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Abstract. A modular reactor model is presented for the description of solar thermochemical syngas production involving
counter-flow heat exchangers that recuperate heat from the solid phase. The development of the model is described
including heat diffusion within the reactive material as it travels through the heat exchanger, which was previously
identified to be a possibly limiting factor in heat exchanger design. Heat transfer within the reactive medium is described
by conduction and radiation, where the former is modeled with the three-resistor model and the latter with the Rosseland
diffusion approximation. The applicability of the model is shown by the analysis of heat exchanger efficiency for
different material thicknesses and porosities in a system with 8 chambers and oxidation and reduction temperatures of
1000 K and 1800 K, respectively. Heat exchanger efficiency is found to rise strongly for a reduction of material
thickness, as the element mass is reduced and a larger part of the elements takes part in the heat exchange process. An
increase of porosity enhances radiation heat exchange but deteriorates conduction. The overall heat exchange in the
material is improved for high temperatures in the heat exchanger, as radiation dominates the energy transfer. The model
is shown to be a valuable tool for the development and analysis of solar thermochemical reactor concepts involving heat
exchange from the solid phase.

INTRODUCTION

The limited amount of fossil hydrocarbon fuels together with concerns about the greenhouse gas emissions have
lead to increased efforts of research and development focused on sustainable alternative fuels. Among the different
options, the solar thermochemical production pathway shows a promising potential in terms of solar-to-fuel energy
conversion efficiency because it makes use of the whole spectrum of solar energy. A field of heliostats or dishes is
used to concentrate sunlight onto a receiver carrying a reactive material which is heated to temperatures in the range
of 1800 K. In the second step of the process, the material is cooled by several hundred Kelvin and contacted with
CO,; and/or H,O. The gases are split into CO and/or H, and O,, where the latter is incorporated into the lattice of the
reactive material to return it to its initial state. The synthesis gas mixture of CO and H, can then be converted into
hydrocarbon fuels in the Fischer-Tropsch process. Among the materials used for this process are iron oxide,' zinc
oxide” and cerium oxide,’ where the latter has shown a significant advancement of experimental energy conversion
efficiency.**

Most of the process steps of the solar thermochemical pathway are already used on an industrial scale such as
seawater desalination for the large-scale provision of H,0,” the concentration of solar energy,® Fischer-Tropsch
synthesis,” and gas storage and distribution. Solar thermochemical conversion of CO, and H,O to syngas, on the
other hand, is currently the focus of several research projects and has a decisive influence on the whole process:
thermochemical energy conversion efficiency defines the size of the solar concentration facility and therefore
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determines to a large degree the economics of the process as well as its ecological performance.'’ The two-step
process requires the thermal cycling of the reactive material between the oxidation and reduction temperature and
thus the input of significant amounts of energy.'"'> This is true especially for nonstoichiometric reactions such as the
ones with ceria remaining in its fluorite structure, where the amount of fuel produced per cycle and per unit mass of
material is smaller than for stoichiometric reactions such as for the ZnO-cycle. To increase the efficiency of the
cycle, it is therefore imperative to recuperate the energy used for thermal cycling with an advanced thermal
management." For the case of ceria, on the one hand, fundamental thermodynamic analyses exist that indicate the
potential of the cycle.'"">'* On the other, several reactor concepts involving heat recuperation from the solid and
gaseous phase have been proposed recently.” ' However, to analyze the wide parameter space of solar
thermochemical reactors, a generic reactor model is required that can describe technically interesting concepts and
that provides the means to analyze their realistic efficiency potentials. Such a generic reactor model incorporating
counter-flow solid-solid heat exchange from the reactive material is described in,'> where the assumption of
infinitely fast heat diffusion in the reactive material was made. Here, the model is extended to include modeling of
the heat diffusion process which enables the description of realistic heat exchanger concepts and thus provides
guidance for the design of novel implementations of particle reactors.

GENERIC REACTOR MODEL WITH COUNTER-FLOW SOLID-SOLID HEAT
EXCHANGE

The physical generic reactor concept for a two-step thermochemical process consists of a reduction chamber, an
oxidation chamber, and (n-2) intermediate chambers for heat exchange (Fig. 1). The residence time in each of the
reaction chambers can be chosen independently as multiples of the residence time in the heat exchanger chambers
by allowing a larger number of elements per reaction chamber. In this way, requirements due to kinetics of the
oxidation and reduction reactions can be met and the reactions run to completion. Assuming initial species
concentrations and constant temperatures in the reaction chambers, the evolving nonstoichiometry and amount of
syngas produced are calculated with mass conservation and equilibrium thermodynamics. The temperatures in the
heat exchanger are then derived using a model which applies energy conservation between thermal energy stored in
the elements of reactive material, internal heat exchange by radiation, and energy losses to the environment by
convection and radiation. Without loss of generality of the approach, we assume ceria as the reactive medium. A
vacuum pump establishes the reducing atmosphere.

Qsolar Paux Qrerad Qloss,rad Qloss,conv

ﬂ ﬂ H ‘T ﬁ System boundary CO,, H,0

Co,Co,,
i=1 2 n-1 n  H,,HO
Reduction <——— Heat exchanger ——> Oxidation

FIGURE 1. Schematic of generic rector model including n chambers, one for reduction (i=1) and oxidation (=n), and n-2
physical heat exchanger chambers (i=2...n-1)
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Qloss,rad ﬁ ﬁ Qloss,conv.

—T——  Inconel reactor wall (solid)

Al,0O5-Si0,-insulation (porous)

CeOz-RPC (porous)

Separating wall Al,O5 (non-porous)

Separating wall HfC/SiC (non-porous)

Gap (fluid)

CeOz-RPC (porous)

A1203—Si02-insulation (porous)

——— Inconel reactor wall (solid)

Qloss,rad ﬂ ﬂ Qloss,conv.

Tsurroundings =300K

FIGURE 2. Schematic of one representative heat exchanger chamber for the modeling of radiation heat exchange between
chamber halves and internal heat transfer in the reactive medium and adjacent insulation. Indicated are also the boundary
conditions and the movement of the reactive material.

As part of an earlier study, the influence of the separating wall was neglected and heat diffusion within the
elements of reactive material was assumed to proceed instantly.'> In a baseline case with i = 80 chambers, a
residence time of 10 s per chamber, and reduction and oxidation temperatures of 1800 K and 1000 K, respectively, a
heat exchanger efficiency of close to 80% was found. Removing the assumption of infinite heat conductivity of the
material, the same study found the heat exchanger efficiency to be dependent on the internal heat transfer processes
in the material. Therefore, it is of high interest to further investigate the influence of heat diffusion and of basic
parameters of the heat exchanger on efficiency.

In the present study, a further evolution of the model is discussed, where the separating wall between counter-
flow chambers (composed of two layers of Al,O; and SiC/HfC) is taken into account and heat diffusion within the
reactive material is modeled. As reactive material, a reticulated porous ceramic (RPC) made of pure ceria with 80%
porosity is assumed.” A representative schematic of the computational domain is shown in Fig. 2. The RPC is
subdivided into a number of layers with constant temperature. A physical gas-tight separation between the elements
in their reduced and oxidized state is thus required to prevent gas cross-over. This separation is implemented with a
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separating wall in the proposed reactor model, where the separating wall is assumed to be made of a material with
high emissivity and thermal conductivity in order to reduce its influence on the radiation heat exchange. The
separating wall does not present a radiation shield in a classical sense because of the direct contact with the element
in the upper chamber. Through its high thermal conductivity and low mass, the separating wall quickly assumes the
temperature of the element in the upper chamber half and its high emissivity enables effective thermal radiation heat
exchange with the element in the lower chamber half. SiC/HfC was identified to possess the desired material
properties for the separating wall, however, due to possible chemical reactions of SiC and CeO, at elevated
temperatures, a direct contact is prevented through the introduction of an additional layer of solid Al,O; which is
commonly used as insulation material in its porous form. The non-porous AL,Os3 (99.5% purity, 0% porosity) has a
higher thermal conductivity of 35 W m™ K™ ' (porous alumina: ~0.2 W m™ K" *°) and is thus more suitable as a
separating layer. The reactive RPC material and the adjacent Al,0;-SiO, insulation are modeled as homogenous
porous domains, in which energy is transferred by radiation and conduction. The separating wall between the
chamber halves is modeled as a solid domain (composed of layers of Al,O; and SiC/HfC, each of 1 mm thickness),
while the gap is modeled as a fluid domain. The fluid in the gap is assumed to be oxygen. The reactor wall is made
from Inconel 600 and has a thickness of 0.003 m. Due to the low temperature level behind the insulation, also
conventional steel would be appropriate for the reactor wall, however, Inconel 600 is chosen here analogous to
recent experiments.***'** A computational study was performed to analyze heat exchanger efficiency as a function
of insulation thickness. The thickness is chosen to be 0.1 m after the study showed that a further increase in
thickness leads to only very small improvements in efficiency.

Governing Equations of Heat Exchange
Porous Domains

In the porous domains of the RPC and the insulation, the energy balance is the following.

oT =
pe, == V(AVT)-Vq,, (1)

Heat is transferred by radiation and conduction, where convection is neglected due to the fact that the gas in the
pores of the RPC and surrounding it is stagnant and does not have a large volume to establish a convective flow, as
well as following the reasoning in a previous publication,” where the authors argue that the contribution of free
convection to overall heat transfer in packed beds is considered to be negligible for most cases.

Heat transfer by thermal radiation has been derived with different models in the literature which vary in the level
of accuracy and computational expense. Here, a model is required that is able to accurately describe the heat
exchange processes at comparably low computational cost since the chosen method of pseudo-time stepping leads to
a large number of computations. The Rosseland diffusion approximation was shown to have an adequate accuracy at
low computational cost’*? and is therefore chosen here. Energy conservation is then written in the following form.

or
pe, = =VIA+2)VT] @

A is the effective thermal conductivity of the RPC and A4 is the equivalent thermal conductivity describing
thermal radiation. 1.,4 is expressed by

1607
fos === 3)
R
where By is the Rosseland mean attenuation coefficient and o is the Stefan-Boltzmann constant.®® In the
following, a distinction is made between the derivation of the effective thermal conductivity for the RPC and the
porous insulation.

Reticulated Porous Ceramic (RPC)

For a gray medium, as assumed here, fy is equal to the extinction coefficient § of the medium which is defined
as a function of porosity >’
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,3=‘P1'd—a “)

mean

with the parameter ¥,=1.765, porosity ¢ and the mean pore diameter d,.,, which is defined as”’
d_. =220x10"-p+4.59%10"* m. 5)

For the description of effective thermal conductivity of a porous medium, in a previous publication®’ different
models are compared with data derived from direct pore level simulations which are based on tomography scans of a
reticulated porous ceramic. The authors find that the extended three resistor model which expresses the fitting
parameter f'as a function of porosity is able to describe with great accuracy the effective thermal conductivity of the
sample. The effective thermal conductivity A is then expressed as follows.

k
a=(1-f )@—fk,+f (pk, +(1-0)k,), (©)

+(1_(0)k

where f'is the fitting parameter described by f =./g, — g, - ¢, ,and g, are 0.754 and 0.82977, k¢ and ki
are the thermal conductivities of the fluid and solid material, and ¢ is the porosity of the porous domain.

s

Insulation

The porous insulation is comprised of fibers of Al,O; and SiO,. As the pore mean diameter is not known,
experimental values for the Rosseland mean attenuation coefficient and for the thermal conductivity are used to
describe the thermal energy transfer across the insulation. The former are taken from Zhang et al.”* and the latter
from the manufacturer of the type M-35 buster insulation® which has also been used in experiments.®*'***

Solid and fluid domains: in the solid and fluid domains, the law after Fourier is used to describe heat transfer by
conduction.

Heat exchange between chamber halves: heat exchange between the chamber halves, i.e. between the lower side
of the separating wall and the RPC in the lower chamber half is modeled assuming heat exchange between infinite
flat plates and heat conduction through the fluid phase (assumed to be oxygen).

Heat loss to the surroundings: heat is lost through radiation and convection from the reactor wall to the
surroundings which are assumed to be at 300 K.

The numerical solution is derived by solving the system of non-linear equations in MATLAB by choosing a
starting point for the temperatures and using the method of pseudo-continuous time stepping to approximate the
steady-state of the system.

Material Properties

The convective heat transfer coefficient from the reactor wall to the surroundings at 300 K is 15 W m™ K™'.*° The
emissivity, thermal conductivity, specific heat capacity, and density of the reactor wall made from Inconel 600 are
taken from 3'. Its thickness is chosen to be 3 mm. The emissivity of the Al,0;-Si0, insulation is from 32, its radiative
extinction coefficient from **, its thermal conductivity and density from *, and its specific heat capacity from **.
Effective radiative properties and parameters for the modeling of combined conduction and radiation in the solid and
fluid domains are taken from direct numerical pore-level simulations for the RPC material”’ and from **** for the
porous insulation. The emissivity of the CeO,-RPC is used from ** and the properties for the three resistor model to
calculate the effective thermal conductivity from . The thermal conductivity of solid CeO, is taken from **, its
density from *°, and its specific heat capacity from *°. The thermal conductivity of oxygen and the specific heat
capacity of oxygen, carbon monoxide, and carbon dioxide from *’.
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FIGURE 3. Temperature distribution in heat exchanger for three different configurations:
a) Porosity 40%, Thickness 0.05 m, b) Porosity 80%, Thickness 0.05 m, c¢) Porosity 40%, Thickness 0.02 m.

RESULTS

In the following, the influence of thickness and porosity of the reactive material on the efficiency of the heat
exchanger is shown (Figure 3). Heat exchanger efficiency increases strongly with decreasing material thickness
from 7,,=0.188 at L=0.05 m to 7,,=0.440 at L=0.02 m (compare a) with c) in Fig. 3). This significant improvement
is due to the fact that for a given heat exchanger length and residence time of the elements, there is a finite time for
the thermal energy to diffuse in the material. Thinner elements have a smaller mass and are heated more rapidly with
a smaller temperature difference over the material. For larger thicknesses, parts of the material are participating
poorly or not at all in the heat exchange between hot and cold elements, decreasing heat exchanger efficiency, as can
be clearly seen in the lower chamber halves of the RPC with thickness 0.05 m as compared to the thinner elements.
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The heat exchanger efficiency also increases strongly with porosity from 7,.=0.188 at ¢=0.4 to 7,.=0.416 at
@=0.8 (compare a) to b) in Fig.3). Equally to a reduction of element thickness, an increase in porosity reduces the
element mass and has thus a positive influence on heat exchanger efficiency. Furthermore, the effect of porosity on
overall heat transfer is based on a trade-off between improved radiation heat exchange and deteriorated thermal
conductivity of the material: on the one hand, by increasing the porosity, the extinction coefficient is decreased in
Eq. 4, leading to a higher equivalent thermal conductivity in Eq. 3. On the other hand, a higher porosity decreases
the amount of solid material and thus the effective thermal conductivity. The overall effect on the thermal
conductivity including radiation and conduction thus depends on which mode of heat transfer is dominating. At high
temperatures above about 1000 K, radiation heat exchange dominates the thermal energy transfer within the
material. Due to a reduced mass and enhanced thermal conductivity, an improvement of heat exchange between the
hot and cold elements is seen with increasing porosity at the given temperatures.

Summary

A generic reactor model that can be used for the description of a large number of different reactor concepts is
enhanced to include the description of internal heat diffusion within the reactive material. The model describes heat
transfer by radiation and conduction, where the former is expressed with the Rosseland diffusion approximation and
the latter with the three resistor model, while convection is neglected. This extension allows the model to include the
effect of heat diffusion which has been identified to be a crucial design parameter for heat exchangers working with
solid-solid heat recuperation. The model development including assumptions and material parameters is documented
and its applicability is demonstrated in the analysis of heat exchanger efficiency as a function of material thickness
and porosity. For a chosen operating point with oxidation and reduction temperatures of 1000 K and 1800 K, and 8
heat exchanger chambers, heat exchanger efficiency was shown to increase significantly from 18.8% to 44.0% for a
reduction of material thickness from 0.05 m to 0.02 m, and to 41.6% for an increase of porosity from 40% to 80%.
The model is therefore capable of describing crucial design parameters of heat exchanger concepts for solar
thermochemical syngas production.
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