reaction rate decreases and thereby also the pressure in the bulk gradually decreases. Now,
the endothermic dehydration uses more heat than is conducted into the bulk and Ty as
well as T 5 decrease again until a thermal equilibrium between the conducted heat and
the heat consumed by the dehydration is reached. Finally, the temperatures increase again,
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since on the one hand, the reaction rate decreases for higher conversions, and on the other
hand, the heat flux into the center is increased as the outer material is already converted
and cannot act as a heat sink anymore. As the simulation yields a similar local maximum
compared to the experiments, the effective reaction rate, the thermal conductivity, as well
as the mass transport through the bulk are a close approximation of the measurement for
the given conditions.

450
425 +
O 400 +
~ 4
(]
S 375+
= |
O
-
O 350 A
o
E 4
2 325 A
300 -
275
1.0 +
~ 0.8+
& 1
w0
< 06+
g 1
= 0.4 +
3
q’ -
4
0.2 1

0.0

0

/7
/ -

er
I

30
o
7 V4
+5 ~
-+ 4 ’C\)‘
T+ 3 |~Lu
12 %
o
11
1.0
- 0.8
-
106 ¢
Q
X
)
10.4 X
10.2
0.0

60 120 180 240 300 360

Time / min

Figure 4. Experimental and numerical results of temperatures (a) and conversions (b) for experiment
“E13” with an assumed particle diameter of 5 um for the simulation. The dehydration is triggered by
a temperature rise with a steam pressure of about 2.8 kPa and heaters set to 450 °C. MAEs are 3 K
for Tp and T s5g and 0.04 for the global conversion. The corresponding equilibrium pressure of the
equilibrium temperatures (sim Tgq and exp Tgq) is shown on the right pressure scale.
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Figure 5 shows the pressure distribution inside the bulk at the local temperature
maximum at minute 25. The measured pressure has a local minimum at that time, and
therefore, the pressure at the top of the bulk amounts to 1.9 kPa. At the top, the isobaric
lines are nearly horizontal and tilt to the bottom of the reactor, since the steam can only
leave the system at the top. As the reaction front moves from the outside to the center of
the reactor, the pressure increases with the radius for a given height.
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Figure 5. Pressure distribution inside the reactor at minute 25 (local temperature maximum) for E13.

3.2.3. Dehydration by Pressure Reduction

Figure 6 shows a dehydration reaction induced by a pressure reduction (p—). At
the beginning, the bulk has a temperature of about 435 °C, and the steam pressure inside
the closed reactor amounts to 60 kPa, corresponding to an equilibrium temperature of
480 °C and consequently inhibiting the dehydration reaction. After one minute, the valve
to the condenser is opened, and the pressure in the reaction chamber (exp Tgq) decreases
rapidly to about 3 kPa in minute 5. Thus, the measured temperatures Ty and Ty 5r both
decrease. T s reaches a minimum after 10 min at 392 °C and then increases nearly linearly
to 440 °C at minute 300. The minimum of T is reached after 20 min at 385 °C, and
then, there is also a slow linear temperature increase for 150 min to 395 °C. Then, the
temperature course becomes sigmoidal and reaches 434 °C at the end of the experiment. As
in the previous experiments, also for the p— experiment, the conversion has a decelerating
course. However, there is an initial peak, converting 12% within the first ten minutes. The
maximum conversion is reached after about 300 min corresponding to a conversion of 87%.
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Figure 6. Comparison of the experimental and numerical results of temperatures (a) and conversions
(b) for E7. The heaters are set to 450 °C, and the dehydration is induced by a pressure reduction to
3 kPa. A particle diameter of 5 um is used for the simulation. The MAEs amount to 6 K, 7.8 K, and
0.01 for Ty, T 5r, and the conversion, respectively.

Qualitatively, the simulated temperatures (dashed lines in Figure 6a) show a similar
behavior compared to the measurements. However, there is another local minimum after 5
and 7 min for Ty and T sR, respectively, which does not occur in the experiment. Thereafter,
both temperatures decrease again, reach a global minimum, and increase again. Although
the temperature levels of the global minimum (390 °C for Ty and 394 °C for Ty 5r) are close
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to the measurements, the minimum is shifted toward higher times (i.e., 100 and 70 min for
Ty and Ty sR, respectively).

In the simulation with a particle diameter of 5 um, a mass transport limitation occurs,
resulting in the spread of the local equilibrium temperature calculated from the pressure at
position 0 (sim Tgqp) and the equilibrium temperature given by the measured pressure (exp
Tgq). Both temperatures are converging, but it takes about 180 min to reach a similar value.
However, the experiment indicates no mass transport limitation, as the global temperature
minima are reached directly after the pressure reduction. After the pressure drop caused
by opening the valve, the whole bulk is 80 K above the equilibrium temperature, allowing
a fast conversion and steam release. Since this effect happens in addition to the heat input
from the sheath heaters, the mass transport limitation should be more distinct for the p—
dehydration compared to the T+ dehydration (Figure 4). However, this is not the case. A
possible explanation for this unexpected behavior is a structural change of the bulk. The
pressure shock could lead to channels in the reaction bed. The tendency to form channels
was already observed for permeated fixed beds of Ca(OH); [38]. Since the bed temperature
is around 80 K over the equilibrium temperature, the whole bed partially dehydrates driven
by the sensible energy. The volume reduction of the particles occurring during dehydration
in combination with the steam release might additionally favor channeling. Thus, the gas
transport through the channels leads to a significantly reduced pressure drop. However,
structural changes have not yet been considered in the simulation, and thus, the experiment
and simulation differ here.

To account for these possible changes of the bulk in the p— mode nonetheless, the
permeability is arbitrarily increased by a factor of 100. According to the Carman-Kozeny
relationship and since the particle diameter solely impacts the permeability in the simu-
lation model, the increase in the permeability is equivalent to a larger particle diameter
of 50 pm. Figure 7 shows the simulation results with the higher permeability. At point 0,
the pressure is approximately the same as the pressure used as the boundary condition;
consequently, the mass transport limitation is effectively eliminated. Therefore, Ty and
To.5r both directly reach a global minimum at 16 min and 382 °C and at 13 min and 386 °C,
respectively. While Ty 5r is underestimated for the enhanced permeability and reaches the
measured plateau temperature of Ty, the MAEs for both temperatures reduce: for Ty sRr to
6.23 K and for Ty considerably to 2.75 K. The global conversion has again a similar course
to the measurement but overestimates the conversion. Thus, the MAE for the conversion
increases to 0.08. The courses of Xy and X 5r are similar to the simulation with a particle
size of 5 pm. However, the initial rapid local conversion increase is doubled, reaching 6%
after 5 min. Since the increased permeability can account for the changes of the bulk, it is
used in all other simulations of p— experiments.

3.2.4. Variation of Thermal Input

Figure 8 shows the dehydration induced by a pressure reduction from 66 to 3.5 kPa
with a heater temperature of 490 °C and thus a higher thermal input. Both measured
temperatures have a similar course as the experiments with a heater temperature of 450 °C
and reach a similar global minimum temperature of 382 °C and 391 °C for T and T sr,
respectively. However, for T(sgr, the temperature increase is steeper, reaching its end
temperature of 480 °C approximately 170 min after the minimum. For Ty, the part with
a linear increase is 90 min shorter, and at minute 180, the final temperature of 476 °C is
reached. The maximum conversion of theoretically 83% is reached already after 150 min.

The simulation also accounts for the higher thermal input, and after the measured
minimum temperatures are matched within a 3 K range, both temperatures reach their final
values already after 170 min. While Ty 5r shows a lower temperature level compared to the
measurement, T matches the measurement until 95 min within a 3 K margin. However,
the linear temperature increase at position 0 is longer in the simulation (until minute
125 compared to minute 95 for measured Ty). The course of the simulated conversion is
similar to the measured conversion but overestimates the measurements. Due to the higher



Processes 2022, 10, 325

initial bed temperature, the conversion after the pressure drop reaches already 10% at

position 0 and 0.5R.

As the measurement of Ty corresponds to the simulation until 95 min but increases
30 min earlier, the bulk might be not fully hydrated before this experiment. This corre-
sponds to the maximum theoretical conversion of 83% for this experiment. Another reason

might be that the local density is decreased due to the structural changes.
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Figure 7. Comparison of the experimental and numerical results of temperatures (a) and conversions
(b) for E7. Here, an enhanced permeability by the factor 100 is used for the simulation. MAEs are

2.8 K for Ty, 6.2 K for Ty 5, and 0.08 for the conversion.
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Figure 8. Comparison of the experimental and numerical results of temperatures (a) and conversions
(b) for E15. The pressure is reduced to 3.5 kPa, and heaters are set to 490 °C. In the simulation, an
enhanced permeability by the factor 100 is used. The MAEs amount to 6 K, 8.2 K, and 0.04 for Ty,
To5r, and the conversion, respectively.

3.2.5. Overall Discussion

For all analyzed variations, the numerical results resemble the measurements. Es-
pecially, the plateau temperature (i.e., the part of slow linear temperature increase) of
Ty is close to the measured plateaus. During the plateau, there is a thermal equilibrium
between heat supplied by the heaters and heat consumed by the endothermic reaction.
Thus, the correspondence of measurement and simulation at this point indicates that the
used mathematical fit is an appropriate description of the effective reaction rate in the bulk.
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In Table 4, an overview of the differences of the simulations and measurements is given.
The remaining graphs are given in the Supplementary Materials (Figures S1-54). In general,
the simulation can approximate the measurements within a temperature-MAE range of
+7 K for Ty and +10 K for Ty 5r as well as the MAE of the conversion within +0.08. For
the conversion, a part of the deviation might be explained by the neglected part of the
bulk outside the simulated area. A large part of the remaining deviations might stem from
structural changes in the bulk due to swelling or agglomeration. The changes of a cycled
Ca(OH), /CaO bulk are depicted in the Supplementary Materials (Figure S5), as has been
shown by several other studies (e.g., [22,39,40]). These changes also explain why experi-
ments with similar boundary conditions vary considerably. Figure 9 shows the comparison
of the measurements of the experiments E5, E7, and E9 with a heater temperature of 450 °C
and a steam pressure of around 3 kPa. Although the general temperature and conversion
courses are resemblant, the MAEs of E5 and E7 are 9 K, 7 K, and 0.03 for Ty, T 5r, and the
conversion, respectively. Hence, the used model yields MAEs in a similar magnitude and
can be considered validated within the measurement uncertainty. Thus, the model can
assist the design of further reactors.

Table 4. Overview of the mean absolute errors between experiments and simulations.

Experiment Type . Theoretical_ Permeability MAEs

Final Conversion Factor To/K Tosr/K X/-
E3 p— 79% * 100 0.93 3.98 0.03
E5 P 86% 100 4.27 2.86 0.06
E7 p— 87% 100 2.75 6.23 0.08
E9 p— 92% 100 348 3.1 0.08
El1 T+ 94% 1 6.9 9.9 0.02
E13 T+ 98% 1 3 3 0.04
E15 pP— 83% 100 6.02 8.17 0.04

* experiment was stopped before a steady state was reached.

Changes of the bulk might also explain the differences between the p— and T+ ex-
periments. With the rapid pressure drop supported by the particle shrinkage and steam
release, on the one hand, channels may form, increasing the permeability locally, and on
the other hand, parts of the bulk can be moved toward the filter or even the whole bulk can
expand, which is indicated by a comparison of the bulk before and after cycling (Figure S5).
In the latter case, parts of the bulk are in a section of the reactor that is not simulated
and only indirectly heated, thus explaining the lower theoretical conversion of the p—
experiments. A lower local material density might also explain the underestimation of
Tosr for the p— experiments, as with a lower density, the reaction takes up less heat and
thereby results in higher temperatures. Another possible reason for the underestimation is
that the structural changes of the bulk might affect the positions of the thermocouples and
thereby alter the measurements of Ty and Ty 5. The missing of a mass transport limitation
for the p— experiments can only be explained by structural changes. Additionally, the local
temperature maximum (Figure 4 at minute 25) does not occur for the T+ experiments with
the 100 times enhanced permeability (Figure S6), indicating that the channeling effect has
been at least partially removed. Since the T+ experiments have been performed between
p— experiments, the enhanced permeability of the p— experiment cannot be attributed to a
mere agglomeration of the bulk after several cycles. Thus, the operation mode of the reactor
impacts the structural changes. Consequently, further research is required to model the
structural changes and show to which extent they can be controlled by different operation
modes. One way to account for these structural changes is the simulation on a particle
scale, as already demonstrated by [41]. However, this becomes quickly computationally
expensive for larger systems.
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Figure 9. Comparison of three experiments (E5, E7, E9) with similar pressures and the same heater
temperature of 450 °C. Experimental and numerical results of temperatures (a) and conversions (b).

3.3. Sensitivity Study

With the validated model, the sensitivity and limitations of the system are analyzed.
Therefore, the effective thermal conductivity and the reaction kinetics are varied by the
factors 0.1, 0.2, 0.5, 1, 2, 5, and 10. Furthermore, the permeability has been varied between
factors 1 and 100, which is equivalent to a variation of the particle size.

Figure 10 displays the results of the variations for a p— simulation, although the T+
variation (S7) shows similar results.
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Figure 10. Variation of the thermal conductivity (a—c), the reaction rate (d—f), and the particle diameter
(g-i) for E7. The direction of the arrow indicates increasing values.

Increasing the thermal conductivity shifts the temperature increase to lower times and
increases the global minimum temperature for both Ty and T sr (displayed in Figure 10a,b).
The time until full global conversion is reached varies largely from 60 min with 10-fold
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thermal conductivity to reaching only 85% after 300 min for a factor of 0.1 (depicted in
Figure 10c).

An increased reaction rate causes lower temperatures (Figure 10d,e) during the dehy-
dration reaction and an increased overall conversion Figure 10f. Therefore, the temperatures
increase faster at the end of the simulation. Here, for the higher reaction rates, the material
is already fully converted, while for a lower reaction rate, the reaction is still ongoing,
reducing the temperature increase. The time for full conversion decreases with an in-
crease in the reaction rate, but there is only a marginal difference between factors 2, 5,
and 10. Overall, the derived equation for the reaction rate describes the local tempera-
ture profiles best, since no analyzed factor yields a lower mean absolute error for both
temperatures simultaneously.

The impact of the permeability variation is low. Temperatures Ty and T¢sr show
different courses for a factor of 1, 4, and 9, but a further increase has no distinct impact
(Figure 10g,h). The conversion graph, Figure 10i, shows lower values for the factor 1, but
all other factors yield approximately the same conversion course. Thus, a further increase
in the permeability over the factor of 9 has no distinct effect, and the simulation with an
increase in the permeability by a factor of 100 might overestimate the true permeability
enhancement. However, the exact enhancement cannot be derived from the simulation
results but is at least at position 0 and 0.5R greater or equal 9.

The system is mainly limited by the low thermal conductivity which was already
shown for higher pressures (e.g., [28]). Thus, improving the effective thermal conductivity
by fins, material modifications, or switching to a reactor type with an improved heat
input are the most promising options to optimize the dehydration also with low steam
partial pressures. Mass transport is only limiting at position 0 and 0.5R for a permeability
enhancement below 9 (i.e., particles sized below 15 um). Thus, structural changes of the
bulk such as agglomeration or channeling can improve the reactor performance to a certain
degree and are not necessarily negative.

4. Conclusions

The dehydration of Ca(OH); in a pressure range between 0.8 and 5.5 kPa and temper-
atures up to 490 °C has been analyzed by a comprehensive approach. This low-pressure
range is beneficial for thermochemical energy storage, since the system can be charged at
lower temperatures. An equation for the reaction rate has been determined by thermogravi-
metric measurements in a 5.5 mg scale. Additionally, experiments in a fixed bed reactor
with a bulk mass of about 80 g have been conducted. Furthermore, a numerical model has
been implemented, and the numerical results have been compared to the experimental
data. The main findings are as follows:

e  The reaction kinetics becomes comparatively slow (i.e., 200 min or longer until full
conversion is reached) in the analyzed pressure range for temperatures approximately
closer than 40-50 K to the equilibrium temperature by Samms and Evans.

e Assuming a one-step reaction, common models for the reaction kinetics cannot ade-
quately describe the slow kinetics “close” to the equilibrium and fast kinetics further
away from the equilibrium in one equation.

e A new equation for the reaction rate has been derived for a pressure and temperature
range between 0.8 and 5.5 kPa and 375 and 440 °C.

e  The gas transport is adequately described by the Carman-Kozeny equation for dehy-
drations initiated by a temperature increase. However, when the dehydration is trig-
gered by a pressure reduction, structural changes of the bulk occur (e.g., channeling),
and the permeability is enhanced. These structural changes have been incorporated
by increasing the permeability by a factor of 100.

e  When the channeling effects are considered by the increased permeability, the simula-
tion yields mean absolute errors below 10 K for the temperatures and below 0.08 for the
global conversion. Thus, the simulation model is validated within the measurement
uncertainties of the setup for different operation modes, temperatures, and pressures.
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The sensitivity study of the model showed that the fixed bed reactor is mainly lim-
ited by heat transfer. So, the most promising optimizations are increasing the thermal
conductivity by material modifications or an improved reactor design.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/pr10020325/s1, Figure S1: Comparison of experimental and
numerical results for E11; Figure S2: Comparison of the experimental and numerical results for E3;
Figure S3: Experimental and numerical results for E5; Figure S4: Experimental and numerical results
for E9; Figure S5: Comparison of the bulk before and after the experiments; Figure S6: Simulation
with an assumed permeability increase by the factor 100 for E11 and E13; Figure S7: Variation of the
thermal conductivity, the reaction rate, and the permeability for E13.
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Nomenclature

Symbol Description Unit

AH Reaction enthalpy J/mol

P Density kg/m?

A Thermal conductivity W/m/K

U Dynamic viscosity Pas

a Fitting coefficient -

b Fitting coefficient -

cp Isobaric heat capacity J/kg/K

dp Particle size m
Permeability m?

m Fitting coefficient -

Nca(OH),0  Initial molar mass of Ca(OH),  mol

|4 Pressure Pa

p’ Fitting coefficient -

T Temperature K

t Time s

u Velocity m/s

X Conversion -

Indices:

Eq Equilibrium

exp Experiment

i Measurement number

j Point in time
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