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ABSTRACT
The synthesis of fuel from sunlight is a research area that has attracted significant attention in recent years due to
the potential of providing a fully sustainable pathway for transportation. Due to the high energy density and the
existing global infrastructure for fuel transport and handling, the storage of solar energy as a fuel is a superior
concept. The cost effective, solar thermochemical production of Syngas, using non-volatile metal oxide looping
processes as a precursor for clean and carbon neutral synthetic hydrocarbon fuels, such as synthetic petroleum, is
the overarching goal of a number of research groups worldwide. The high temperature solar thermochemical
approach uses water and recycled CO2 as the sole feed-stock and concentrated solar radiation as the sole energy
source. Thus, the solar fuel is completely renewable and carbon neutral. Highly reactive, high surface area metal
oxide porous structures are used to enable CO2 and water splitting for the production of Syngas. Two critical
issues that drive the reaction conversion efficiency are chemical kinetics and heat and mass transport within the
solar reactor. This lecture will consider the interplay between chemical reaction kinetics and thermal transport
within the solar thermal chemical reactor. A framework for modeling the very complex multimode thermal
transport within reactive porous structures will be described. The concentrated solar thermal radiant transport
into the chemical reactor is simulated using a Monte-Carlo ray tracing model. Heat transport within the reactive
porous structures, including conduction, convection, radiation, and chemical reactions, is simulated using a
thermal lattice Boltzmann model. The model is used to guide reactor scaling and appropriate operating
conditions for efficient solar fuel production. The results suggest that new material synthesis that enables thermal
reduction at temperatures below 1100 oC can enable transformative solar to fuel conversion technology.

KEY WORDS: Solar, Fuel, Thermochemical, Reactor
1. INTRODUCTION
Solar energy, especially concentrated solar thermal energy, has vast potential to contribute towards a more
sustainable and clean energy portfolio. Of enormous interest over the last decade is the prospect of storing
thermal energy as chemical energy in the form of a fuel. Of major interest over the last decade are metal
reduction/oxidation (redox) cycles, where the metal is thermally reduced at high temperatures to a lower
oxidation state, then oxidized using either H2O and/or CO2 to form H2 and/or CO, which are chemical fuels
representing an energy upgrade from their representative feedstocks. CO and H2 in tandem, also known as
syngas, can be a precursor to synthetic liquid fuels such as jet fuel, gasoline, or diesel [1]. Though very
attractive, economically viability will require well-designed energy conversion devices to maximize the
overall conversion efficiency. This will in turn minimize costs associated with the solar concentration and
the reactor hardware necessary per unit of fuel [2].
The engineering design of a reactor requires a functional model to account for heat transfer, species
transport, and chemical reaction. Heat transfer in the cavity-reactor system includes radiation, conduction,
*Corresponding Author: klaus@ufl.edu
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convection and endothermic/exothermic chemical reactions. Effective modeling of the heat transfer and
energy transport in the solar reactor is essential to the reactor design and it also provides valuable insights
and guidance for optimizing the operating conditions.
The objectives of this paper are twofold. It first gives a review of the various heat transfer models in the
literature for the solar reactors of different configurations for sunlight to fuel conversion. In addition, a fully
coupled transient heat transfer model for the thermal transport and kinetic phenomena associated with solar
thermochemical fuel production is introduced, and simulation results for two complete redox cycles are
presented.
The rest of the paper is organized as follows. In Section 2, the different types of solar reactors for converting
sunlight to fuels from researchers around the world are briefly reviewed. A schematic depiction of the
windowless, horizontal, indirectly-irradiated solar thermochemical reactor for hydrogen and syngas
production at the University of Florida is presented. Section 3 focuses on the radiation transport from the
solar simulator to the cavity-reactor, and the radiative transfer inside the cavity. Heat transfer coupling
conduction, convection, radiation and endothermic/exothermic reactions in the porous reactive beds inside
the absorbers arranged in the cavity is studied in Section 4. The kinetic models for various reactive materials
widely used in the solar thermochemistry community are reviewed in Section 5, including the reduction and
oxidation kinetics for the ferrite-based material that is selected for demonstration of the present coupled
model. The coupling between the radiation model for the cavity-receiver as discussed in Section 3, the heat
transfer model for the absorber-reactor in Section 4, and the chemical reaction kinetics employed from
Section 5, is examined in detail in Section 6, including the specific computational procedure for the present
coupled model. Representative simulation results of the heat flux and temperature distributions, chemical
reaction rates and fuel production, and the predicted solar-to-fuel efficiency, are presented in Section 7.
Finally, Section 8 concludes the paper and suggests future areas of emphasis for modeling efforts in solar
thermochemical reactor simulations.

2. SOLAR REACTOR CONFIGURATIONS
A solar thermochemical reactor typically features a cavity-type receiver that captures and constrains the
concentrated solar energy, and a small open or windowed aperture that allows the sunlight to travel through
while at the same time minimizes the re-radiation from the receiver. The reactive materials are in the forms
of porous beds such as packed particles or stabilized porous structures that have high surface area for
chemical reaction during the extensive cycling process. The reactive beds are either directly exposed to the
incident radiation, or packed in tubular absorbers and indirectly irradiated by the solar flux.
A limited number of lab-scale solar reactor prototypes with solar input power in the range of 3 to 10 kWth for
fuel production have been designed, developed, and tested worldwide. High flux solar simulators using an
array of Xenon lamps have been used to provide a radiant source for those high temperature solar reactors.
An even more limited number of solar reactors on the order of 100 kWth to 1 MWth scales have been tested
on-sun. Here a brief summary of those solar reactors is presented, including the windowless horizontal solar
reactor at the University of Florida (UF). The present heat transfer model is based on the UF solar reactor
configuration and it can be extended to other reactor configurations as well.
The cavity-based solar thermochemical receivers/reactors can be categorized by their main features. The
aperture of the cavity can be either windowed or windowless. Active cooling is usually required for a quartz
window and its optical properties such as absorptivity would be affected during multiple cycles as the gases
in the cavity may condense on and contaminate the window [3, 4]. The orientation of the cavity with regard
to the incoming concentrated sunlight can be either horizontal or vertical, i.e., the axis of the cavity is either
parallel or perpendicular to the centerline of the concentrated sunlight. As mentioned earlier, the reactive bed
can be either directly irradiated or indirectly heated by the solar flux. In the latter case, an absorber, which is
directly exposed to the solar flux, is needed to house the reactive material. While most of cavity reactors are
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stationary, there are also rotating solar reactors which are favorable for continuous feeding of reactive
particles, and/or heat recuperation during the temperature swing of the redox cycling.
Kräupl and Steinfeld [3] at PSI and ETH, Switzerland, experimentally investigated a windowed, horizontal,
direct/indirect (with or without a graphite cylinder for housing the reactive material) solar thermochemical
reactor for the combined ZnO-reduction and CH4-reforming (ZnO + CH4 = Zn + 2H2 + CO). An energy
balance identifying the various heat flow fractions was conducted and the main heat loss sources were reradiation through the aperture, conduction through the reactor walls, and the quenching of the reaction
products. For input solar power of 2.3-4.6 kW, the thermal efficiency, defined as the portion of the input
solar power that was used as sensible and chemical process heat, was in the range of 11-28%.
Schunk et al. [4] at PSI and ETH, Switzerland, presented an improved design, a 3-D CFD model, and an
experimental test of a 10 kW rotating, windowed, horizontal, directly heated cavity-reactor for thermal
dissociation of ZnO. The key design concept of the rotating cavity is that the layer of ZnO particles serves
three functions simultaneously: as a radiant absorber, chemical reactants, and a thermal insulator.
Abanades et al. [5] at PROMES-CNRS, France, designed and simulated a windowed, horizontal, direct solar
chemical reactor for continuous dissociation of metal oxides, which were continuously injected into the
cavity through a screw feeder and a rotating driving gear at the backside of the cavity. The ZnO particles
acted as both chemical reactants and radiation absorbers in the reactor.
Kaneko et al. [6] at Tokyo Tech, Japan, developed and tested a windowed, rotary-type solar reactor for a
two-step water-splitting process using reactive ceramics of ceria and Ni, Mn-ferrite (Ni0.5Mn0.5Fe2O4). It has
a cylindrical rotor coated with reactive materials. A scaled-up rotary-type solar reactor was also presented. A
simulation study of the rotary-type solar reactor was conducted by Kaneko et al. and the solar reactor was
tested with 20 kW input at CSIRO in Australia [7].
Diver et al. [8] at Sandia National Laboratories, USA, designed a windowed, vertical-direct counter-rotatingring receiver/reactor/recuperator (CR5) as a heat engine for solar thermochemical water-splitting. The CR5
uses a stack of counter-rotating rings or disks with fins along the perimeter. One quarter of the stack at a time
was directly exposed to the concentrated solar flux through the windowed aperture during thermal reduction.
The quarter on the opposite was at lower temperature and used for water oxidation. The remaining half of the
stack was considered adiabatic and utilized for countercurrent heat recuperation. The efficacy of the CR5 has
been demonstrated by Miller et al. [9] through laboratory and on-sun testing using cobalt ferrite/zirconia
mixtures as reactive materials. Ceria-based material was also tested and both water and CO2-splitting have
been demonstrated using the CR5.
Roeb et al. [10] at DLR, Germany, built and tested a quasi-continuously operating horizontal reactor
consisting of two separate chambers with fixed honeycomb absorbers for more than 50 cycles. While water
splitting was taking place in one chamber at temperatures around 1073 K, the other was doing thermal
reduction at temperatures up to 1473 K, so that a continuous production of hydrogen is feasible. They also
developed a transient 2D numerical model to simulate the heat transfer and H2 production in the solar reactor
using inputs from experimental measurements. From experimental test and modeling simulation, they have
also designed a 100 kWth solar pilot plant. Experimental testing of the 100 kW pilot plant for the two-step
water splitting via monolithic honeycomb solar reactors has been operated at the SSPS solar tower plant at
PSA in Spain [11]. The feasibility of the process was demonstrated and it was shown that rapid changeover
between the various modules is a central benefit for the performance of the process.
Chueh et al. [12] at Caltech, USA and ETH & PSI, Switzerland, investigated thermochemical dissociation of
CO2 and H2O using nonstoichiometric ceria directly irradiated by solar flux in a windowed, horizontal
cavity-receiver reactor. Stable and rapid generation of H2 and CO was demonstrated over 500 redox cycles
and solar-to-fuel efficiencies of 0.7 to 0.8% were reported. They showed that the efficiencies were largely
limited by the system scale and design rather than by chemistry. Using a very similar solar reactor but with a
reticulated porous ceramic (RPC) foam made of pure ceria, which had a relatively large density and porosity
that enabled high mass loading and volumetric absorption of solar radiation, Furler et al. [13] at ETH, Empa
and PSI, Switzerland reported an improved average solar-to-fuel efficiency of 1.73% for CO production.

3

IHTC15-KN28
Koepf et al. [14] at the University of Delaware, USA and ETH & PSI, Switzerland, designed, modeled and
tested a windowed, beam-down, horizontal-direct solar thermochemical receiver/reactor for the reduction of
ZnO particles. A total number of 15 hoppers each holding 1000 g of ZnO powders were mounted on the top
the reactor to feed the reactive material. An axisymmetric heat transfer model and a CFD vortex-flow model
were developed to simulate the reactor. Mechanical stability and concept functionality of the reactor have
been experimentally investigated.
Lapp et al. [15] at the University of Minnesota, USA, designed and modeled a windowed, horizontal,
directly-irradiated, counter-rotating solar thermochemical reactor for syngas production from water and CO2
splitting via ceria-based redox cycling. The outer rotating cylinder consists of a reactive porous medium
cycling between reduction and oxidation; while the inner counter-rotating cylinder is a chemically inert heat
recuperating solid.
Martinek and Weimer [16] at the University of Colorado, USA, developed a 3D steady-state computational
model coupling fluid flow, heat transfer (including radiation), chemical reaction kinetics and mass transfer to
investigate the solar-to-chemical efficiency for a multiple tube solar reactor. The basic reactor configuration
is a windowed, vertical, indirectly-irradiated cavity receiver with an array of tubular absorbers arranged in a
semicircle around the back wall of the circular cavity.
A windowless, horizontal, indirectly-irradiated solar thermochemical reactor for H2 and syngas production
from two-step water and CO2 splitting at the University of Florida (UF), USA, has been designed, fabricated
and is under experimental testing. The horizontal cylindrical cavity absorbs the concentrated solar power
from the UF High Flux Solar Simulator through a windowless aperture. An array of cylindrical tubular
absorbers is arranged at the circumference of the cavity. Reactive materials are loaded in the tubes with one
end closed, and are indirectly heated by the input solar power. A schematic depiction of the UF solar reactor
is shown in Fig. 1. The present transient heat transfer model is focused on the configuration in Fig. 1.

Insulation
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x
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Fig. 1 Schematic depiction of the UF windowless horizontal solar thermochemical reactor: (a) crosssectional view, and (b) front view.

3. RADIATIVE TRANSFER IN CAVITY-RECEIVER
3.1 Review of Radiation Modeling in Solar Reactors
Various radiative transport models for the solar thermochemical systems have been reported in the literature.
These models include, a simplified approach to obtain an analytical solution for the reactor geometry
optimization, a radiosity method to calculate the heat fluxes and temperatures inside the cavity reactors, and
a Monte Carlo ray tracing (MCRT) method for the radiation modeling inside the reactor. Below, selected
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examples of numerical analyses are discussed for radiative transport modeling in a solar thermochemical
reactor.
Tescari et al. [17] used a simplified method to optimize the geometry of a solar thermochemical reactor. A
pure thermal approach was considered for the study; and two types of reactors, a cylindrical reactor
completely filled with the reactive material, and a cavity reactor with reactive material at the periphery of the
reactor were simulated. A uniform heat sink inside the reactive material was assumed to represent the
chemical reaction. Radiative heat transfer in the cavity and conduction inside the reactive material were
considered. Based on a fixed reactor volume and a constant incident heat flux, the reactor geometry was
optimized, and they utilized an existing simplification hypothesis to obtain an analytical solution. Different
operational parameters were varied to obtain the optimized geometry of the reactor. This approach is an
extension of the constructal approach in [18].
Z’Graggen et al. [19] modeled a solar chemical reactor for the steam gasification of pet coke. In the reactor a
continuous vortex flow of the steam carrying pet coke particles was directly irradiated inside a windowed
cavity receiver. The radiosity method for the diffuse enclosures was used to obtain the radiative fluxes and
temperatures. Re-radiation loss through the quartz window was also calculated in the model.
Zedtwitz et al. [20] used a directly irradiated chemical reactor for the steam-gasification of coal. The MCRT
method for a non-isothermal, non-gray, absorbing, emitting, and scattering media was used to model the
radiative heat transfer in the reactor. A high flux solar simulator was used as the radiation source. Radiation
from the solar simulator to the reactor was also traced using the MCRT model. An experimental validation of
the model was also carried out in [20].
Melchior and Steinfeld [21] performed an MCRT analysis of a vertical cavity reactor for diffusely/specularly
reflecting walls, containing either a single or multiple tubular absorbers, and a selective windowed or
windowless aperture. In the vertical cavity reactor, a large fraction of radiation hits the cavity walls leading
to low efficiency of the reactor. In their work, Melchior et al. [21] did not stimulate the heat transfer inside
the absorbers. Rather, they considered the net power absorbed by the reactor as a parameter and calculated
the energy transfer efficiency based on the variation of this parameter.
Muller et al. [22] and Bader et al. [23] developed a transient heat transfer model to simulate the thermal
dissociation of ZnO in a solar chemical reactor. For the radiation modeling, a combination of the MCRT
technique and the radiosity (enclosure theory) method was used. The radiosity method was employed to
calculate the radiative exchange inside the cavity reactor. The cavity walls were assumed to be diffuse and
gray. Solar flux distributions at the reactor aperture and configuration factors were required for the radiosity
method and were computed using the MCRT technique. The radiation heat transfer was coupled with
convection, conduction heat transfer and the reaction kinetics to develop a transient heat transfer model.
Maag et al. [24] also used the same methodology to model the radiative heat transfer inside a cavity reactor
for the thermal decomposition of methane, with a key difference in the calculation of heat flux at the
aperture. They assumed that the heat flux at the aperture has Planck’s spectral distribution of a blackbody at
5780 K.
Martinek et al. [25] modeled the heat transfer in a vertical, multiple tube solar cavity reactor with specularly
reflective cavity walls. For the radiation modeling, they used the MCRT method to map input solar energy
onto the tube and cavity surface. For the re-emitted radiation, the finite volume method was used, and it was
coupled with the computational fluid dynamics model. Temperature profiles on the tube surfaces were
simulated and validated with experimental results.
Lapp et al. [26] developed a transient three dimensional heat transfer model for a solar cavity reactor. They
used a combination of the MCRT technique and the net radiation method. The MCRT technique was applied
to compute the distribution of the solar irradiation at the cavity surface. The rays were assumed to be
uniformly distributed at the aperture area. The net radiation method was used to solve the heat flux at the
surface of the cylinder containing reactive material. View factors for the net radiation method were
calculated using the MCRT technique.
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3.2 Present Radiation Model
In the present solar thermochemical reactor as shown in Fig. 1, the cavity allows multiple reflections of the
solar rays so that the behavior of the cavity closely resembles that of a black body. Due to multiple
reflections inside the cavity, the apparent absorptivity of the cavity increases as compared to the actual
absorptivity of the cavity material [27]. The reactants inside the tubular absorbers are indirectly heated by the
solar flux. For lab-scale reactor prototypes, the University of Florida (UF) high flux solar simulator is used
as a radiation source. Modeling for radiative transfer from the simulator to the aperture of the cavity receiver
is performed using the VEGAS [28] model. A collision based Monte Carlo ray tracing (MCRT) model is
used to further trace the rays from the aperture until they get absorbed inside the cavity or escape the cavity
through the aperture.
3.2.1 Radiation from Solar Simulator to Reactor Aperture – the VEGAS Model
The VEGAS model was developed by Petrasch [28] to simulate the radiative transfer from a solar simulator
to a target object (the cavity receiver in this study). The UF solar simulator consists of seven Xe arc lamps.
The specific parameters for the Xe arc lamps are given in Table 1 [29].
Table 1 Parameters for the simulator lamps.
Parameter
Electric power (kWe)
Required air speed for cooling (m·s-1)
Operating voltage (V)
Maximum operating current (A)
Ignition voltage (kV)

Value (per lamp)
6.0
7.0
35
170
40

Each Xe arc lamp is closely coupled with a precision elliptical mirror with one of the linear foci coinciding
with the arc. The focal plane of the solar simulator is defined as the horizontal plane containing the second
linear focus. The parameters for the simulator elliptical mirror are given in Table 2 [29].
Table 2 Parameters for the reflective mirrors of the UF simulator.
Parameter
Semi-major axis, a (m)
Semi-minor axis, b (m)
Depth (m)
Estimated mirror error (mrad)
Estimated mirror reflectivity (-)

Value
1.0201
0.4802
0.4557
5.0
0.92

Radiation emitted by the Xe arc lamp is assumed to be isotropic. The direction of a generic ray emitted by
the lamp is given by the unit vector ŝ  [sin cos , sin sin , cos ]T , randomly determined by polar
angle, θ, and the azimuthal angle, ψ, from

  cos 1 (1  2 ) , and   2

(1)

where  and  are random numbers from 0 to 1. Radiation rays emitted from the Xe arc lamp undergo
none, single or multiple reflections at the mirror surface. A combined model for diffuse/specular reflection
that incorporates an angular error for mirror imperfections is used to calculate the direction of the reflected
rays from the mirror [28]. The direction of a diffusely reflected ray is chosen randomly from a set that is
weighted according to Lambert’s cosine law [30]. For specular reflection, the direction is given by [30]

6

IHTC15-KN28
sˆ r = sˆ i  2 sˆ i  nˆ nˆ

(2)

where n̂ is the unit surface normal vector at the point of reflection.
The required aperture diameter for a 10 kWth cavity receiver is calculated using the VEGAS model. The
fraction of the incident radiation at the aperture from the solar simulator varying with the diameter of the
aperture is shown in Fig. 2. As the size of the aperture increases, the fraction of incident radiation admitted
into the cavity increases; however with increased aperture size, the radiation losses through the aperture also
increase. As a part of the radiation is absorbed by the surfaces of the reflective mirrors, the incident power at
the aperture never converges to 1. Approximately 75% of the radiative power output from the solar simulator
is incident at a 5 cm diameter aperture, which is the size in the present reactor configuration.

Fig. 2 Variations of the fraction of transferred power from the solar simulator to the aperture with increase
in the aperture radius.
3.2.2 Radiation inside Cavity-Receiver – Monte Carlo Ray Tracing Model
A collision based Monte Carlo ray tracing (MCRT) model is developed to trace the rays from the aperture of
the cavity receiver until they are either absorbed by the surfaces of the cavity wall or the absorbers, or escape
the cavity through the aperture. Re-emission from all the surfaces inside the cavity is also taken into account
with the heat transfer inside the absorbers and the cavity wall simulated. The generated rays due to surface
re-emission will also be absorbed by other surfaces or escape the cavity from the aperture. This is also traced
with the MCRT model. The net radiative flux at a given surface element is the difference between the
absorbed and emitted fluxes [30]. The net flux distributions obtained from the MCRT model provide the
necessary boundary conditions for the heat transfer modeling inside the absorbers and that in the cavity wall
and the insulation layer. The computed surface temperatures are then used to update the re-emission
modeling in the MCRT.
For the ray tracing of the incident solar radiation, each ray is assumed to carry the same amount of power so
that the incident power, Qray,inc, carried by each ray at the aperture is given by
Qray,inc =

Qinput, simulator
N ray, inc

(3)

The cavity and absorber surfaces are assumed to be diffusely reflecting and emitting. Each surface is divided
into a number of small elements of equal area and the surface temperature on each element is uniform. The
direction of a diffusely reflected ray is given by the unit vector ŝ  [sin cos , sin sin , cos ]T ,
randomly determined by the polar angle, θ, and the azimuthal angle, ψ, using
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  sin 1  , and   2

(4)

The heat flux due to incident radiation on each of the surface elements is thus
q inc
j,absorber  n j,absorber Qray,inc / Aj,absorber

(5)

q inc
j,cavity  n j,cavity Qray,inc / Aj,cavity

(6)

where n j is the number of rays incident on the element of area Aj for both the absorber surfaces and the cavity
wall. It should be noted that the incident heat flux distribution q inc
j is independent of the surface temperatures
and it is determined by the distribution of the input solar flux at the aperture and the geometry of the cavityreactor. Thus the MCRT for determining q inc
is conducted only once.
j
The numbers of rays generated for modeling re-emission on the surfaces are given by
N i,cavity 

4
 Ti,cavity
Ai,cavity

Qcavity

N ray,emi , and N i,absorber

4
 Ti,absorber
Ai,absorber

N ray,emi
Qabsorber

(7)

where Ti is the surface temperature on the i-th element, Ai is the elemental area, Nray,emi is the total number of
arrays generated on the cavity wall or the absorber surface. And the total power on the cavity wall and
absorber surfaces are
N

Qcavity 

N
4
i,cavity Ai,cavity

  T

, and Qabsorber 

i 1

4
i,absorber Ai,absorber

  T

(8)

i 1

A portion of the generated rays, Ni,cavity, for re-emission from the element Ai,cavity on the cavity wall escape the
cavity from the aperture; the rest are absorbed by either element Aj,absorber on the absorber surfaces (ai,j), or
Aj,cavity on the cavity wall (bi,j). The respective fractions are
a i,j 

N (absorber)i,j
N i,cavity

, bi,j 

N (cavity)i,j

(9)

N i,cavity

Similarly, the fractions of the emissive rays, Ni, absorber, generated on the element Ai,absorber of the absorber
surface that are absorbed by element Aj,absorber on the absorber surfaces (ci,j), or Aj,cavity on the cavity wall (di,j)
are
ci,j 

N (absorber)i,j
N i,absorber

, d i,j 

N (cavity)i,j

(10)

Ni,absorber

From Eqs. (9) and (10), the heat flux distributions due to re-emission and absorption are

a Q
 b Q

4
q emi
j,absorber   Tj,absorber 

i,j

i,cavity +

4
q emi
j,cavity   Tj,cavity

i,j

i,cavity +


/ A

ci,jQi,absorber / Aj,absorber

i

d i,j Qi,absorber

j,cavity

(11)
(12)

i

The combination of Eqs. (5, 6) and (11, 12) give the net heat flux on the surface elements
inc
emi
q net
j,absorber  q j,absorber  q j,absorber

(13)

inc
emi
q net
j,cavity  q j,cavity  q j,cavity

(14)
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For sufficient number of Nray,emi used (Nray,emi = 106 in present simulations), the heat flux obtained from Eqs.
(13) and (14) would give the same asymptotic results as that from the radiosity enclosure approach.
To further reduce the computational time of the MCRT for the re-emission, all the fractions ai,j - di,j (similar
to view factors) in Eqs. (9) and (10) are saved before the coupled time-marching algorithm is implemented.
They are directly used to give the heat flux values once the surface temperatures are obtained from the heat
transfer simulation inside the absorbers, the cavity wall and the insulation layer.

4. HEAT TRANSFER IN ABSORBER-REACTOR
Heat transfer in the porous bed of reactive materials in the absorber-reactor is a typical thermal transport
process in porous media. Heat transfer and energy transport in porous media have been extensively studied
in the literature. In addition to heat conduction and convection in the solid and fluid phases, radiative transfer
is significant at high temperatures. With chemical reactions involved, the heat absorbed/released during the
endothermic/exothermic reactions also contributes to the thermal transport in the porous structure. A
transient heat transfer model is required to simulate the dynamic conduction, convection, and radiation
transport coupled with chemical reactions in the absorber-reactor.

4.1 Governing Equations
The energy conservation equation for a porous bed can be written as a general convection-diffusion equation
with a source term [31]

  c
p




  1      c   Tt     c 
f

p s

p

f


u  T     keff T   qchem

(15)

where the subscripts f and s denote the gas and solid phases, respectively,  is the porosity, ρ is the density,
cp is the heat capacity, t is the time, T is the temperature, u is the velocity vector, keff is the effective thermal
 is the volumetric heat source/sink rate due to the
conductivity of the porous structure, and qchem
endothermic/exothermic reaction. It should be noted that Eq. (15) is the energy equation after volume
averaging and with the local thermal equilibrium assumption, and the diffusion approximation is used to
account for radiative transfer within the porous structure.
One of the most important transport properties for heat transfer in porous media is the effective thermal
conductivity, keff. It is dependent on the thermal conductivity of each of the fluid and solid phases, the
structural characteristics (e.g., porosity, particle size, geometry, roughness and contact area between rough
particles), and radiation transport at high temperatures. For a two phase fluid-solid structure with stagnation
flow and porosity , when radiation is neglected at low temperatures, the keff, cond value is bounded by the
lower and upper limits for series and parallel mode structures, respectively
lower
series
k eff,
cond  k eff, cond 

k f ks

 k s  1    k f

upper
para
k eff,
cond  k eff, cond   k f  1    k s

(16)
(17)

where kf and ks are the thermal conductivity of the fluid and solid phases, respectively. Various models for
predicting keff, cond in packed beds have been compared by Kaviany [32] and also reviewed in a recent article
[33]. The effect of radiation on the estimate of keff has been discussed in [33-35].
For solar thermochemical reactors operating at high temperatures (typically > 1000 o C), the contribution of
radiation on keff is substantial. The porous beds in solar thermal chemical reactors are usually optically thick
media, for which a popular and convenient way to model the radiation effect is to use the Rosseland
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diffusion approximation [30]. Thus the effective thermal conductivity in Eq. (15) can be obtained from [15,
22, 30]

keff  keff, cond  krad  keff, cond 

16n 2 3
T
3 R

(18)

where krad is the contribution due to radiation. In Eq. (18), n is the refractive index of the medium, σ is the
Stefan-Boltzmann constant, and βR is the Rosseland-mean extinction coefficient of the bed structure.
The source term in Eq. (15) is due to the temperature dependent chemical reaction

  r H rn
qchem

(19)

where r  is the volumetric reaction rate and H rn the enthalpy change of the reaction. There are various
kinetic models for solar thermochemical reaction rates for specific reactive materials including Zn/ZnO,
ferrites, and ceria solid metal and metal oxides (see Section 5). The kinetics for cobalt ferrite has been
intensively studied in the solar thermochemistry community (see [36, 37] and refs. therein), and thus cobalt
ferrite is selected as the reactive material in this work. The thermal reduction kinetic model proposed in [36]
and the water splitting oxidation kinetics in [37] are employed in the present model. It should be noted that
the present heat transfer model can also be used for other reactive materials when their thermophysical
properties and reaction kinetics are well described.

4.2 Boundary Conditions
The thermal boundary conditions for solving the energy equation (15) inside the absorbers include:
(1) Neumann condition with net heat flux distribution on the absorber outer surface r = Ra:
qw   k tube

T
r

(20)
r  Ra

where qw  qw,inc  qw,emi is the difference between the incident flux and the radiative flux due to re-emission
on the surfaces. It is emphasized that qw,inc is determined by the geometry and the radiative transfer
properties of the medium in the cavity and the related surfaces; while qw,emi is dependent on the local surface
temperatures. The net heat flux condition is obtained from the MCRT radiation model in Section 3.
(2) Natural convection and radiative emission conditions at the ends of the insulation sections at both ends of
the bed:

kins

T
n

4
 h(Tw  Tamb )   ins (Tw4  Tamb
)

(21)

w

where kins is the thermal conductivity of the insulation material, h is the heat transfer coefficient due to
natural convection, Tw is the surface temperature on the outer insulation surface, Tamb is the ambient
temperature, and εins is the surface emissivity.
(3) Conjugate heat transfer conditions at the interface of two materials of different thermal properties:
including the inner wall of the tube (interface between tube and porous bed) and the interfaces between the
porous bed and insulation materials. Taking the interface on the inner wall of the tube for example, the
conjugate conditions include the continuity of temperature and normal heat flux at the interface (denoted
with subscript “int”)
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(22)

Ttube,int  Tbed,int

k tube

Ttube
r

int

 kbed

Tbed
r

(23)

int

4.3 Numerical Method
The energy equation (15) can be numerically solved using traditional finite-difference, finite-volume or
finite-element methods. In this work, we introduce an alternative numerical method, the thermal lattice
Boltzmann equation (LBE) method, for Eq. (15). The benefits of the LBE method include: (i) simple and
explicit algorithm, (ii) convenient boundary and interface schemes that can be used for irregular geometry,
(iii) the coupling between hydrodynamics and heat and mass transfer can be effectively realized, and (iv) the
capability for parallelized computing, which is desired for multiple tubular reactor configurations.
In the thermal LBE method, a temperature distribution function g(x, ξα, t) is defined in the Cartesian
coordinate system, where x is the spatial vector, ξ is the particle velocity vector in the phase space (x, ξ) and
t is the time. Its evolution is very efficiently computed following a standard collision-and-streaming process
in the LBE method.
collision step:





eq
gˆ  x, t   g  x, t    M -1S m  x, t   m    x, t     G  x, t   t



(24)

streaming step:
g  x  e  t , t   t   gˆ  x, t 

(25)

where gα(x, t)  g(x, ξα, t), ĝ represents the post-collision state, M is a matrix to transform the distribution
functions g to their moments m by m = Mg, S is a matrix of relaxation coefficients, the equilibrium moments
are explicitly defined as m  eq   (0, uT , vT , wT , aT , 0,0)T with u, v, and w being the macroscopic velocity
components in the Cartesian coordinates and a being a constant, and G is the general source term that can be
the chemical reaction rate term in Eq. (15). The collision step is completely local, and the computation can
be parallelized. The steaming step is very simple and requires minimal computational resources.
The solution of Eq. (1) for temperature is obtained from the moment of the distribution functions
m

T  x, t    g  x, t 

(26)

 0

For more details on the thermal LBE method and its boundary and interface condition implementations
please refer to [38, 39, 40] and the refs. therein. Heat conduction in the cavity wall and the insulation layers
is also modeled with the thermal LBE method by setting the macroscopic velocity to zero.

5. MATERIAL KINATICS FOR CHEMICAL REACTIONS
Useful kinetic model expressions must not only accurately predict the reaction progression, but must also be
versatile enough to be used in a variety of conditions. In typical fixed or fluidized bed solar thermochemical
reactors, fuel production is achieved by introducing a reactive oxidizing agent (H2O or CO2) through the
reactive material. The ability for a material to undergo oxidation and reduction is highly dependent on the
temperature, pressure, and gas environment among other factors. The extents of the oxidation and reduction
reactions encountered in solar thermochemical fuel production are, among other factors, thermodynamically
constrained, which has a profound impact on the kinetics. For different thermodynamic states (e.g.
temperature, pressure, and gas environment), the maximum extent of reaction varies. Actual implementation
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of this often overlooked complication can be dealt with in several ways depending on the reactive material.
The traditional modeling approach of solid state kinetics based on the concept of reaction extent, α, is not
easily adopted for complex and constrained solar thermochemical reactions under dynamic conditions.
Significant discrepancies may exist when thermodynamic data obtained or predicted for a closed system is
used to model a solar thermochemical reactor, which by virtue of producing a fuel, is an open system.
Recent discoveries have eluded to very different conversions in open systems versus closed systems, such as
the oxidation of hercynite under high steam concentrations at temperatures previously thought to be too high
for oxidation [41].
Solid state kinetics is dependent not only on the concentrations of the gas-phase reactants, but also on the
relative amount of solid-phase reactants present. This relationship can be described by a general equation

r  k f ( )C

(27)

where r is the reaction rate per volume of void space; f(α) is the solid state kinetic model dependent on the
reaction extent, α; and C is the gas phase concentration of the oxidizing agent (either CO2 or H2O). The
concentration is often replaced by a mole or volume fraction term, y. The reaction extent, α, can range from 0
(no reaction) to 1 (complete consumption of solid phase reactant). Typically, the reaction rate is presented in
terms of the rate of change of the extent of reaction:
d
 k f ( )C
dt

(28)

The form chosen for f(α) can be one of four types: nucleation, geometrical contraction, diffusion, or reaction
order. Models that are frequently used to describe the oxidation of metal oxides are shown in Table 3. A
more thorough list of models as well as their mechanistic derivations can be found in a review article by
Khawam and Flanagan [42].
Table 3 Differential and integral forms of solid-state reaction models [42].

Model

Abbreviation

1st order (uniform conversion)

F1

Differential form
1 d
f ( ) 
k dt
1   

2nd order

F2

1   

Shrinking cylinder

S2

2 1   

Shrinking core

S3

3 1   

1-D diffusion

D1

3-D diffusion-Jander

D3

2

1/2
2 /3

1
2
2/3
3 1   
1/3
2 1  1    



Integral form
g ( )  kt
 ln 1   

1
1
1/ 2
1  1   
1/3

1  1   

2
1  1   1/3 



2

The morphology of the solid and the duration of the oxidation step greatly influence the choice of solid state
model. Typically, oxidation of a metal oxide initially proceeds in a kinetically limited regime which is then
followed by a diffusion limited period, where production of species is greatly constrained by mass transfer
resistance. Such a dynamic process poses a problem for constructing a high fidelity model which sufficiently
describes the chemical reaction. To describe this combination of kinetic regimes, Mehdizadeh et al. [43]
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introduced a hybrid model that takes into account effects of both kinetic and mass transfer limitations
through a combination of the S3 and D3 forms:

f ( ) 

a 1   

2/3
1/3 2



a 2  1  1   

(29)



where a is a constant that gives an appropriate weight to the two regimes. A benefit of this model is that
there are no discontinuities associated with values of α from 0 to 1 (inclusive). Modeling of complicated
reaction mechanisms has also been achieved via inclusion of simultaneous solid state models by Scheffe et
al. [37] who showed that oxidation of cobalt ferrite in ZrO2 proceeds via both the F2 and D1 pathways.
5.1 Thermal Reduction Kinetics
Kinetic modeling of the reduction step of metal oxides has been performed to a far lesser extent than
modeling of the oxidation step. The thermal reduction of ZnO, one of the few continuous solar processes, has
been independently studied by both Perkins et al. [44] and Schunk and Steinfeld [45] and found to have
agreeable activation energies of 353 and 361 kJ·mol-1, respectively. In both cases, a shrinking core model
was used to successfully describe the solid state reaction.
In contrast to the conventional Arrhenius approach to kinetic analysis, which was originally intended to
describe homogeneous reactions, there has been considerable development of an alternative
“thermochemical approach” pertaining specifically to the heterogeneous kinetics of solid-gas decomposition
reactions. Despite nearly three decades of application in solid-gas decomposition reactions by L’vov (L’vov
[46], L'Vov and Ugolkov [47]), this thermochemical approach has gone largely ignored by other thermal
analysts, without any appraisal [48].
Unlike the Arrhenius approach, the parameters used in the thermochemical approach are temperature
dependent, although in many cases only weakly so. Rather than computing a pre-exponential term as in the
Arrhenius equation, the thermochemical approach relies upon calculation of a product flux from a reactant
surface using the appropriate form of the Hertz-Langmuir equation. Nevertheless, the thermochemical
approach can still be used to calculate a pre-exponential constant and energy barrier (analogous to Arrhenius
activation energy) for a specific temperature and gas environment. The thermochemical approach avoids
empirical interdependence commonly seen in fitting k0 and Ea to experimental data, and the pre-exponential
term is determined from the flux of gaseous product from the sample while the energy barrier can be
calculated from thermochemical data [46].
The basic premise of the thermochemical approach is the congruent dissociative vaporization of a solid
reactant, R, into gaseous products A, B, and C:

R( s ) = R( g ) = aA( g )  bB( g )  cC( g )

(30)

Here, an energy barrier, E (analogous to the Arrhenius activation energy) for an equimolar decomposition
can be estimated via a simple thermochemical equation:

E  H rxn ,T / 

(31)

where ∆Hrxn,T is the molar enthalpy of reaction at a given temperature T, and ν is the sum of the
stoichiometric coefficients of the products (a + b + c). The molar enthalpy of reaction ∆Hrxn,T can be
predicted from thermochemical data via calculation of the heat of reaction for a solid decomposing into
gaseous products.
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This approach has shown exceptionally good agreement with experimentally determined kinetic parameters
for reactions such as the thermal decomposition of ZnO [44, 45]. Interestingly, Perkins et al. [44] found that
the experimentally determined activation energy, Ea, matched the L’vov [46] energy barrier, E, most closely
for the formation of atomic oxygen (O) rather than molecular oxygen (O2 ). L'Vov and Ugolkov [47]
speculated that reactions where atomic oxygen is formed may proceed at equal rates in either inert or oxygen
(O2) rich environments due to the absence of atomic O(g). This perspective is quite interesting in that
reduction using air as a purge gas may be worth consideration if the process avoids re-oxidation of the
reduced metal oxide.
Cerium oxide (ceria) has garnered substantial interest in thermochemical fuel production due to its excellent
thermal stability, fast redox kinetics, and ability to transport oxygen. Ceria participates in a
nonstoichiometric reaction with oxygen:

CeO2  CeO 2  


O 2( g )
2

(32)

where δ is defined as the extent of reduction achieved in the reduction step.
Ceria can then be oxidized using either CO2 or H2O to form CO or H2, respectively.

CeO2   CO 2  CeO 2   CO( g )

(33)

CeO 2   H 2 O  CeO 2   H 2( g )

(34)

Although the production rates of various ceria-based compounds have been well-studied, actual kinetic
modeling of redox reactions with ceria for solar thermochemical fuel production has only recently been
attempted. Bulfin et al. [49] have developed a model which takes into account the maximum achievable
value of δ, here called x, which can be determined using thermodynamic property data determined by
Panlener et al. [50] and Zinkevich et al. [51]. Bulfin el al. [49] also account for the oxidation of oxygen
vacancies that are formed during reduction:

d  O vac 
dt

n

  OCe  k red   O vac   Ogas  kox

(35)

where [Ovac] is the concentration of oxygen vacancies; [OCe] is the concentration of removable oxygen; [Ogas]
is the gas phase oxygen concentration; kred is the reduction rate constant; kox is the oxidation rate constant;
and n is the order of the oxidation reaction under oxygen. Each term is then divided by the constant
concentration of cerium, [Ce]:
n
1 d  O vac   OCe 
O 

kred  vac  O gas  kox
 Ce dt
Ce 
Ce 

(36)

and by including the following relationships

 O vac    , and  OCe   x  
 Ce
Ce 

(37)

the rate of change of the extent, δ, can be described as follows:
n
d
  x    kred   Ogas  kox
dt
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Using the Arrhenius definition of reaction rate constant, the competing reactions can be described at an
equilibrium state:
 
ln 
 x 


A 
E

 ln  POn red 

2
RT
Aox 



(39)

where ∆E is the difference in activation energies between the reduction and oxidation steps; R is the
universal gas constant; T is temperature; PO2 is the partial pressure of oxygen; and Ared and Aox are the
Arrhenius pre-exponential terms for the reduction and oxidation reactions, respectively. One of the
challenges in modeling the reduction and oxidation of ceria is the synthesis of a reasonable method of using
the thermochemical data available. After a rigorous analysis, a maximum extent of x = 0.35 and a reaction
order of n = 0.217 was found to give a reasonable linear fit for the ranges of interest (δ < 0.1). This also
corresponds to a ∆E of 195.6 ± 1.2 kJ·mol-1, which combined with a simplified expression, gives the
following function of δ as a function of PO2, and T:


 195.6 
 8700 PO0.217 exp 

2
0.35  
 RT 

(40)

The differential form can then be multiplied with a suitable solid state model to describe the kinetics. Bulfin
et al. [49] used a shrinking core model of the form f(α) = (1 − α)1/3 where α is the amount of absorbed
oxygen divided by the final amount of absorbed oxygen. During a reduction experiment of pelletized ceria in
a vacuum chamber under fast heating, the values of both the actual and equilibrium values of δ change
rapidly. The model, which is based upon thermodynamic equilibrium, predicted roughly 30% greater
reduction than the experimentally measured conversion.
Interestingly, Bulfin et al. [49] found the activation energy of the reduction step to be 232 kJ/mol, which is
significantly lower than the enthalpy change (480 kJ/mol). A possible reason for this discrepancy is that
oxygen vacancies created on a surface are much easier to form than those in the bulk. Bulfin et al. [49] also
point out that others such as Le Gal and Abanades [52] report a value of 221 kJ·mol-1 for the reduction of
zirconium-doped ceria, and Ramos-Fernandez et al. [53] have found a very agreeable value of 236 kJ·mol-1.
Similar to the efforts of Bulfin et al. [49] with ceria, Allen et al. [36] developed a model to accommodate
another reaction that does not reach stoichiometric completion in their investigation of the thermal reduction
of cobalt ferrite dissolved in yttria stabilized zirconia. For each thermodynamic state, the material reaches a
different extent of reaction, which is largely determined by thermodynamic equilibrium. The functional form
of the various kinetic models, f(α), fit most appropriately if the reaction extent goes from 0 to 1. A dilemma
ensues when the maximum extent of reduction changes with the operating conditions.
The solution introduced by Allen et al. [36] is that of global and local reaction extents to describe the
reduction of Fe3+ to Fe2+. The global reaction extent, αg, is defined as the extent of reaction as allowed by
stoichiometry (i.e., removal of the necessary amount of oxygen to reduce Fe3+ to Fe2+), whereas the local
reaction extent, αl, is governed by thermodynamic conditions or thermophysical constraints such as surface
area. In the case of thermal reduction of cobalt ferrite, a global reaction extent of 0 and 1 correspond to all
the Fe present in the Fe3+ and Fe2+ states, respectively. Using this convention, the kinetic model is dependent
on the local reaction extent, while the Arrhenius parameters are calculated on a global basis. The local
reaction extent can be easily related to the global reaction extent:

 g   l max

(41)

where αmax is the maximum global extent of reaction for a given condition and is determined experimentally.
The rate of change of reaction global reaction extent can be expressed as follows:
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d g
dt

 k T  f  l 

(42)

The best solid state kinetic model fit was the F1 model for uniform conversion. For temperatures from 1375
to 1450°C, an activation energy of 386 kJ·mol-1 and pre-exponential term of 1.5×108 s-1 were found to fit the
data. The reaction rate at temperatures greater than 1450°C was enhanced due to melting.
Although adaptable and versatile, this approach does require sufficient experimental data to determine the
maximum extent, αmax, as a function of the parameter space in question. Nevertheless, upper bounds can still
be predicted using thermodynamic data. Whereas the Bulfin model in [49] takes into account thermodynamic
constraints, the framework by Allen et al. [36] can accept constraints of any nature, with the caveat that the
data exists to describe the maximum extent of the reacting chemical system.
The thermal reduction of manganese oxides (Mn2 O3 and Mn3O4) have become interesting reactions to the
solar thermochemisty community due to their inclusion in a sodium-manganese oxide water splitting cycle
[54]. The kinetics of these reactions have been investigated using both conventional TGA and solar TGA.
The first decomposition (Mn2O3 to Mn3O4) was found to follow approximately a first order (n = 0.93) power
law model (F1), with an apparent activation energy of 303 ± 13 kJ·mol-1 by Alonso et al. [54]. Botas et al.
[55] also used a first order model and obtained an apparent activation energy of 254 kJ·mol-1. Alonso et al.
[54] reasoned that the greater sample mass used in their study (10 g) was responsible for greater apparent
activation energy than previous studies. Using non-isothermal techniques, the second decomposition (Mn3O4
to MnO) demonstrated roughly equal fit to several diffusion based models (D1-D4), all of which yielded an
activation energy between 397 − 409 kJ·mol-1 [54]. Francis et al. [56] found that an Avromi Erofreev model
fit best, with an activation energy of 251 kJ·mol-1, while Botas et al. [55] fit the same decomposition process
with a first-order (F1) model and an activation energy of 479 kJ·mol-1.
The fact that multiple researchers studying the same reaction can arrive at different conclusions as to what
model gives the best fit to the data is evidence that the choice of kinetic model may be highly dependent on
the experimental factors such as morphology or sample mass. It is therefore imperative that kinetic models
used to simulate real reactors use data obtained from circumstances similar to the actual reactor. For
instance, the precision and convenience of thermogravimetry lends itself to frequent determination of kinetic
parameters and solid state models; however the fluid flow associated with this technique is often very
different from what is encountered in a solar thermochemical reactor. An alternative to carrying out larger
scale or less convenient experiments is to account for the various mass and heat transfer resistances of a real
system in the model itself while retaining the kinetic parameters determined in smaller scale, more controlled
techniques such as TGA.
5.2 Oxidation Kinetics
Le Gal and Abanades [52] and Le Gal et al. [57] studied the oxidation of ceria-zirconia mixtures (see Table
4). Water splitting was shown to have a lower activation energy than CO2 splitting.
Table 4 Kinetic model and parameters for oxidation of several ceria-based materials.
Compound
Zr0.25Ce0.75O2

Gas
CO2

Model
f ( )  (1   ) 2

Ea [kJ·mol-1 ]
82.7 − 103.3

Zr0.25Ce0.75O2

H2O

f ( )  (1   ) 2/3

50.9

Le Gal et al. [57]

H2O

2/3

52.1

Le Gal and Abanades [52]

Zr0.1Ce0.9O2

f ( )  (1   )

A

Source
Le Gal et al. [57]

A major issue which requires clarification by future researchers is to determine the relative kinetics of H2O
versus CO2 splitting. Gopal and Haile [58] conducted an electrical conductivity relaxation study of samarium
doped ceria, finding that the surface reaction rate constant (ks) for CO2 splitting is nearly two orders of
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magnitude greater than that of H2O splitting under the same conditions [58]. This unresolved question is
further exacerbated by different synthesis procedures, reaction conditions, morphologies, measurement
techniques, and analysis methods used by various research groups.
Iron-based oxides have been widely studied candidates for metal-oxide redox cycles primarily due to their
non-volatile nature (Nakamura [59]). Since then, several kinetic investigations have been launched for both
H2O and CO2 splitting (see Table 5). Using a stagnation flow reactor to introduce water vapor on a reactive
surface, Scheffe et al. [37] carried out a comprehensive study of the oxidation of 20 wt% cobalt ferrite
dissolved in ZrO2 , finding that the reaction is best described by a second order (F2) and diffusion (D1)
dependence. The F2 model describes the reaction of the iron dissolved in ZrO2 and the incorporation of
oxygen atoms in the ZrO2 lattice. The D1 model describes the reaction at the cobalto-wüstite interface, which
is encumbered by a diffusion barrier which forms during oxidation. The reaction order with respect to the
mole fraction of H2O, was found to be 1.22, which is essentially first-order. Neises et al. [60] used a S3
model to describe water splitting over zinc ferrite deposited over SiSiC and determined that the water
concentration had no effect at concentrations between 10-80% and actually had a negative reaction order.
Table 5 Kinetic model and Arrhenius parameters for oxidation of iron-based oxides.
Gas

Model

Concentration
dependence

20 wt %
CoFe2O4
in ZrO2

H2O

F2
D1

 yH0 2O  t  tshift  


-

ZnFe2O4
on SiSiC

H2O

S3

Compound

n
r  yCO
k
2

FeO

CO2

2

r

 kD
2(n / S ) M MO M O

1.22

C Hn 2O

-0.05 ≤ n ≤0.35
0.79
yCO
2

-

Ea
[kJ·mol-1]

A

Source

53.9
141

1.92 s-1
85.6 s-1

Scheffe et al.
[37]

110

0.13 mol (g·s-1)

Neises et al.
[60]

73.4
106.4

7.68×10-5 cm2·s-1
1.46×10-5 cm2·s-1

Loutzenhiser
et al. [61]

FeO

CO2

n
r  yCO
k
2

0.36
yCO
2

56.5
67.6

Not given

Abanades
& VillafanVidales [62]

10 wt %
CoFe2O4 in
8 mol%
YSZ

CO2

D3

0.75
yCO
2

52.1

4.77×10-2 s-1

Allen et al.
[36]

Kinetic models have also been developed for CO2 splitting over iron oxides. Loutzenhiser et al. [61]
performed both isothermal and nonisothermal oxidation of FeO under a CO2 atmosphere. Using commerical
FeO as the reducing agent, Loutzenhiser et al. [61] found that the reaction proceeds initially using an
interface controlled regime followed by a diffusion regime, a common theme in oxidation reactions of this
nature (Mehdizadeh et al. [43], Scheffe et al. [37]). In both cases, the reaction order with respect to CO2 was
determined to be 0.79 [61], which closely matches the reaction order found by Allen et al. [36] (0.75) for
CO2 splitting over 10 wt % cobalt ferrite dissolved in YSZ, but contrasts with the reaction order of 0.36
determined by Abanades and Villafan-Vidales [62]. Using the convention of global and local reaction extent,
Allen et al. [36] found the D3 and F1 regimes were best to fit the data. Allen et al. [36] determined an
activation energy of 52.1 ± 6.8 kJ·mol-1 for the diffusion controlled CO2 splitting over thermally reduced
cobalt ferrite, which is in good agreement with that obtained by Abanades and Villafan-Vidales [62] (56.5
kJ·mol-1) using solar-reduced FeO, the latter of which assumed an interface-controlled regime. Using
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commercial FeO, both Abanades and Villafan-Vidales [62] and Loutzenhiser et al. [61] obtained very similar
activation energies (67.6 and 73.4 kJ·mol-1 respectively). Stamatiou et al. [63] studied the simultaneous
splitting of CO2 and H2O and developed a model based on a Langmuir-Hinshelwood mechanism to describe
the absorption of the CO2 and H2O and bonding of O atoms to FeO. Water was found to split faster than CO2
in the temperature range studied (700-1000°C). Bonding of oxygen to FeO was found to be independent of
temperature [63].
For both H2O and CO2 splitting, multiple kinetic regimes and reaction orders have been proposed. Few
researchers have developed models that can be easily adapted to dynamic conditions associated with
thermochemical reactors. Furthermore, the fitting methods are quite non-uniform, ranging from highly
sophisticated non-linear solvers to rudimentary linearization schemes. Mechanistic justification for unusual
(e.g., non-integer) reaction orders have not been given. Greater rigor, uniformity, and attention to model
utility are needed in order to better understand reaction kinetics. As noted by Scheffe et al. [37], proper
elimination of experimental artifacts is necessary in choosing the appropriate solid state model, as the
inclusion of artificial peak shifts or broadening can have a dramatic effect on the model chosen.
5.3 Kinetic Models Employed in the Present Model
For the thermal reduction of 10 wt % CoFe2O4 in 8YSZ, the volumetric reaction rate is obtained from [36]
d g
 E

dl
 
rred
  max
 Ared exp   a ,red  1   l 
(43)
dt
dt
 RT 
where α max was experimentally determined, and the activation energy and pre-exponential term were found
to be Ea,red = 386 kJ·mol-1, and Ared = 1.47×108 s-1, respectively [36]. The simulation assumed the same partial
pressure of O2 (ca. 10-5 bar) and maximum local reaction extent (αmax) as in the TGA experiments conducted
by Allen et al. [36]. Actual partial pressure of O2 in a real fixed bed will likely be significantly greater than
those encountered here, which will negatively affect the results.
For the oxidation step of water splitting, the F2 and D1 models with their rate equations and parameters
determined in [37] are applied
1.22
 E

d 1
2
 A1 YH02O  t  tshift   exp   a1,oxi  1  1 
(44)
dt
RT



 E
 1 
d 2
 A2 exp   a 2,oxi  

dt
 RT  2 2 

(45)

where Ea1,oxi = 53.9 kJ·mol-1, A1 = 1.92 s-1 , and Ea2,oxi = 140.7 kJ·mol-1, A2 = 85.6 s-1 [37]. In present
simulations, a constant YH02O = 0.9 is used and the overall reaction rate is obtained from
  c1
roxi

d 1
d 2
 c2
dt
dt

(46)

where the coefficients c1 and c2 are adjusted so that the ratio of the yields of H2 and O2 is close to 2.

6. COUPLED HEAT TRANSFER MODELING
6.1 Review of Heat Transfer Models for Solar Thermochemical Reactors
A brief literature review of heat transfer modeling for solar thermochemical reactors for sunlight to fuel
production is given here.
Melchior and Steinfeld [21] modeled the radiation heat transfer in a cylindrical cavity containing an array of
tubular absorbers to optimize the solar receiver configuration design. The net power absorbed by the tubular
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reactors (Qsink ) was considered as an input parameter in their model and the temperature distributions on the
absorber surfaces on the cross-sectional plane were simulated.
Müller et al. [22] developed a transient heat transfer model to simulate the coupled radiation, convection,
conduction and endothermic reaction in a directly-irradiated solar reactor for thermal dissociation of a ZnO
bed. The net heat flux distributions on the surfaces of the reactor cavity and the ZnO bed were obtained from
the radiosity and Monte Carlo methods. Heat conduction inside the ZnO bed and the insulation layers was
computed with the net flux boundary conditions during each time step. They validated their model by
comparing simulated temperature profiles and reaction rates with measured values.
Bader et al. [23] developed a 2-D steady-state heat transfer model coupling radiation, convection, and
conduction for a cylindrical cavity-receiver containing one tubular absorber that uses air as the heat transfer
fluid. The Monte-Carlo ray-tracing and radiosity methods were applied to model radiation. The finite volume
method was used for conduction in the solid. The convection between the fluid and solid wall was calculated
using Nusselt number correlations. The contributions of different heat transfer modes to the energy losses
and the absorption efficiencies at different inlet air flow rates were studied. The heat transfer model was
validated with experimental measurements of a full-scale prototype cavity-receiver. Measurements of
temperature distributions in the heat transfer fluid and receiver and pressure drop in the fluid were compared
with those computed [64].
Maag et al. [24, 65] developed a coupled heat transfer model to simulate solar chemical reactors for methane
decomposition [24] and syngas production via steam-gasification [65]. The model couples radiative transfer
within the cavity-receiver with radiation, convection and conduction for a reacting flow inside the absorber
tubes. Steady-state simulations were conducted assuming constant feeding of reactive materials so that the
associated chemical reaction rates are constant. A plug flow inside the tubes was assumed, and a constant
surface temperature was assumed on the outer surface of each tube. Their coupled model considered high
thermal conductivity of the graphite tubes. The heat transfer model was verified with experimental
measurements and then used as a design tool for 10 MW solar reactors within a solar tower system.
Martinek et al. [25] developed a 3-D steady-state computational model coupling radiative, convective and
conductive heat transfer with fluid flows in a solar receiver with a windowed aperture, a specularly reflective
cylindrical cavity, and an array of five tubes. The aperture is located on the side of the cylindrical cavity
surface with its normal perpendicular to the axes of the tubes. The incident fluxes on the cavity and tube
surfaces were determined from a decoupled Monte Carlo technique, while the temperature dependent
radiative emission from tube surfaces was coupled with the heat transfer within the tubes. With a solar power
input of 6 kW the maximum temperature on the tube surfaces reached 1820 K. They also reported average
discrepancies between simulated and measured tube surface temperatures within 4%. Their model was used
in [16] to optimize the solar reactor design with the objective of maximizing the solar-to-chemical efficiency.
Solar receivers with both reflective and absorbing cavities were separately simulated. For both cases an array
of multiple tubes inside the cavity was considered. The effects of different parameters, including tube
configurations, cavity size, and operating conditions on the efficiency were studied. For the reflective and
absorbing cavity receivers at 8 kW solar input, the highest solar-to-chemical efficiencies are 8% and 23%,
respectively. When scaled linearly to 1 MW solar power, the respective maximum efficiencies reported are
14% and 32%.
Villasmil et al. [66] improved the transient model in [22] with a more detailed radiative heat transfer analysis
combining the Monte Carlo ray-tracing technique and the radiosity enclosure theory. Their simulation results
were compared with experimental results of a 10 kW solar reactor prototype with regard to cavity and quartz
window temperatures and ZnO dissociation extents. Solar-to-fuel efficiency values at different mean ZnO
bed temperatures were computed and compared with 6 experimental runs. The highest experimentally
obtained efficiency was 0.16% for an average bed temperature of 1822 K and a solar input power of 9.0 kW.
They also showed from simulation results a potential of achieving 7% efficiency for an optimized 10 kW
solar reactor at bed temperatures of 2100 K under steady-state conditions.
Lapp and Lipinski [26] developed a transient 3-D heat transfer model for a solar reactor for H2O and CO2
splitting via redox cycling of ceria. Their reactor consists of a windowed receiver-cavity and counter-rotating
cylindrical reactors allowing for continuous fuel production and heat recovery. The model couples
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conduction, convection and radiation heat transfer to endothermic and exothermic chemical reactions.
Parametric studies were conducted with their model showing ceria temperature swings exceeding 400 K in
the redox cycling and effective heat recovery greater than 50%. The effects of the thermal conductivity of the
ceria bed, the ceria cylinder thickness and the rotating angular velocity on the temperature distributions and
heat recovery effectiveness were investigated, and a solar-to-fuel efficiency of 4.8% was predicted for their
baseline case with a 3 kW solar power input.

6.2 Present Coupled Heat Transfer Model
For the present simulation, the radiative transfer model for the cavity-receiver in Section 3 is coupled with
the transient heat transfer model in Section 4 for the absorber-reactor and the insulation layers outside the
cavity. The endothermic and exothermic reactions are included in the heat transfer model with relevant
kinetic models discussed in Section 5. Both the reduction and oxidation steps in the redox cycling are
simulated. With thermal reduction more favorable under lower oxygen partial pressure, the vacuum concept
is used for the reduction step so that the convective heat transfer due to the flow of oxygen is negligible
compared to the radiation and conduction in the bed. The convection term in Eq. (15) is thus neglected
during the reduction step. For the oxidation step, the convective heat transfer is included since a relatively
large amount of steam and/or CO2 is supplied for H2O and/or CO2 splitting.
The initial condition is T0 = 300 K at t = 0 for each component. During each time step, the thermophysical
properties are considered constant. With the incident flux distribution at the aperture from the high flux solar
simulator prescribed, the radiative transfer analysis in the cavity-receiver, taking into account the actual
radiative emission from all surfaces, gives the net flux distributions on the absorber and cavity wall surfaces.
With those boundary conditions, heat transfer coupled with chemical reactions in the array of absorberreactors and the conduction inside the cavity wall and insulation layers are simulated. The surface
temperatures are then updated for the radiative transfer during the next time step. It should be emphasized
that a semi-axisymmetric assumption is made in the present model as the 14 tubes are uniformly arranged in
the cavity. The incident flux distributions on each of the 14 tubes are close to others, thus the averaged flux
value is used for all absorbers. Heat transfer in only one tubular absorber (Absorber 1 in Fig. 1b) is simulated,
and the surface temperature distribution and radiative emission from the tube surface are used for all the
other absorbers in the radiative transfer modeling during the next time step.
The computational procedure for the coupled transient simulation is summarized below.
(i) The incident solar power qsolar and the distribution of the rays (each ray carries an equal amount of
energy) at the cavity aperture is obtained from the “VEGAS” ray tracing code [28];
(ii) The MCRT radiation model is applied to obtain the incident fluxes qinc (temperature-independent) on the
absorber and inner cavity surfaces;
(iii) With initial condition T0 or surface temperatures obtained at the previous time step t = tn during the timemarching, the radiative re-emission from each surface is computed; and the MCRT technique is applied
to obtain the net flux conditions on the absorber and inner cavity surfaces;
(iv) The conduction, convection and radiation coupled with chemical reaction inside Absorber 1, and the
conduction inside the cavity wall and outer insulation layer are simulated with the thermal LBE model at
tn+1 = tn + ∆t;
(v) Temperature distributions on the outer surface of Absorber 1 and inner surface of the cavity are
computed so that the radiative emission from those surfaces at tn+1 is updated;
(vi) Continue steps (iii) - (v) until a desired stopping criterion, e.g., reduction/oxidation time periods or
average bed temperatures, is reached.

7. SIMULATION RESULTS AND DISCUSSION
The thermophysical properties of the various materials, and the input parameters for the reactor simulation
are listed in Table 6. Fig. 3 shows the variations of the average bed temperature in Absorber 1 and the input
solar power with time during the ramp-up from ambient T0 = 300 K and two continuous redox cycles.

20

IHTC15-KN28
Table 6 Thermophysical material properties and baseline input parameters used in numerical simulations.
Density, ρ (kg·m-3)
Porous bed
Alumina tube
Cavity wall (Buster M-35)
Insulation (Rescor 370)
Thermal conductivity, k (W·m-1·K-1)

ρbed
ρtube
ρcw
ρins

Porous bed

kcond

Fluid (Ar)
Solid (10wt.% CoFe2 O4 in 8YSZ)
Alumina tube

kf
ks
ktube

Cavity wall (Buster M-35)
Insulation (Rescor 370)
Heat capacity, cp (J·kg-1·K-1)

kcw
kins

Porous bed

Value
2000
3950
150
560.7
Value

kcond / k f   ks / k f 

0.280  0.757log   0.057log( ks / k f )

4.2  T  2.6  108 T 2  1.1 1011T 3  1.6 1015 T 4
3.5

5.5  34.5exp(3.3 103 (T  273.15))
2.20  102  1.39 104 T  5.35 109 T 2
3.96  102  2.31105 T  9.82  108 T 2
Value
2
5.83 10  6.45  102 T  5.44  106 T 2

1.55  109 T 3  9.55 106 / T 2 , T  1400 K

cp,bed

6.17  102  1.06 102 T  8.43  105 / T 2 , T  1400 K
Alumina tube
Cavity wall (Buster M-35)
Insulation (Rescor 370)
Parameter
Input solar power (kW)
Ambient temperature (K)
Total mass of bed material (kg)
Porosity of reactive bed
Mean extinction coefficient (m-1)
Aperture diameter (cm)
Tube outer diameter (cm)
Tube thickness (cm)
Tube length (cm)
Insulation section length (cm)
Cavity inner diameter (cm)
Cavity length (cm)
Cavity wall thickness (cm)
Insulation thickness (cm)
Insulation outer radius (cm)
Insulation length (cm)

1.04 103  1.74  101T  2.80  107 / T 2
1050
1047
Value
10
300
9.73
0.6
104
5.00
5.08
0.635
30.48
7.62
30.20
30.48
7.62
12.70
35.42
71.12

cp,tube
cp,cw
cp,ins
qsolar
T0
Mtotal

βR
Daper
Dtube
ttube
Ltube
Lins
Dcav
Lcav
hcw
hins
Ro
Lo

The temperature evolution with time at some specific locations inside Absorber 1 during the two cycles is
shown in Fig. 4, where Tbed_ave is the same as Tbed in Fig. 3, Tbed_z25, Tbed_z50 and Tbed_z75 are the temperatures at
z/Ltube = 0.25, 0.50 and 0.75, respectively along the axis of the cylindrical bed. Ttube_L and Ttube_R are the tube
outer surface temperatures at z/Ltube = 0.50 and x = 0 (the x-y-z coordinates for Absorber 1 are shown in Fig.
1b). It is observed that Tbed_z50 > Tbed_z75 > Tbed_z25 when the bed temperature is increasing during on-sun qsolar
= 10 kW. This is mainly due to the geometry-determined incident solar flux distribution along the tubes
inside the cavity. Ttube_L and Ttube_R are very close to each other at all times since their locations on the tube
surface of Absorber 1 are symmetric (see Fig. 1b). The results in Fig. 4 also indicate that (i) the temperature
distribution during the ramp-up in the second cycle is more uniform than that in the first cycle, and (ii) the
distributions during the cooling-down for the two cycles are similar; they are more uniform than the
distributions during the ramp-up processes in general.
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Fig. 3 Variations of average bed temperature, Tbed, and solar power, qsolar, with time during the ramp-up and
two complete redox cycles.

Fig. 4 Temperature variations with time at certain locations in Absorber 1 during the two redox cycles.
To further investigate the flux and temperature distributions, Figs. 5 and 6 show the net heat flux and
temperature distributions, respectively, on the tube surface of Absorber 1. The selected distributions are at
the times when the average bed temperature reaches the maximum and minimum values, Tbed = 1450 oC and
1200 oC during the first cycle, and 1450 oC and 1200 oC during the second cycle, corresponding to the points
A, B, C and D in Fig. 3, respectively. The distributions in Figs. 5 and 6 are symmetric about the line at θ = 0
(see Fig. 1b), and the results for the two cycles are very similar. The interior temperature contours of
Absorber 1 (including the porous bed and the tube thickness) on the central y-z and x-z planes are presented
in Figs. 7 and 8, respectively. Clearly, the temperature hot-spot zone is at x = −Rtube (or at θ = 0 as seen in
Fig. 6) on the tube surface, which is directly exposed to the incident solar flux. It should be noted that in
Figs. 6-8, the temperatures in the cylindrical insulation sections of length, Lins, at both ends of the tube (see
Fig. 1a) are also included. Again, the results in Figs. 7 and 8 also indicate that the temperature distributions
for the two cycles are very similar.
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(a)

(b)

(c)

(d)

Fig. 5 Net heat flux distributions on the absorber surface at (a) Tbed = 1450 oC during 1st cycle, (b) Tbed =
1200 oC during 1st cycle, (c) Tbed = 1450 oC during 2nd cycle, and (d) Tbed = 1200 oC during 2nd cycle.

(a)

(b)

(c)

(d)

Fig. 6 Temperature distributions on the absorber surface at (a) Tbed = 1450 oC during 1st cycle, (b) Tbed =
1200 oC during 1st cycle, (c) Tbed = 1450 oC during 2nd cycle, and (d) Tbed = 1200 oC during 2nd cycle.
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(a)

(b)

(c)

(d)

Fig. 7 Temperature distributions on the central y-z plane inside the absorber at (a) Tbed = 1450 o C during 1st
cycle, (b) Tbed = 1200 oC during 1st cycle, (c) Tbed = 1450 oC during 2nd cycle, and (d) Tbed = 1200 oC during
2nd cycle.

(a)

(b)

(c)

(d)

Fig. 8 Temperature distributions on the central x-z plane inside the absorber at (a) Tbed = 1450 o C during 1st
cycle, (b) Tbed = 1200 oC during 1st cycle, (c) Tbed = 1450 oC during 2nd cycle, and (d) Tbed = 1200 oC during
2nd cycle.
The temperature distributions inside the cavity wall and the insulation layers are also investigated. Fig. 9
shows the temperature contours on the central cross-sectional r-z plane (see Fig. 1a) at the times of the
maximum and minimum average bed temperatures for Cycles 1 and 2. The aperture is open to the incident
flux in the results shown in Figs. 9a and 9c; while it is closed for Figs. 9b and 9c (see qsolar variations in Fig.
3). For all cases, temperature hot-spots are noticed on the inner surfaces of the cavity, and the temperatures
drop to their minimum values on the outer surfaces of the insulation layer, indicating that the cavity is very
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effectively insulated. In addition, the thickness of thermal diffusion due to heat conduction increases as time
evolves from Figs. 9a → 9b → 9c → 9d.

(a)

(b)

(c)

(d)

Fig. 9 Temperature distributions on the central r-z plane inside cavity wall and insulation layers at (a) Tbed =
1450 oC during 1st cycle, (b) Tbed = 1200 oC during 1st cycle, (c) Tbed = 1450 oC during 2nd cycle, and (d)
Tbed = 1200 oC during 2nd cycle.
The prediction of O2 released during the reduction steps and H2 produced during the oxidation steps versus
time in the first two cycles is presented in Fig. 10. The peak rate of O2 in the second cycle is higher than that
in the first cycle, which is attributed to the more uniform temperature distributions in the second cycle as
seen in Fig. 4; the peak rates of H2 are very close to each other in the two cycles. For the present simulations,
the input solar power is turned off when Tbed reaches 1450 oC and after that Tbed drops (see Fig. 3); however,
the results in Fig. 10 clearly show that there is still O2 released from the bed as Tbed is still high. The
reduction step is terminated when Tbed drops to 1300 oC, and the oxidation step starts immediately. The peak
rate of H2 is noticed very shortly after the oxidation step starts. The oxidation step is terminated when Tbed
drops to 1200 o C. It is emphasized that the durations of reduction and oxidation steps, i.e., at what average
Tbed values the reduction and oxidation start/end, are not optimized in the present simulations. Table 7 lists
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the time-integrated O2 and H2 production yields and the input solar energy for the two cycles, from which the
solar-to-fuel efficiencies are calculated according to the following

solar-to-fuel 

HHVfuel nfuel
Qsolar  Epenalties

(47)

where HHV denotes the higher heating value of the fuel (HHV = 286 kJ·mol-1 for H2 in this work), n is the
total moles of fuel produced, and Epenalties includes the energy required to run the vacuum pump during the
reduction step, to make steam for the oxidation step, and the energy derived from consumption of inert gases.
Epenalties is relatively small compared with Qsolar. Although not included in the simulation, the heat recuperated
from the outer surface of the reactor could be used to supply the energy required for Epenalties. However, it is
not included in the efficiency calculations shown in Table 7. The computed solar-to-fuel efficiency, 5.64%,
for the second cycle, is higher than 3.97% for the first cycle. This is mainly because (i) the production of H2
is slightly higher, and (ii) the ramp-up from 1200o C to 1450 oC takes less time, thus less solar energy input is
needed.

Fig. 10 Prediction of O2 and H2 production rates during the first two redox cycles.
Table 7 Prediction of solar-to-fuel efficiency ηsolar-to-fuel for the two cycles.
Cycle number
1
2

O2 released (mol)
0.8493
0.9527

H2 production (mol)
1.711
2.010

Qsolar (kJ)
12340
10195

Efficiency ηsolar-to-fuel
3.97%
5.64%

Exploring new reactive material properties to improve solar-to-fuel efficiency
1. Materials with faster kinetics, higher production rates and yields, such as ceria, doped ceria-based mixed
oxides and perovskites.
The average H2 yield in Table 7 is y = 191 μmol·g-1 of bed material. If we assume that the same amount of
average solar energy, Qsolar = 11268 kJ, is needed to drive the chemical reactions in the solar reactor, the
average solar-to-fuel efficiency will become 9.69% using Ce0.46Zr0.54O2 with an average H2 yield of 391
μmol·g-1 for the first two cycles reported in [67] under Tred = 1400 oC and Toxi = 1050 o C; and 7.61% using
the perovskite Sr0.4La0.6Mn0.6Al0.4O3-δ with a H2 yield of 307 μmol·g-1 under Tred = 1350 oC and Toxi = 1000 oC
[68].
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2. Materials with lower thermal reduction temperature and favorable thermodynamics at relatively high
temperature for oxidation.
Assuming that a new material has the same thermal properties as the cobalt ferrite used in the present
simulations, while the reduction temperature is below 1100 oC and the oxidation temperature is between
1000 and 1100 oC, the transient heat transfer in the same reactor as shown in Fig. 1 is simulated. Fig. 11
shows the average bed temperature, Tbed, versus time during the ramp-up from room temperature and two
complete redox cycles.

Fig. 11 Variations of average Tbed and input qsolar with time during the ramp-up and two complete redox
cycles for the new material with reduction temperature Tred < 1100 oC.
Assuming the same O2 and H2 yields as listed in Table 7 and the averaged yield y = 191 μmol·g-1 of bed
material, the average solar-to-fuel efficiency for this new material becomes ηsolar-to-fuel = 13.9%, since the
average solar input is Qsolar = 3851 kJ from Fig. 11 for the two cycles. Clearly, new reactive materials with
reduction temperatures below 1100 oC would significantly increase the efficiency of sunlight to fuel
conversion.

8. CONCLUSIONS
The conversion of solar energy to chemical fuels using high-temperature solar thermochemical reactors is a
very attractive concept. The two-step water and CO2 splitting for syngas production using metal oxide redox
looping processes represents one of the most promising technologies for renewable and carbon neutral fuel
supply. Of all the challenges, the overarching one is to improve the solar-to-fuel conversion efficiency to
make this technology economically viable and competitive. Heat transfer plays a significant role in the
complex multimode and multiphysics transport phenomena in the solar reactors; and it is coupled with the
dynamic chemical reaction kinetics, which is crucial to the effective energy conversion and material cycling.
Heat transfer modeling is able to provide guidance for optimizing reactor design and operation. The transient
heat transfer and energy transport in the solar reactor, consisting of the cavity-receiver module and the
absorber-reactor module, are effectively simulated. The solar-to-fuel efficiencies for two complete cycles are
computed. The results suggest that material synthesis that enables fast temperature ramp-up, sufficient
reaction extent, repeatable cycling, and relatively low thermal reduction temperatures can improve the
conversion efficiency and enable transformative solar to fuel conversion technology.
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NOMENCLATURE
Ea
E
f(α)
g
HHV
keff
kD
M
R
S

apparent activation energy
(J·mol-1)
energy barrier
(J·mol-1)
kinetic model function
(-)
temperature distribution function ( - )
higher heating value
(J·mol-1 )
effective thermal conductivity(W·m-1·K-1)
diffusion rate constant
(-)
molecular weight
(g·mol-1 )
universal gas constant
(J·mol-1·K-1)
surface area at the interface
(m2 )

T
α
δ
ε
ηsolar-to-fuel
θ
ρ
σ


temperature
(K)
reaction extent
(-)
extent of reduction for ceria
(-)
emissivity
(-)
energy conversion efficiency ( - )
angle
(rad )
density
(kg·m-3)
Stefan-Boltzmann constant (kg·s-3·K-4 )
porosity
(-)
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