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Reaction Model and Material Properties

The theoretical equilibrium temperatures of the manganese oxide redox system were
calculated with HSC Chemistry (www.hsc-chemistry.net) as a function of the oxygen
partial pressure.’ Least-squares fitting of the results gave

N( Po, e ) = _2T1650 +29.744

eq
where p, ., is the equilibrium partial pressure of oxygen in the O,-N, gas mixture

corresponding to the equilibrium temperature T, . The rms of the relative error is

1.2x10°°.
The empirical reaction kinetics model was derived from experimental data obtained
with a differential packed bed at various temperatures and oxygen partial pressures.'?

The bed consisted of a mixture of commercial Mn,O, powder (Sigma Aldrich,

“Manganese (11,111) oxide”, CAS: 1317-35-7) with a measured mean particle diameter of
5.5 um and inert SiO, (Merck, “Seesand reinst”, CAS: 7631-86-9) that was sieved to

particle diameters of 200—-300 xm. The ratio of SiO, to Mn,0O, by mass was at least
40. Each experiment was performed at nearly constant temperature (+5 K ') and oxygen
partial pressure ( Py, o / Porin =1%0.05). The model is

9, _ K, exp(—ij X2 (1-X,) Po
dt RT Po, eq
where X, is the solid conversion ( X, =0 and 1 correspond to fully oxidized and reduced

states, respectively), t is time, k, is the rate constant, E, is the apparent activation
energy, R is the universal gas constant, T is the temperature, p,, is the partial pressure

1-—

of oxygen, p,, ., is the equilibrium oxygen partial pressure at the given temperature (see

Eg. (1)), and a, b and s are parameters. Note that this model is based on the assumption
that the manganese oxides can be completely reduced/oxidized using cycle-independent
Kinetics, i.e., both the degree of conversion and the kinetics do not change with the
number of cycles. The values of the fitting parameters for oxidation and reduction are

listed in Tab. 1. The sign of k, was chosen to make the conversion rate negative for
oxidation and positive for reduction. The maximum conversion rates occur at X, =0.615
and 0.238 for oxidation and reduction, respectively.

Table 1: Fitted parameters for empirical kinetics model given by Eq. (2)

Oxidation Reduction
k, | —-2.8089x10%s™ 8.2167x10° s*
E, | 2.9970x10° J/mol 2.5040%10° J / mol
a 1.0245 0.45633
b 0.64231 1.4584
S 1.3676 20.0
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Figure 1 shows the maximum conversion rates obtained from Egs. (1) and (2) as a
function of the temperature and oxygen partial pressure. At a given oxygen partial
pressure, an increase in the temperature up to about 1000 K leads to increasing oxidation
rates because of the Arrhenius term in Eq. (2). By further increasing the temperature,
equilibrium is approached, and the oxidation rate becomes slower because of the pressure
term in EQ. (2). To reduce the material, it needs to be heated to a temperature

significantly above the theoretical equilibrium temperature. An increase in p, leadsto a
higher equilibrium temperature T,, (see Eqg. (1)), and generally causes higher oxidation
rates and lower reduction rates at a given temperature.
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Figure 1: Maximum conversion rate as a function of temperature and oxygen partial pressure determined
from Egs. (1) and (2). The circles indicate the theoretical equilibrium temperatures corresponding to the
four oxygen partial pressures.

The theoretical relative mass gain during the oxidation is Aw. ,, =0.0349. We
assumed a particle internal porosity of &, =0.5 and an intrinsic density of
Puno, = 4856 kg /m® 2 The heat capacities of the manganese oxides were considered to
be temperature-dependent.” The reaction enthalpy AH, . was calculated as a temperature-

dependent function using Kirchhoff’s law®

Aern(T):AHf’X”+LTD > (ve,)- Y (UCP)}dT

products reactants

where the superscript ° denotes standard conditions and v is the stoichiometric
coefficient.

For the simulations of the fluidized bed, the particle size (100 xzm) was chosen to
represent Geldart A type particles that are typically used in industrial fluidized beds.® The
particles were considered to be small enough so that the temperature and reaction rate
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within each particle could be assumed to be uniform. Therefore, Eq. (2) was used to
calculate the reaction rates.

The size of granules used for the simulations of the packed bed TCS (5mm) is
typical for packings in large-scale industrial packed beds.” Granules of such a diameter
result in small to moderate pressure drops for typical packed-bed lengths. Eq. (2) was
evaluated in each cell of a granule as a function of the local values of T, p, ,and X;.

The effective thermal conductivity of Mn,O, powder was measured as

Kyt =0.59W /mK 8 Simulations indicated that varying the effective intragranule
thermal conductivity within the range of 0.01-1W /mK did not lead to significant
intragranule temperature gradients. However, varying k. in the given range was found
to affect the effective axial bed conductivity and therefore the axial gas and solid phase

temperature profiles. In principle, the flattening of the axial temperature profiles through
increasing k, . could lead to an increase in T and therefore to a reduction in the

f,c,out ?
effective gravimetric storage density €_,. However, for the range of 0.01-1W /mK the

maximum difference in T was about 1K, and the corresponding relative change in

f,c,out

€ was less than 1%.

tot

The effective mass diffusion coefficient was setto D, .. =10 m*/s following

g,eff
simulations that showed variations in the range of 10° —10°m?/s to have a negligible

influence on the reaction rates.
The density of air was calculated from the ideal gas law. The variation of the heat
capacity c, ;, with the temperature was based on tabulated values of pure nitrogen and

oxygen at 1bar .’



Effect of Packed Bed Reactor Length and Granule Size

The reason for choosing a length of L, =1.5m for the packed bed may not be clear
at first sight. In fact, one may expect a shorter bed to be advantageous because almost no
energy is stored in the granules near the cold end of the bed (see 1.0 m<z <1.5m in Fig.
9 in the manuscript). However, a reduction in the bed length not only affects the
gravimetric energy storage density (€, ) but also the maximum HTF outflow temperature
during charging (T, . ,..max )- From the results of additional simulations for different bed

lengths, provided in Tab. 2, it can be seen that a reduction in the bed length would lead to
an increase in €_, at the expense of increased T As stated in Section 3 of the

tot f ,c,out,max *

manuscript, in a parallel configuration a deviation of T, from T, . leads to exergy

losses due to mixing of the HTF streams leaving the TCS and the power block. This is
why we have chosen the bed length and operating conditions such that T, _ . = Tog o

during the entire charging period. For specific CSP plant configurations, a limited
deviation of T, ., from T, ., may be acceptable because the increased € and the

associated reduced costs of the TCS material and reactor housing may outweigh the
increased exergy losses. Therefore, the conditions resulting in T ~T lead to

conservative results that are more generally applicable.

f,c,out PB,out

Table 2: Simulated impact of bed length on the maximum HTF outflow temperature during charging

(T, c.outmax ) and the gravimetric energy storage density (€,;)- Note that the remaining parameters were
unchanged.
Lbed [m] Tf ,C,out,max [K] étot [M‘] /kgMn203]
1.5 373 0.334
14 373 0.357
1.3 374 0.384
1.2 377 0.416
1.1 386 0.454
1.0 409 0.499

To investigate the sensitivity of our results to the size of the granules, we performed
additional simulations for granules of d, =2 mm while keeping the other parameters

unchanged. The performance of this packed bed is compared with the performance of the
bed packed with d, =5mm granules in Figs. 2 to 5. The consequences of reducing the

granule size can be summarized as follows:
1. The HTF outflow temperature is not affected significantly, see Fig. 2. The

dropin T, , ., atthe end of discharging is slightly steeper for the smaller

granules but this could be mitigated by a slight decrease in the HTF mass flux
during discharging.

2. As shown by Figs. 3 and 4, the axial temperature gradients are steeper for the
smaller granules during both charging and discharging. The main reason for
the steeper temperature gradients is the increased specific surface area of the
granules, which results in enhanced interphase heat transfer. As a result of the
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steeper axial temperature profiles, however, as shown by Fig. 5, the local
gravimetric energy storage density changes slightly: in the bed of 2 mm
granules more sensible heat is stored in the reaction zone and less sensible
heat is stored in the cooling zone. Figures 3-5 further indicate that the length
of the bed of 2 mm granules could be reduced, resulting in increased overall
gravimetric energy storage density.

3. A decrease in the granule size leads to an increase in the overall bed pressure
drop from 1.5-5.5mbar (d, =5mm)to 7.9-30.8 mbar (d, =2mm). The

corresponding increase in the required pumping work translates to an increase
in the parasitic losses from 0.2 % to 1.1% of the energy stored during
charging.
From these results it can be concluded that a change in the granule size does not
affect any of our key conclusions in Sections 3 to 5.
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Figure 2: Air outflow temperature during discharging for granule sizes of 5 mm (black line) and 2 mm
(red line).
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Figure 3: Air temperature in the packed bed as a function of the axial position during charging for granule
sizes of 5 mm (black lines) and 2 mm (red lines).
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Figure 4: Air temperature in the packed bed as a function of the axial position during discharging for
granule sizes of 5 mm (black lines) and 2 mm (red lines).
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Figure 5: Local gravimetric energy storage density in the packed bed, calculated from the difference in the
energy content of the manganese oxide granules between the charged and discharged states for granule
sizes of 5 mm (black lines) and 2 mm (red lines).



Fluidized Bed Model

The simulations of the fluidized bed were based on the assumption that the gas
reaches the temperature of the solids before leaving the bed. This represents the ideal
operating condition for a fluidized-bed TCS that is integrated in a serial configuration. If
T cou > T, during charging, less thermal energy is stored and the attainable discharging

duration is reduced. If T, , , <T, during discharging, the thermal efficiency in the power
block is decreased. In the following, the conditions under which T

considered to be small will be discussed.
If the solid phase is assumed to be perfectly mixed, its temperature can be taken to
be spatially uniform. If in addition the temperature of the solid phase is constant in time
and plug-flow conditions exist, the energy balance reduces to®
idi —a, (4)
T,-T, dz

where L, is the bed height, T, and T, are the temperatures of the solid and gas phases,

—T, can be

f ,out

respectively, z is the axial coordinate, and «, is the ratio of interphase heat transfer to

the convective heat transport in the bed,

6(1— o) Moy Lies (5)
75 PiUCp s dp

where &, is the bed void fraction, ¢, is the sphericity of the particles, h,, is the

apparent heat transfer coefficient between the gas and the bed of solids based on the total
surface area of the particles, p;, u; and c,  are the density, superficial velocity, and

a, =

heat capacity of the gas, respectively, and d, is the particle diameter. The effect of

bypassing, i.e., gas rising within bubbles and thus not exchanging heat with the solid
phase, can be modeled by a fraction 0 < <1 of the mass flow of the gas passing through

the bed and retaining its inflow temperature. Assuming the remaining mass flow to pass
through the bed at plug-flow conditions, and that o, and /S are constants, the gas

outflow temperature is given by
Tf out _Ts
' =(1-p)exp(—-a, )+ 6
T T (1-B)exp(-a, )+ B (6)
Deviations from plug flow, for example through backmixing of the gas phase, lead to
increased differences between the temperature of the gas phase at the outlet and the
temperature of the solid phase®'%** and should therefore be avoided. In the limit of a
perfectly mixed gas phase,

Tf out _Ts 1 (7)

T, -T. lta

fin_ 's




10 T T T T T
. 102 F -
T
::. — Mixed flow
[ -
;31 10 — Plug flow with =10"! bypassing
=
= — Plug flow with =107 bypassing
—— Plug flow without bypassing ( =0)
106 1 1 1 1 L
0 2 4 6 8 10 12

o, [-]
h
Figure 6: Effect of the gas flow pattern on the fluid outlet temperature in a fluidized bed, assuming that the
perfectly mixed solids are kept at a constant temperature.

Equations (6) and (7) are plotted in Fig. 6, from which the following conclusions are
drawn. First, for a given value of «,, plug flow without gas bypassing is the ideal flow

pattern in a fluidized bed TCS as it leads to the smallest temperature differences between
the solids and the gas at the outlet. Any gas bypassing is detrimental to the heat exchange.

For example, for T, ; =100°C and T, =900 °C, 10 % gas bypassing leads to
T, T, .« 280°C . Second, to reduce the temperature difference at the outlet, the bed
should be designed and operated such that «, is sufficiently large, for example by

choosing small particles and large bed heights. Therefore, operating regimes with bubbles
causing significant gas bypassing should be avoided for TCS in fluidized beds.*
In the simulations presented in this paper, it was assumed that plug flow conditions

exist, gas bypassing is avoided, and «,, is large enough such that T, =T, is an accurate

approximation. With these assumptions and considering the solids to be at a spatially
uniform temperature, the energy equation of the solid phase becomes:

dT, :
(1_ Ehed )(1_8p )pscs d_ts = ern _Qsaf
where &, is the particle internal porosity, p; and c; are the intrinsic material density and
heat capacity of the solid phase, respectively, Q. is the heat released by the time-

dependent gas-solid reaction, and Q, ,, is the heat transferred between the solid and gas

rxn

phases. The density and heat capacity are evaluated for the mixture of Mn,O, and
Mn,O, based on the degree of conversion. Equation (8) is similar to the equation used by

other authors,** except for the additional term Q, . that acts as a source term accounting

for the heat involved in the chemical reaction. The heat transferred between the solids and
the air is calculated from

10
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: mfyin Tt out ufyin Ts
Q¢ = J.T A Cp,de = Pt J. Cp,de 9)
Vieg “Trin Lieq

where m, . is the mass flow rate of the air at the reactor inlet and V,,, is the total volume

f.in
of the bed. Note that Q__,, is negative when heat is transferred from the air to the solids

during charging. The heat released during the oxidation or absorbed during the reduction
is obtained from

AH rxn dXS

er” - _(1_ Ehed )(1_ gp )ps,Mn304A\Ntheor,ox M—Oz dt

is the theoretical

(10)
where p . o, is the intrinsic material density of Mn,0,, Aw,,,

relative weight gain during oxidation, AH . is the heat of reaction per mole of oxygen,
M, is the molar weight of oxygen, and dX, /dt is the conversion rate given by Eq. (2).

The results obtained with the fluidized bed model are independent of the cross-sectional
area of the reactor since Eq. (8) is formulated as a volumetric conservation equation and
the reactor walls are assumed to be adiabatic. Furthermore, the results are independent of
the particle size, but it should be kept in mind that the particles must be small enough for

the assumption T, , =T, to hold, see Eq. (5) and Fig. 6. Equations (8)-(10) are solved

consecutively with the implicit Euler method at each time step to a convergence tolerance
of 10°°.

f ,out
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