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Reactor modeling for two-step
solar thermochemical fuel
production: a concise review

Matteo Riberi, Francesco Orsini*, Domenico Ferrero and
Massimo Santarelli

Energy Department (DENERG), Politecnico di Torino, Corso Duca degli Abruzzi, Torino, Italy

Solar thermochemical fuel production based on the use of non-volatile, non-
stoichiometric redox materials to drive water and carbon dioxide splitting in
two-step redox cycles represents a promising approach for efficient solar
energy conversion and storage. High theoretical solar-to-fuel efficiencies can be
achieved, as reduction and oxidation of redox materials are separated, unlocking
the possibility to optimize the thermodynamic conditions of each half-reaction.
However, the scale-up of the technology is still hindered by low efficiencies
reached by reactor prototypes. In this context, the multiphysics modeling of
reactor concepts represents a key tool in the engineering process to find optimal
designs and suitable operating conditions. This work presents a comprehensive
literature review on reactor modeling, by identifying and discussing the most
diffused modeling techniques. Our review unveiled that, in terms of heat and
mass transfer modeling, most of the studies are aligned in considering laminar
flow conditions and local thermal non-equilibrium between the solid and fluid
phases in the reactive porous medium. On the other hand, diverse approaches
were proposed to include the chemical reaction and radiative heat transfer in the
reactor model. Specifically, the redox reaction is modelled either by assuming
thermodynamic equilibrium or by including kinetics, with several expressions
proposed up to date. The main literature gap identified in the present study is
represented by the limited number of multiphysics models that integrate redox
materials other than state-of-the-art ceria, as well as innovative reactor designs
aiming at overcoming the main limitations of state-of-the-art systems.

review, reactor modeling, two-step thermochemical cycles, solar fuel production,
multiphysics coupling

1 Introduction

During the last decades, climate change and growing greenhouse gas emissions
have become pressing topics at a global scale. According to Paris Agreement and the
following legislations, limiting the impact of climate change requires to reduce global
greenhouse gas emissions of 45% by 2030 and reach climate neutrality by 2050 to
limit the average temperature increase below 1.5°C (United Nations, 2025). Limiting
greenhouse gas emissions implies several challenges to be faced, especially in the energy
sector. As stated in the World Energy Outlook presented by the International Energy
Agency (IEA) in 2024, 80% of the primary energy produced nowadays comes from fossil
fuels. The need for sustainable and renewable energy sources is critical, nonetheless, the
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most promising sources such as solar and wind still face issues
related to intermittency and storage (World Energy Outlook, 2024).

In this context, thermochemical cycles for solar fuel production
represent a promising pathway for solar energy conversion and
storage. By transforming solar radiation into chemical energy
stored in high-energy molecules (e.g., hydrogen, syngas, or other
downstream synthetic fuels), they offer stable energy carriers that
remain compatible with today’s infrastructure, which is still largely
tailored to fossil-based fuels (Guo et al., 2024). Currently, however,
thermochemical H,O and CO, splitting cycles face significant
performance limitations: the best demonstrations have achieved
solar-to-fuel efficiencies of only 4%-6%, excluding solar collection
and spillage (Zoller et al., 2022; Marxer et al., 2017; Tran et al., 2024;
Wei et al., 2023). For comparison, mature photovoltaic-electrolysis
systems have recently reached solar-to-hydrogen efficiencies of
around 30% (Jia et al, 2016), while photo (electro) catalytic
approaches have reported values above 10% (Verlage et al., 2015).
Despite these drawbacks, thermochemical cycles retain unique
advantages. They can, in principle, achieve higher efficiencies
because high-temperature heat is directly stored in the chemical
bonds of the fuel molecules, thereby avoiding intermediate energy
conversion steps (Wei et al., 2023). Furthermore, by exploiting the
full solar spectrum, these cycles pave the way to high conversion
efficiencies, with theoretical limits estimated between 20% and 35%
(Moretti et al., 2023; Lin and Haussener, 2015; Li et al., 2018).

Several chemical looping cycles for thermochemical water and
carbon dioxide splitting have been proposed in the literature,
with the most relevant approaches schematized in Figure 1. The
general concept is based on breaking the overall H,0/CO, splitting
reaction into intermediate steps to lower the reaction temperature
through the integration of suitable redox materials that enhance
the reaction thermodynamics. Solutions with a larger number of
intermediate steps guarantee a lower reaction temperature, but in
contrast are associated with more complex systems. For a more
detailed description of each option, the reader is redirected to other
reviews focusing on this topic (Safari and Dincer, 2020).

Among the different solutions proposed, often addressing the
water splitting as the target reaction, two-step cycles were reported
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to be the only option adopted so far to perform also carbon dioxide
splitting (Lu et al., 2019).

In two-step thermochemical cycles, which is the focus of
this review, the redox material is cycled between an endothermic
reduction step, where it is reduced by abstracting oxygen from the
lattice, and an exothermic oxidation step, in which it is re-oxidized
by splitting the H,O/CO, molecules and replenishing the oxygen
into the lattice. According to the reduction mechanism, two-step
cycles can be classified into three main categories: volatile, non-
volatile stoichiometric, and non-volatile non-stoichiometric cycles
(Wei et al.,, 2023). In the first two cases the material is completely
reduced, up to undergoing a phase change (that can be solid-
gas for volatile cycles, solid-liquid or solid-solid for non-volatile
stoichiometric cycles) (Bulfin et al., 2017). On the other hand, in
the non-stoichiometric case, only a portion of cations participate
to the reaction, while the others remain in the same oxidation
state. Equations 1, 2 show the reduction and oxidation reactions,
respectively. This mechanism is described by the parameter 6,
referred to as the nonstoichiometry, quantifying the reduction extent
reached at the end of the reduction step and corresponding to
the moles of monoatomic oxygen vacancies generated per mole of
reactive material. During this process, oxygen ions move across the
lattice through the formation of oxygen vacancies, and this does not
cause a phase transformation. The fact that the material remains
in the same solid phase during the entire cycle ensures enhanced
structural stability, making non-stoichiometric materials such as
ferrites, ceria, and perovskites the most studied solution throughout
the literature currently (Lu et al., 2019).

MO, —» MO, 4+ goz (1)

MO, _; +6H,0 (3CO,) — MO, + 6H, (3CO) @)

A wide range of studies focusing on two-step thermochemical
cycles for solar fuel production has been published in recent
years, spanning from materials’ investigation, up to reactor-
level or system-level modeling. One of the most successfully
demonstrated state-of-the-art reactor designs is represented by
directly irradiated reactors of the cavity type, consisting of a
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hollow-shaped redox material enclosed by a window transparent to
concentrated radiation. The incoming radiation penetrates in the
reaction chamber and directly heats the redox material positioned
inside the cavity. The reactive element can be manufactured with
different morphologies and materials. The most common option is
the realization of reticulated porous structures, that maximize the
exposed reactive surface and the radiative heat transport through
the bulk. Regarding the redox material, ceria (CeO,) is by far
the most adopted option up to date, mainly for its good thermal
stability and fast reaction kinetics (Haeussler et al., 2020a). In
contrast to these benefits, efficiencies of state-of-the-art reactors are
still limited—among others, due to the relatively limited reduction
extent of the redox material considered. The highest solar-to-fuel
efficiency reported in the literature was obtained in a directly
irradiated cavity-type reactor with dual-scale porosity ceria as the
redox material, for thermochemical splitting of carbon dioxide.
The mentioned reactor has been experimentally demonstrated at
the 4-kW and 50-kW scales, achieving solar-to-fuel efficiencies of
5.25% and 5.6%, respectively (Zoller et al., 2022; Marxer et al,
2017). Currently, the main alternative to ceria is represented by
perovskites, that although providing a larger reduction extent upon
reduction at more moderate temperatures thanks to a typically
lower oxygen vacancy formation enthalpy, on the other hand
demonstrate a poorer oxidation performance leading to higher
H,0/CO, demand and associated energy penalties (Hacussler et al.,
2018). Despite the potentially promising results, comprehensive
studies regarding their thermodynamic properties and integration
in solar reactors are still few and limited to specific compositional
windows-mainly lanthanum-based perovskites—and small-scale
laboratory conditions (Lu et al., 2019; Haeussler et al., 2018).

In addition to the reduction extent of the material, another factor
limiting the efficiencies of experimental two-step thermochemical
cycles is the large amount of heat dispersed between reduction and
oxidation, when a temperature swing is implemented between the
two steps as more commonly adopted so far. This amount of sensible
heat is associated both to the solid phase (redox material and reactor
components) and to the gas phase (sweep gas and oxidizing fluid).
In order to increase the overall performance, it becomes essential to
modify the standard design of reactors by integrating heat recovery
techniques for both solid and gas sensible heat. It was reported that
the implementation of these techniques in solar thermochemical
cycles could rise their efficiencies up to 20%, making them more
competitive for commercial scale applications (Wei et al., 2023). An
example of solid-phase heat recovery concept is provided by the
Reactor Train System (RTS) developed by Patankar et al. (2022),
where multiple reactors are cycled between the two steps in order
to pre-heat the ones entering the reduction zone by using the
ones exiting it in the opposite direction-a form of counterflow
radiative heat recovery. A solution for gas-phase heat recovery is
proposed by Bader et al. (2015), where two concentric tubes are
adopted in order to pre-heat the inlet fluid with the outlet fluid.

In this context, numerical modeling has a key role in guiding
the engineering process, allowing the simulation of complex reactors
and evaluating the optimal solutions in terms of design, materials
to be used, and operational regimes, thereby limiting the need for
expensive experimental procedures (Brendelberger et al., 2020). The
main challenge is that, in such systems, different heat and mass
transfer processes are involved, requiring a complex multiphysics
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model to couple the micro- and macro-scale (Wang et al., 2022).
More specifically, the main physical phenomena that should be
integrated in the process are the fluid flow inside the reactor, the
chemical reaction between the fluid and the solid (redox material)
phases, and the heat exchange (including conduction, convection,
and radiation).

Numerous reviews have been published over the years on two-
step thermochemical cycles. Most recent contributions include the
works from Tran et al. (2024), Wei et al. (2023), and Guo et al.
(2024), where the main advances in terms of redox material, reactors
design, and operation of the system are collected. In addition, Lidor
and Bulfin (2024) lately proposed a critical analysis of the main
limitations of real reactors and their future scale-up, highlighting
the requirements to improve the power density of these systems.
Reviews focusing on the modeling side of this topic are much more
limited and not updated. The work developed by Lipinski et al.
(2021) provides a complete analysis of the main processes for
high-temperature solar thermal applications, but limited to the
heat transfer modeling. To the best of the authors’ knowledge,
the work published in 2017 by Wheeler et al. (2017) represents
the only example of panoramic review on the modeling of solar
thermochemical reactors, with a general description of the main
modeling approaches for different types of reactors (i.e., fluidized
and stationary), as well as of reactive materials properties evaluation.

The lack of updated reviews with a focus on the multiphysics
modeling of different types of solar reactors for thermochemical
fuel production is addressed in this paper. Specifically, this work
aims to provide a compact overview of the main continuum-
scale models developed for non-volatile and non-stoichiometric
two-step thermochemical cycles, currently representing the most
explored approach, highlighting the differences adopted in terms of
reactor design, morphology of the redox material, and mathematical
approaches for the numerical simulation.

The work is organized as follows. In Section 2, the methodology
applied for conducting the literature review, and the selection
criteria of the analyzed works, are presented. Section 3 reports
a comprehensive discussion on solar thermochemical reactor
modeling, and the most relevant works published on this
subject. A particular focus was given to the different types of
reactors considered in these models (Section 3.1) and to the most
common modeling approaches in terms of heat and mass transfer,
chemical reaction, and radiation (Section 3.2). Finally, a critical
discussion of the main outcomes from the literature review is
presented in Section 4.

2 Methodology

The literature review strategy is schematized in Figure 2 and
detailed below in this section.
carried out on the search

Preliminary research was

engine Scopus (Scopus, 2025) according to the keywords “solar

» «

thermochemical reactor”, “solar thermochemical cycle”, “model”, and
“simulation”, excluding the review articles and the publications not in
English. The research provided 819 results, from which publications
not related to the topic of the paper (i.e., solar thermochemical
cycles for methane or methanol reforming, calcium looping,

thermochemical energy storage) and publications not related to

frontiersin.org


https://doi.org/10.3389/fenrg.2025.1671615
https://www.frontiersin.org/journals/energy-research
https://www.frontiersin.org

Riberi et al. 10.3389/fenrg.2025.1671615
108 results
results Exclusion based
. on the cycle
246 Exclusion based type:
results on the model « Volatile cycles
type: * Sulphur-based
' i * System scale cycles
Exclusion of 4 « Isothermal cycles
819 different topics: ~ *Molecular scale
* Methane/Methanol
reSUItS reforming
o ¢ Calcium looping
General « Thermochemical
research: storage
¢ Publications in * No modelling
English
* No review
FIGURE 2
Sources selection strategy for the literature review. General research was carried out on the search engine Scopus according to the keywords “solar
thermochemical reactor”, “solar thermochemical cycle”, “model’, and “simulation”, excluding the review articles and publications not in English. The
complete search syntax that was used to get the first 819 results is the following: [solar AND thermochemical AND (cycle OR reactor)] AND (model OR
simulation).

modeling were removed. In this way, the total amount of results was
limited to 246 studies.

An important feature associated to the modeling of
thermochemical cycles lies in the large span of their temporal and
spatial scales. The time scale spans from the seasonal variation of
solar irradiation, down to the very fast chemical kinetics. Similarly,
from a spatial perspective, the process encompasses the larger
scale of the plant (e.g, solar radiation collection and concentration
systems, reactor scale), as well as the micrometer/nanometer or
molecular scale of the materials that participate to the chemical
reactions. From a mathematical perspective, different approaches
can be defined depending on the temporal or spatial scale
considered, as well as on the aim of the analysis. A general
classification of the different categories of models evaluated in this
first preliminary analysis is provided in Figure 3.

Models focusing on the material scale typically aim to
describe either the thermodynamics of the chemical reaction
[e.g, with examples on ceria (Scheffe and Steinfeld, 2012) and
perovskites (Scheffe et al., 2013; Lou et al., 2024)], its kinetics [e.g.,
with examples on ceria (Arifin and Weimer, 2018), LSM-based
perovskites (Pan et al., 2024), and hercynites (Al-Shankiti et al.,
2020)], or the effective thermal and transport properties of
the redox materials (Xu and Lin, 2023; Ackermann et al,
2014). Models focusing on the reactor scale aim to provide a
numerical representation in which the heat and mass transport
processes involved are described on a length scale comparable
to the reactor scale. This continuum approach avoids the need
to solve local boundaries between solid and gaseous phases
on a discrete scale, thereby reducing the simulation complexity
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and the computational costs. The governing equations at the
continuum scale result from a homogenization process, in which
the physical processes at a small scale are rigorously averaged to
retain macroscopic behaviors (Wheeler et al.,, 2017). In this way,
the reactive medium is approximated by considering it as two
homogeneous and continuous phases—gas and solid-with effective
transport and thermal properties determined experimentally or
through numerical simulations (Perraudin and Haussener, 2017).
Following this approach, models focusing on particle flow in the
reactor (Richter et al., 2025), radiative heat transfer (Villafin-
Vidales et al., 2012), and control strategies (Oberkirsch et al., 2022)
were proposed in literature. In addition, multiphysics modeling
allows to treat the different physical phenomena characterizing the
redox cycle (namely: fluid flow; heat and mass transfer, and chemical
reactions) by coupling them together. Finally, models considering
the whole system (e.g., including the solar concentrating system, the
solar reactor, and auxiliary components) are usually developed to
provide a generalized description of the cycle without a detailed
analysis on the physical phenomena. Examples in this category
are represented by dynamic simulation models for long term
evaluation of the process (Barone et al., 2023; de la Calle and Bayon,
2019), thermodynamic models for energy, exergy, and performance
analysis (Muhich et al., 2018; Long et al., 2024; Yang et al., 2021), or
techno-economic models (Onigbajumo et al., 2022).

The presented review is focused specifically on multiphysics
modeling, and for this reason, only this category of models is
analyzed and presented in this work. By excluding material- and
system-scale models, the total amount of papers was narrowed down
to 108 results.
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In addition, since the focus of the review is on the analysis of
multiphysics models related to non-volatile and non-stoichiometric
cycles, the studies focusing on alternative approaches were not
included in this study-see the general classification proposed in
Figure 1. Consequently, the papers regarding volatile cycles [e.g.,
ZnO (Mohite and Reddy, 2023)], non-volatile stoichiometric cycles
[e.g., Fe;0, (Guene Lougou et al., 2017a), Co;0, (Kopping et al.,
2019), Mn;0, (Alonso and Romero, 2015; Wang et al., 2020)],
3-steps cycles [e.g, S-I (Corgnale et al., 2019)], 4-step cycles
[eg, Cu-Cl (Xu and Wiesner, 2012)], and hybrid cycles
le.g, HyS (Bayer Botero et al, 2016)], were excluded from
the analysis.

In conclusion, the described selection strategy led to a total of
78 results analyzed in the literature review. The main different types
of solar reactors and the different modeling approaches provided
in these studies are discussed in detail in the following. The results
of the preliminary analysis described in the current section, in
terms of number of publications in the last 15 years per type
of cycle (Figure 4a) and type of model (Figure 4b), confirm the
growing interest in non-volatile two-step thermochemical cycles
under different perspectives.

3 Multiphysics modeling of solar
thermochemical cycles

Solar thermochemical reaction systems, and specifically two-
step solar thermochemical cycles, typically involve solid-gas
chemical reactions occurring at the interface between a solid reactive
phase and a gaseous phase, usually at high temperatures (in the
range 800 °C-1,500 °C) and under temperature and pressure swing
conditions. The main challenge in the modeling of such systems
is their multiphysical nature, since heat transfer from different
mechanisms, as well as momentum and mass transfer of the different
reactive species, need to be considered together with chemistry and
must be coupled effectively.
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Concerning the process operation, depending on the
morphology of the reactive material integrated in the reactor,
different regimes can be defined, namely: a dilute fluidized regime, a
dense fluidized regime, or a stationary regime (Wheeler et al., 2017).
The dilute fluidized regime involves a redox material composed
of suspended or fluidized particles that occupy a small fraction
of the total volume, and the interactions between the particles
can be neglected. The dense fluidized regime refers to a case in
which the reacting particles occupy a larger fraction of the reactor
volume, and their interactions are more significant. Finally, in the
stationary regime, the redox material is fixed in the reactor (i.e.,
porous structure or packed bed of particles) (Wheeler et al., 2017).
Thanks to their increased easiness in handling the reactive material
and separating the gaseous products, the systems based either on
a dense fluidized regime or on a stationary regime are the most
developed. For this reason, the present study focuses on multiphysics

models within these two categories.

3.1 Solar reactor modeling

Each model available in the literature describes a reactor
device with different features in terms of design and working
principle, as well as in terms of redox material composition,
shaping, and morphology. A straightforward classification of solar
thermochemical reactors is done based on how the solar radiation
is transferred to the reactive redox material, dividing the designs in
either directly or indirectly irradiated. In the first case, the reactive
redox material is directly exposed to the external radiative source,
whereas in the second case an intermediate surface absorbs the
radiative heat and re-emits it towards the reactive material inside the
reactor. Directly irradiated reactors are the most developed solution
up to date thanks to their simple structure, low thermal inertia,
and possibility to reach higher temperatures (Wang et al., 2024). On
the other hand, the indirectly irradiated design can guarantee lower
optical losses (Huang and Lin, 2021). For specific configurations, the
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modeling scale considered (i.e., redox material, reactor, and system).

Number of publications in the last 15 years. (a) Multiphysics models sorted by type of cycle considered: two-step nonstoichiometric cycles and other
cycles (including three-steps, four-steps, hybrid, and volatile cycles) are reported. (b) Two-step nonstoichiometric cycles models sorted by the
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indirectly irradiated design can lead to an improvement of the view
factors by placing the redox material closer to the emitting surface,
enabling a more uniform heat flux, and avoiding point-focused
radiation (Scott et al., 2024).

One of the most common types of reactors in modeling
studies is the abovementioned cavity-type reactor, in which the
radiative heat source is provided through an aperture enclosed by a
window. Alternative designs are represented by tubular, membrane,
or moving reactors. A collected representation of the main types
of reactors proposed up to date, modelled in the literature and
described in the following sections, is provided in Figure 5.

Concerning the redox material, different alternatives were
proposed, regarding both the composition and its morphology.
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Nonstoichiometric ceria (CeO,) has been by far the most exploited
material up to date, thanks to its crystallographic stability, fast
kinetics, cyclic durability, and abundance (Schippi et al., 2022).
Promising alternatives are represented by ferrites or perovskites
(Wei et al., 2023). Regarding the morphology of the redox material,
a reticulated porous ceramics (RPC) structure is generally preferred
compared to other solutions such as fluidized beds (Bellan et al.,
2019) or moving particles (Li et al., 2020; Falter and Pitz-Paal, 2018),
since the material remains fixed in space. As a consequence, particle
transport between reaction steps is bypassed and no constraints on
the minimum gas flow rate are needed during the operation of the
system (Haeussler et al., 2020b). A classification of the multiphysics
models considered in this work according to the reactor type
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FIGURE 6
Multiphysics models considered in this review sorted by (a) reactor type and (b) morphology of the redox material. (b) In the term “porous” refers to a
reticulated porous structure with single-scale or dual-scale porosity. The share “n.a.” includes models where the reactor type or the redox material
morphology are not specified.

and morphology of the redox material is provided in Figure 6. A
summary of the models analyzed in this study and discussed in
the following sections, together with their main features in terms
of design, redox material, and modeling figures, is reported in
Table 1.

3.1.1 Reactor design

As indicated above, the main distinction of different types
of reactors is between directly or indirectly irradiated reactors.
In addition to the radiation transfer mechanism, other design
choices characterize reactors for thermochemical fuel production,
such as the choice of materials for the reactive chamber, the
concentration technology, or the integration of heat recovery
techniques. In this section, various models are introduced together
with their main features in terms of design choices and aim of
the analysis.

3.1.1.1 Cavity-type directly irradiated reactors
The cavity-type directly irradiated configuration represents the

reactor class that was most explored throughout the literature so
far, and numerous modeling works were developed to analyze the
reactor performance considering different designs, morphologies of
the redox material, and operating conditions (Figures 5a,b).
Regarding the design choices, different positions of inlet and
outlet nozzles were evaluated by Zhang and Smith (2019), displaying
a small effect on the temperature distribution and indicating the
configuration with fluid entering and exiting from the top of the
reactor as the more favorable option. Similarly, Furler and Steinfeld
(2015) considered different configurations in terms of number and
location of the inlet nozzles to prevent gas recirculation at the
reactor front. The same study also proposed the implementation of a
secondary concentrator to enhance the temperature distribution in
the reactive medium, enabling a more uniform radiation absorption
and preventing local hot spots. Guene Lougou et al. (2018a),
Guene Lougou et al. (2023) evaluated the effect of the internal
surface properties of the cavity on the thermal performance of the
reactor. In particular, the emissivity of the internal walls significantly
affects the temperature distribution for both the fluid and the
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solid phase and the radiative heat transfer, while the emissivity
of the glass window has a lower effect on the solid phase due
to the distance between the two components. The analysis of the
radiative flux distribution over different geometries of the cavity and
positions of the focal point was presented by Sharma et al. (2023).
Lidor et al. (2021) considered the integration of a gas-phase heat
recovery system and the operation over a complete day, indicating
an increased overall efficiency even in the case with the simplest
configuration of heat recovery system considered in the study (heat
exchanger at the reactor inlet/outlet). The implementation of a
cut-off wavelength coating was considered by Ma et al. (2024),
with the aim of limiting the re-radiation losses from the internal
reactor surfaces. The results with a cut off of wavelength larger
than 1 um indicated benefits both in terms of average temperature
(from 1,510.77°C to 1,634.87 °C) and thermal efficiency (from
11.65% to 13.51%).

For what concerns the redox material, it is of central interest
to optimize its morphology in order to maximize the surface area
available for the chemical reaction, as well as to promote a more
uniform temperature field. In this context, several studies evaluated
the impact of considering various reticulated porous structures
(specifically, parameters such as single-scale porosity, mean pore
diameter, porous medium thickness, or mass loading of redox
material) on oxygen and/or hydrogen production rates (Keene et al.,
2014; Lidor et al., 2021), solar-to-fuel efficiency (Zoller et al., 2019),
or thermal performance of the system (Villafdn-Vidales et al., 2011;
Guene Lougou et al,, 2018a; Pan et al., 2018). Moving the attention
to beds of reactive particles, similar studies were performed in order
to define the effect on temperature distribution and performance
of cavity-type reactors for varying particle size (Zhang and Smith,
20215 Sedighi et al., 2021), packing arrangements (Darfilal, 2020),
thickness of the bed (Zhang and Smith, 2019), or redox mass
loading (Bellan et al.,, 2019). Lange et al. (2015) considered the
effect of different redox mass loading in a honeycomb structure.
Guene Lougou et al. (2018b) evaluated the thermal performance
of various foam-type porous structures based on nickel ferrite
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materials. A more detailed discussion over the various morphologies
proposed in literature is provided in Section 3.1.2.

In terms of operating conditions, multiphysics models focusing
on the impact of flow rates on the cycle during reduction (i.e.,
sweep gas) (Villafan-Vidales et al., 2011; Zhang and Smith, 2021;
Orsini et al., 2024; Rojas et al,, 2025) or oxidation [i.e., steam
(Lidor et al., 2021; Orsini et al., 2024), CO, (Bala Chandran and
Davidson, 2016)], inlet fluid temperature (Pan et al., 2018), or
incident radiation (Shu et al., 2021; Wang et al, 2025; Darfilal,
2020) were developed. Guene Lougou et al. (2018a) investigated
the effect of different flow rates on the radiation losses from the
system, indicating a significant increase at higher mass flow rates that
counterbalance the enhanced convective heat transfer associated to
the higher velocities in these conditions. Dai and Haussener (2022)
provided an analysis of the optimal relation between the incident
radiation and the optimal mass flow rate, including also a study over
the optimal duration of the two steps. Considering the same reactor
design, Wang et al. (2022) proposed a 2D dual-scale transport
model. In this case, the incident radiation and the heat transfer
process in the porous medium are considered on a macroscopic
scale in the axial direction (fluid flow direction) and coupled with
the diffusion process of oxygen vacancies in the radial direction
considered on a microscopic scale. Zhang et al. (2018) performed
a comparison of the results in terms of temperature and fluid flow
distribution with respect to different thermal and transport models
applied. A scale-up analysis of a directly irradiated reactor was
proposed by Brendelberger et al. (2020) and Kyrimis et al. (2019),
where different designs and operating conditions were analyzed in
a MW-scale power plant. Similarly, Lampe et al. (2025b) considered
the effect of a non-uniform irradiation on the hydrogen generation
ofa250 kW plant. The results indicated a significant drop in terms of
production rates and efficiency because of both local hot spots and
non-uniform heating, up to 37% decrease in this second scenario.

3.1.1.2 Indirectly irradiated reactors
As mentioned, the other big class of reactors are the indirectly

irradiated systems. A specific type of indirectly irradiated
configuration is represented by tubular reactors (Figure 5¢), in
which multiple tubes are placed in the cavity and filled with reactive
material. The main advantage of this concept is the possibility to
achieve continuous fuel production by alternatively performing the
two steps in each element, having half of the tubes reducing and
the other half oxidizing at all times. Martinek et al. (2014) carried
out a performance evaluation of such a configuration for different
geometrical designs, addressing the effect of different parameters
including number, position, diameter of the tubes, and aperture
of the window. Li et al. (2016) proposed a heat transfer model for
a tubular reactor filled with a packed bed of ceria particles, by
coupling a Monte Carlo ray tracing code for the radiation with a
thermal lattice Boltzmann method for convection and diffusion,
considering a constant oxygen partial pressure of 13 Pa. In the 3D
heat and mass transfer models provided by Bader et al. (2015) (stress
distributions assessment) and Bala Chandran and Davidson (2016)
(impact of flow rates on production rates and temperature swing),
each element is composed of two concentric alumina tubes with
a packed bed of ceria particles in the internal annular region. The
gas enters from the inner tube, and it is preheated by the exiting
gases that flow in the outer tube, ensuring gas phase heat recovery.
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An alternative tubular reactor concept is provided by Yuan et al.
(2016), where the solar-to-thermal conversion is separated from
the thermal-to-chemical conversion in two different components
coupled through a heat transfer fluid in the form of a liquid metal,
with the aim of supplying efficiently the reaction heat to the oxygen
storage material and perform sensible heat recuperation. Examples
of tubular reactors containing moving redox particles have also
been proposed. Li et al. (2020) considered a downward flow of
ceria particles reacting with an upward flow of gas, analyzing the
impact of different reaction kinetics conditions. The effect of particle
size on the chemical reduction in a similar reactor is described by
Valades-Pelayo et al. (2017). Falter and Pitz-Paal (2018) developed
an example with counterflowing reducing and oxidizing particles
to achieve sensible heat recuperation, focusing on the heat recovery
effectiveness of this solution under different operating conditions.

A particular example of indirectly irradiated reactor is provided
by Scott et al. (2024), in which the design was developed specifically
to work in a RTS. The heat transfer model considers the reaction
happening at the equilibrium in an environment with a fixed
O, partial pressure of 10Pa, and it was applied to evaluate
the effect of various design choices on the performance of the
redox cycle. Another cavity-type, indirectly irradiated reactor was
proposed by Lanchi et al. (2013), proving the possibility to couple
this configuration with the manganese-ferrite or similar cycles
operating at moderate temperatures (750 °C-800 °C). The same
thermochemical cycle and the same reactor were also proposed by
Wang et al. (2021), where also the redox reaction was integrated
in the model. Huang and Lin (2021) proposed a study on a cavity
reactor with a 3D steady-state model, evaluating the differences in
performance for directly and indirectly irradiated designs. From this
comparative analysis, it resulted that the second option would limit
the optical losses of the system, leading to an increased solar-to-fuel
efficiency.

3.1.1.3 Other reactors

Other models were developed based on different geometries or
reactor types with the aim of integrating heat recovery techniques
in the thermochemical cycle. A transient 3D model of a counter-
rotating cylinders reactor (Figure 5¢) with solid-solid heat recovery
was proposed in 2014 by Lapp and Lipinski (2014) to benchmark the
impact of different design and operational parameters on the global
heat recovery effectiveness.

In recent years, one innovative solution was represented by
moving redox units. The main advantage of this alternative approach
resides in the possibility to continuously produce fuel incorporating
heat recovery and counter current operation, resulting in increased
theoretical performance limits. In this context, a few alternatives
have been proposed. The R2Mx concept (Figure 5g), modelled
by VegaPuga et al. (2024), consists of one separate reactor
for each step with movable redox units, ensuring the potential
benefits coming from spatially separating the two phases—namely,
continuous fuel production and solid-phase heat recovery-while
limiting the technical challenges associated with particle-based or
rotating concepts. A scale-up analysis of the same type of reactor
to a MW-scale was carried out by Brendelberger (2024), who
compared the results of the heat transfer model with a state-of-
the-art directly irradiated reactor. The results indicated important
benefits for the proposed configuration in terms of temperature
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distribution and maximum values reached in the redox material.
Another approach is also represented by the concept of moving
reactors proposed by Patankar et al. (2022). The RTS configuration
would consist of multiple reactors cycling between a reduction and
an oxidation zone, with the benefit of recovering solid-phase heat
from the reactors exiting the reduction phase at a high temperature.

Under the modeling point of view, the abovementioned
concepts require an appropriate implementation of the moving
design, besides the intrinsic physics. We shall notice that, in
relatively complex designs such as the RTS, modeling multiple
reactors altogether would lead to notably increased computational
cost and time. This implies that suitable techniques to simulate
the entire reactor loop are needed, e.g, by simplifying the
numerical treatment with realistic assumptions (Patankar et al,
2022), reasonably customized on the specific design. In the
R2Mx example (Vega Puga et al., 2024), the movement of the redox
material was simulated by a sequential stepwise thermal approach,
discretizing its trajectory into a few intermediate positions; at
each step, the prior temperature field was imported as the
initial condition and a transient heat transfer analysis (radiation,
conduction, ambient losses) was run, with only two positions
ultimately used since additional discretization changed the ceria
enthalpy by only 0.22%.

An additional alternative developed in recent years is
represented by reactors with redox materials in the form of
membranes, guaranteeing continuous fuel production and gas-
phase heat recovery. Wei et al. (2024) proposed a dense ceria
tubular membrane reactor obtaining promising results in terms
of performance despite the low conversion rate of CO, to CO
with respect to theoretical predictions, suggesting the need to
improve the membrane performance. Different conversion-limiting
factors of the ceria membrane and their dependence on the
operating conditions were analyzed by Pan et al. (2020), indicating
the temperature as the main parameter to positively affect the
conversion ratio of CO, to CO.

Besides the integration of heat recovery techniques, the oxygen
removal from the reactive material during the endothermic
reduction step is also crucial. State-of-the-art approaches integrate
vacuum pumping or inert gas sweeping, but alternative concepts
have been proposed with the aim of enhancing the reduction
performance. A cascading pressure reactor (Figure5d) was
proposed by Singh et al. (2017), where a 1D transient model
is transformed in a 2D and 3D steady-state solution through
coordinate transformation and solutions combination. With
this approach, the thermal reduction of redox particles is
performed through multiple stages at decreasing pressures,
resulting in a reduced pumping power demand with respect
to the single-stage solution. The oxygen removal through the
implementation of an electrolyte (i.e., electrochemical oxygen
removal) was modelled by Huang and Lin (2022), where the
impact of this solution on the overall solar-to-fuel efficiency is
compared with respect to the two traditional techniques (sweep
gas injection and vacuum pumping) under different irradiance
conditions. The concept of thermochemical oxygen pumping is
described by Brendelberger et al. (2019b), where a second redox
material is integrated (i.e., an oxygen pumping material) to absorb
the oxygen released by the first one (i.e., the splitting material).
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The study indicated significant benefits in terms of pumping power
reduction for pressures levels below 100 Pa.

3.1.2 Redox material

3.1.2.1 Ceria

3.1.2.1.1 Reticulated porous structures. In most of the studies,
the redox material considered is ceria in the form of reticulated
porous foam, and it is modelled considering a uniform porosity
across the whole reactive volume. Table 2 summarizes the main
morphological parameters of the porous ceria structures adopted in
literature. In this document, the term ¢ indicates mm-scale porosity,
while other structures (e.g., dual-scale porosity) are indicated with
specific subscripts. When the redox mass loading was not provided
in the reference, it was estimated according to Equation 3 by using
the total porous volume, V, and the effective density of the structure,

Ps efr

(©)

Mygad = (1 - S)Ps,effvs

Dai and Haussener (2022) evaluated the performance of a
porous ceria monolith with a non-uniform porosity along the
axial direction (that corresponds both to the fluid and irradiation
directions). Specifically, linear, parabolic, and exponential
distributions were evaluated in the model, keeping in all the cases an
average porosity in the domain equal to 0.75. Mean pore diameter
and specific surface area are extrapolated as functions of porosity

according to Equations 4, 5, respectively (Suter et al., 2014):

Apore(x) =2.20- 107 e(x) +7.59-107* (4)

A(x) = =2277.8 - £2(x) + 2533.6 - £(x) + 262.3 5)

Dual-scale porosity RPC structures were also developed and
manufactured. The dual-scale porosity RPC monolithic foams
feature mm-scale pores (¢,,,,,) to enhance the volumetric absorption
of solar radiation during reduction, and pm-scale pores (€m) to
increase the specific surface area and improve the mass transfer and
the fuel production rates during oxidation (Lidor and Bulfin, 2024).
Examples in which this morphology was implemented in a reactor
model are collected in Table 3. In the study of Ackermann et al.
(2017), a structure with different levels of porosity along the
irradiation direction was tested. This example is characterized by
a larger porosity on the irradiated side (d,

pore,mm

equal to 0.6 mm). The

equal to 2.2 mm)
and a smaller one on the back side (d,o;e,mm
results of this model were experimentally validated with two samples
featuring 10 and 35 pores per inch (ppi) for the mm-scale (e,
equal to 0.825 and 0.867, respectively). The pm-size porosity was
0.26 (mean pore diameter of 10 um) for both samples.

is

3.1.2.1.2 Reactive An alternative approach

represented by integrating the redox material as particles in the

particles.

form of fixed beds, moving beds, or suspended in a fluidized bed.
A summary of models based on this configuration, along with their
specific parameters, is provided in Table 4.

3.1.2.2 Alternative redox materials

Models that integrate alternative materials other than ceria
are limited. Ma et al. (2024) investigated the performance of a
porous monolith composed of CeO, and ZrO,, with a mass ratio
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TABLE 2 Morphological parameters of reticulated porous ceria components with mm-scale porosity implemented in the literature. The thickness
represents the length of the porous medium in the irradiation direction.

Thickness [mm] Mg [kal

Lapp and Lipinski (2014) 0.75 0.01 — 8 2.35"
Keene et al. (2014) 0.6-0.9 0.01-1 — 20 —
Lidor et al. (2021) 0.7 23 — 30-45-60 53.3-213.1
Wang et al. (2022) 0.8 2 — 50 —
Rojas et al. (2025) — — — — _
Furler and Steinfeld (2015) 0.63 — — 100 1.413
Orsini et al. (2024) 0.7 2.3 — 60 0.22*
Brendelberger et al. (2020) 0.762 — 10 25-55 127-466
Lampe et al. (2025b) 0.65 227 10 60 217
Wang et al. (2025) 0.9 — — 24 0.29*
Cai et al. (2024) 0.9 — — 24 0.29"
Huang and Lin (2022) 0.7 0.6:107 35 6 0.07*
Dai and Haussener (2022) e= flx) Equation 4 — 10 —

€4 =075

The symbol “+” indicates that the mass loading is not provided in the paper, and it was estimated according to Equation 3.

TABLE 3 Morphological parameters of dual-scale porous samples proposed in the literature. The thickness represents the length of the porous medium
in the irradiation direction.

Equat [-] dporemm [Mm] ’ Npoi [-] ’ Thickness [mm] Mg [kal
Ackermann et al. (2017) 0.825-0.867 0.26 0.87-0.9 0.6-2.2 10-35 25 0.046-0.035"
Zoller et al. (2019) 0.6583 0.3561 0.78 2-7 3-10 25 18.38
Scott et al. (2024) — — 0.756 — — 35 522
Vega Puga et al. (2024) — — 0.7622 — 10 — 1
Brendelberger (2024) 0.6583 — 0.78 2.015 — 35 20
Kyrimis et al. (2019) — — — — — 25 145-1,478
Zhao et al. (2025a) 0.75 0.3 0.825 0.6 35 70 0.11%

The symbol “+” indicates that the mass loading is not provided in the paper, and it was estimated according to Equation 3, where & = g,

of 1:1 between the two. Iron-manganese oxides were considered as
packed beds by Wang et al. (2021) in the form of (Mn, 53Fe4,),0;
within a 3D transient CFD model, and by Lanchi et al. (2013) in
the form of MnFe,O, within a 2D heat and mass transfer model,
while Martinek et al. (2014) developed a study on a single-scale
porosity RPC structure made of Al,O5 coated with reactive CoFe, O,
(hercynite material). Several examples considering ceramic foams
(SiC and Al,O;) coated with NiFe,O, were also proposed as
single-scale porous structures (Villafan-Vidales et al, 2011;
Guene Lougou et al., 2018a; Guene Lougou et al., 2018b; Shu et al.,
2021), honeycomb structures (Lange et al, 2015) (Figure 5f),
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or packed beds (Darfilal, 2020). A SiC-based foam coated with
CuFe,0, and Co;0, was modelled by Guene Lougou et al. (2023),
indicating that this solution could provide a strong full solar

spectrum absorption, but its application for CO, splitting does
not represent a valid alternative due to SiC lower chemical stability
at high temperature. Concerning the perovskite class of materials,
Zhao et al. (2025a) recently provided a performance comparison
of state-of-the-art ceria (CeO,), Zr-doped ceria (Zr;,5Ce; 450,
(Zr15)), and two perovskites (La, ¢Ca, ,Mn Al ,O; (LCMA) and
Lay ¢Sry,MnO; (LSM82)), by proposing a multi-scale modeling
framework composed of a system-level model, including heat
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TABLE 4 Morphological parameters of particle-based reactors proposed in the literature.

Particles bed type N° of tubes
Bala Chandran and Davidson (2016) Packed bed 6 5 0.45 0.59 [kg/tube]
Lietal. (2016) Packed bed 14 — 0.776 0.70 [kg/tube]
Bader et al. (2015) Packed bed 7 4 0.45 0.71 [kg/tube]
Zhang and Smith (2021) Packed bed — 3-6 0.33 —
Zhang and Smith (2019) Packed bed — 5 0.65 —
Yuan et al. (2016) Packed bed 8 0.01 0.6 —
Sedighi et al. (2021) Packed bed — 19-43 0.48 —
Falter and Pitz-Paal (2018) Moving bed 2 0.004-0.01 — 10 [g/s]
Li et al. (2020) Moving bed 1 0.05-0.1 — 0.025-0.15 [g/s]
Singh et al. (2017) Moving bed — 0.25 — 2 [g/s]
Bellan et al. (2019) Fluidized bed — 1 — —
Valades-Pelayo et al. (2017) Fluidized bed 9 0.001-0.02 — —
Bellan et al. (2018b) Fluidized bed — 7-14 — —

exchangers and gas separation, and a detailed multiphysical
model describing a generic packed bed reactor, incorporating
fluid flow, heat transfer, mass transfer, and thermochemical
reactions. The results displayed higher hydrogen production and
solar-to-fuel efficiency when ceria was implemented, while the
alternatives were mainly limited by slower oxidation Kkinetics
associated to smaller reaction enthalpy. On the other hand,
thanks to this thermodynamic feature, the implementation of
perovskites enabled lower reduction temperatures. In a follow-
up work (Zhao et al, 2025b), the same authors used the
previously developed model to compare ceria with another series
of perovskites (Laj¢Cay,MngAl;,O0; (LCMA), CaTijsMn,50;
(CTM55), (La4Pr 4Nd,,Gd,SrBa;,s)MnO; (LPNGSBMn),
and (Layg¢Sry,) (Mng,Fe;,Coy Al ;)05 (LSMFC,4A)), with
ceria exhibiting superior performance overall. In general, the
present research highlighted that perovskite-based reactor models
implementing detailed and high-fidelity physics are numerically
limited in the literature up to date. Possible reasons explaining
this gap could be, among others: (i) lack of well-established and/or
widely used thermophysical properties (e.g., heat capacity, thermal
conductivity), as well as optical and radiative properties [e.g., surface
reflectance and emittance (Ackermann et al., 2017)] for alternative
redox materials, especially for novel perovskite compositions that
were synthesized and tested only at the laboratory scale in relatively
small amounts; (ii) relatively limited experimental demonstrations
of reactor-size actual reactive porous structures made of perovskites
(Haeussler et al., 2020c; Gager et al., 2022; Pérez et al., 2024); (iii)
uncertainty in the achievable efficiency when novel perovskites
would be tested on-field under realistic operating conditions, as
opposed to idealized laboratory conditions (Lou et al., 2024).
Thermodynamic models are common in the literature to estimate
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the upper boundaries in the process efficiency (Lidor and Bulfin,
2024), and such models have also been reported for perovskites
(Lou et al, 2024; Lou et al., 2022). However, these models are
generally zero-dimensional (0D), assuming that the redox material
volume is sufficiently small for temperature and concentration
gradients to be neglected, while also relying on thermodynamic
equilibrium chemistry. These considerations strongly emphasize
the need to develop higher-dimensional continuum-level reactor
models using perovskites as the active redox material. Spatial
effects—such as heat and mass transport limitations, temperature
gradients across the porous volume, and accumulation of reaction
products -, as well as finite-rate chemistry (i.e., kinetics), can play
a crucial role in accurately predicting the actual performance,
especially under realistic operating conditions compared to
idealized laboratory testing. Finally, some works did not consider
any redox material in the model and focused on the other physics
without including chemistry. In these cases, a chemically inert
material is considered and only its effect on heat transfer and fluid
flow is analyzed, neglecting the chemical interactions with the fluid
phase. Huang and Lin (2021) and Zhang et al. (2018) developed
studies considering a SiC-based porous monolith, while in the work
by Pan et al. (2018) the composition of the sample is not specified.
Similarly, a reactor containing a fluidized bed of inert particles is
proposed by Bellan et al. (2019) and Sedighi et al. (2021).

3.2 Modeling approaches and assumptions
Regardless of the accuracy and level of detail of each specific

model, the studies available in the literature describe the main
physical processes starting from the same principles of mass,

frontiersin.org


https://doi.org/10.3389/fenrg.2025.1671615
https://www.frontiersin.org/journals/energy-research
https://www.frontiersin.org

Riberi et al.

momentum, and energy conservation. The main differences between
the different modeling approaches mostly lie in the description of the
chemistry of the reaction and of the radiative heat transfer. In this
section, a panoramic overview of the main approaches implemented
throughout the literature to model the different physical phenomena
is provided.

3.2.1 Mass and momentum transfer modeling

The mass transfer in solar thermochemical reactors is
characterized by a fluid phase and a solid phase, with the gaseous
species that could either be generated or consumed by chemical
reactions. The conservation of the i species in the gas mixture is

governed by Equation 6, where w is its specific mass fraction.
d
a_t(ePfWi) +V - (epuw;) = V- (pD,Vw,) +7; (6)

The main mass transfer mechanisms are advection, accounted
for through the term V - (puw;) and obtained from the momentum
equation, and diffusion, modelled by the term V- (p:D;Vw,). D,
represents the Brownian diffusion coeflicient (Guene Lougou et al.,
2023; Valades-Pelayo et al., 2017). In addition, the contribution
of the chemical reaction is considered by the source/sink term r;,
whose accurate modeling is of central importance. The expression
used for this term strongly depends on how the reduction
and oxidation processes of the redox material are modelled. A
more specific discussion on the several approaches proposed is
provided in Section 3.2.3.

The mass and momentum conservation inside the porous
medium are expressed according to Equation 7 and Equation 8
as incompressible Navier-Stokes equations. T is the stress tensor
evaluated according to Equation 9, where 1 indicates the identity
matrix and y the dynamic viscosity of the fluid. With the assumption
of dilute mass transfer, the contribution of the chemical reaction to
the mass conservation is neglected by excluding the right term of
Equation 7,leading to a deviation in the velocity field that is reflected
in the temperature and concentration distributions (Wang et al.,
2022; Sharma et al.,, 2023; Rojas et al., 2025; Wang et al., 2025).

V- (ep) =} 7, (7)

a%(fpf“) +V - (epu) = =Vp+ V- T+8,50, (8)

T= y(Vu + VuT) - %y(v ~wl 9)

In general, low Reynolds numbers are considered inside the
reactor, and the fluid flow regime is typically assumed to be
laminar. A turbulent flow has been considered by Ophoff et al.
(2020), who applied the realizable k—& model in which two
additional equations for the turbulence kinetic energy, k, and the
turbulence kinetic energy dissipation rate, ¢, are solved. The work
focuses only on the temperature field inside the reactor without
implementing any reactive material. A comparison between three
different turbulence models (standard k — &, RNG k — ¢, and SST k —
w) is provided by Sedighi et al. (2021), indicating that the pressure
drop in the packed bed is accurately described by all the models,
while only the second and third ones are accurate for the heat
transfer. Also in this case, no chemistry was implemented.

Overall, turbulence modeling for solar thermochemical fuel
production remains limited, although the impact of a turbulent
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flow on the overall performance could be significant in terms
of heat transfer, as well as of chemical species transport, with
consequent improvement in the reaction rates (Wheeler et al.,
2017). Moreover, perovskites are difficult to reoxidize, and their
higher fuel yields come with a significant water-heating penalty
(Li et al, 2022). This means that the optimal operating point
for a perovskite-based reactor could involve larger oxidant flow
rates during the oxidation step. For context, Lou et al. (2024)
estimated that some perovskites exhibit their optimal performance
at a steam flow rate one order of magnitude larger than ceria,
under specific conditions. Thus, in principle, the fluid flow analysis
could benefit from including turbulence as a possible operating
regime-importantly, depending on the specific reactor design,
geometry, and flow field configuration—in order to explore a wider
operational window, as well as to get accurate results under the
selected conditions. At the same time, operating in a turbulent
regime could generate higher energy penalties in terms of sweep gas
and/or oxidant requirements (Davenport et al., 2016), and hence, the
implementation of clever heat recovery strategies could become even
more relevant to ensure competitive performance. Overall, given
that a real demonstration of perovskite-based reactors operation is
not well represented up to date, there is wide room for numerical
investigation in terms of optimal operating conditions for this class
of systems.

The momentum source term, S, represents the additional
pressure drops induced on the flow by the presence of the porous
medium. This term is generally evaluated by using well established
relations such as the Darcy’s law (Huang and Lin, 2021; Lanchi et al.,
2013; Keene et al,, 2014; Kyrimis et al., 2019; Cai et al.,, 2024;

/ang et al., 2025; Martinek et al.,, 2014) (Equation 10) and the
extended Darcy-Forchheimer expression (Bader et al., 2015; Furler
and Steinfeld, 2015; Ackermann et al., 2017; Guene Lougou et al.,
2018b; Pan et al.,, 2018; Huang and Lin, 2022; Dai and Haussener,
2022; Sharma et al., 2023; Guene Lougou et al., 2023; Ma et al.,
2024; Orsini et al., 2024; Lampe et al., 2025a; Lampe et al., 2025b;
Bala Chandran and Davidson, 2016) (Equation 11), necessary for
Reynolds numbers higher than 1 (Wheeler et al., 2017).

He

sporous = _Eu (10)
U
Sporous:_ﬁu_PfFDhllu (11)

In these equations, K represents the effective permeability of
the redox material, while Fp, is the Dupuit-Forchheimer coefficient.
Other approaches evaluate this term through a flow resistance
coefficient according to the Ergun equation (Wang et al., 2022), or
by considering particle/fluid interactions through a discrete element
method (Zhang and Smith, 2021). In addition, Wu et al. (2010)
proposed a model for the pressure drop estimation in a packed
bed based on experimental and numerical results. The relations
depend on porosity and mean cell size of the reactive media
and under its range of applicability (¢ in the range 0.66-0.93, Re
in the range 10-400) was proved to provide a better estimation
with respect to the Darcy-Forchheimer law (Zhang et al., 2018).
Regarding the membrane reactor proposed by Pan et al. (2020),
the momentum source term associated to the reaction surface was
assumed negligible.
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In case the redox material is constituted by elements that are
not fixed in space (such as fluidized bed or moving particles),
its motion is modelled according to different methods depending
on the volume occupied by the solid particles (Grobbel et al.,
2019). In case of dilute fluidized regime, the particle-particle
interactions are negligible and the Lagrangian approach is usually
applied (Li et al., 2020). Another approach is provided by Valades-
Pelayo et al. (2017), where the particle motion inside the tubes
is assumed to be a fully developed laminar flow with parabolic
shape with respect to the radial direction. On the other hand, for
dense fluidized regimes (moving beds) the particle motion is usually
modelled through the Lagrangian-Eulerian approach solved with
the discrete element method (DEM) (Zhang and Smith, 2019; Zhang
and Smith, 2021; Bellan et al., 2022). For each particle, the force
balance is solved including the particle interactions as indicated in
Equations 12, 13 (translational and rotational motion, respectively).

In this formulation, F,., represents aerodynamic forces (drag,

pressure gradient), F, the volume forces (buoyancy and gravity)

and F?

n Fion the normal and tangential contact forces due to

interactions (particle-particle, particle-wall).

dup . .
my, i Fioero ¥ Fg + Flon + Feon (12)
dwP
Ip ? = ‘I.'p (13)

3.2.2 Heat transfer modeling, and
thermomechanical analysis

To solve the energy balance inside the reactor, two main
approaches are typically followed. In the first case, local thermal
equilibrium (LTE) is assumed, meaning that the solid and gaseous
phases of the porous medium are assumed to be at the same
temperature in each point of the porous domain, and thus a single
energy equation is solved. This assumption is considered valid
if the expected temperature difference between the two phases
is lower than the characteristic temperature differences in the
whole reactor (Wheeler et al, 2017). The energy conservation
expressed by Equation 14 is solved for both the fluid and the solid
phases together (Lanchi et al., 2013; Guene Lougou et al., 2018b;
Zhang and Smith, 2019; Martinek et al., 2014; Yuan et al., 2016;
Vega Puga et al., 2024).

0
5% <€sz Yihie+(1- S)Pshs) +V. <Pf“Z Yihi,f>
1 1

=V ((ks,eff + kf,eff)VT) -V GQrad Qreaction (14)

On the other hand, with the local thermal non-equilibrium
(LTNE) approach, the two phases are assumed to be at different
temperatures, and one equation for each phase needs to be
solved (Equation 15 for the fluid; Equation 16 for the solid)
(Brendelberger et al., 2020; Lange et al., 2015; Bellan et al., 2019;
Villafan-Vidales et al., 2011; Kyrimis et al., 2019; Sharma et al.,
2023; Guene Lougou et al., 2023; Cai et al., 2024; Orsini et al.,
2024; Lampe et al., 2025b; Zhao et al., 2025a; Darfilal, 2020). The
two energy equations are then coupled through the convection
term Qg (Equation 17), expressing the interfacial heat transfer
between the two phases in the pores. This approach is in general
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more suitable for reactors with a high redox mass loading, such
as stationary systems with porous samples or packed beds of
particles (Wheeler et al, 2017). In the example developed by
Huang and Lin (2022), the energy conservation is solved depending
on the oxygen removal strategy, that is directly related to the
Reynolds number: specifically, LTNE is applied in the case of inert
sweep gas, while for vacuum and electrochemical pumping LTE is
assumed to be sufficient due to the negligible flow associated with
these options [Re < 0.23 (Kim and Jang, 2002)]. A comparison
of the temperature fields of a solar reactor obtained with these
two approaches is provided by Zhang et al. (2018), indicating
that the average temperature deviation between the solid and
fluid phases increases by ten times for a velocity increase from
0.005 to 0.5 m/s.

gt(epr Yihi,f> +V. <pfuZ Y,.h,.,f> =V (ek(VD)) + Qg (15)
2(1-0ph) = V- (kD) =V g+ Qstion = Qs (16)
Qy =hA (T~ Ty) (17)

MM,

The term Q
and it is assumed to be developed in the solid phase and transferred
to the fluid by interfacial convection (Orsini et al., 2024). The
term V-q, 4 represents the radiative heat source absorbed by the

reaction (Equation 18) accounts for the reaction heat

reactive material and does not appear in the fluid equation, since
the fluid phase is generally considered as a transparent medium in
the radiative heat transfer modeling (Keene et al., 2014; Pan et al,,
2018; Ma et al., 2024; Lampe et al., 2025b). This latter contribution
represents another critical element in the modeling step, since a
formal homogenization method for the radiative heat equation is
not available yet in literature (Wheeler et al., 2017). A more detailed
discussion of the approaches applied in the main studies on this
specific topic is reported in Section 3.2.4.

Simulating alternative materials other than ceria, including
widely explored perovskites, also implies the need to accurately
know, among others, their thermophysical properties appearing
in the above equations, such as thermal conductivity and heat
capacity. In principle, these properties could significantly span
over a relatively wide range, and by common sense, some
degree of uncertainty needs to be considered especially for novel
synthesized compositions. For instance, Muhich et al. (2018)
assumed 80 J/mol/K and 140 J/mol/K for the heat capacity of ceria
and La-based perovskites, respectively, evidencing an important
difference between the two values. We shall notice how variations
in thermophysical properties can significantly affect heat transfer
and the resulting temperature distribution within the porous
redox structure, thereby directly influencing its spatially dependent
reactivity and utilization. Moreover, a higher heat capacity also
means that more heat will be needed to bring the redox mass
up to a given reduction temperature, with direct implications on
the energy balance around the reactor, and potentially on the
performance metrics.

The heat transfer analysis represents a key starting point
to additional critical reactor engineering considerations required
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during the design stage, such as the evaluation of thermal stresses
inside the reaction chamber. Due to the high temperature and
pressure differences to withstand, an accurate analysis needs
to be carried out to correctly size each component. In spite
of this, a limited number of multiphysics models include also
thermomechanical and thermal stress considerations and the
knowledge of the impact of these factors on solar thermochemical
reactors is still limited (Zhang et al., 2020).

Scott et al. (2024) proposed a simplified structural mechanics
model with a finite element method in COMSOL Multiphysics® to
determine the thickness of the window and flange, by neglecting
possible tensile stress concentrations, thermal expansion, and creep
effects. A more detailed analysis on a cavity-type reactor is provided
by Zhang et al. (2020), where the maximum compressive stress
and the Von Mises stresses have been evaluated according to
the 3D temperature profiles through the specific software ANSYS
Mechanical APDL® 16.0. The results highlighted the strong impact
of thermal expansion, indicating that the reduction of highly
concentrated compressive stresses associated with this phenomenon
would strongly reduce ceramic breakage. A similar study has been
performed by Huang et al. (2024), where the effects of incident
solar power and inner walls emissivity on the thermal stresses
have been described. Furthermore, the study indicated that the
operating conditions of the fluid (working pressure and gas velocity)
do not have a strong influence in this respect. Bader et al. (2015)
implemented a thermomechanical analysis in the model for a
tubular reactor in order to evaluate the stress distribution over
the outer surface of each tube due to temperature gradients.
The initial section of the tubes was estimated by applying a 1D
analysis and assuming constant outer temperature and uniform
heat flux, while a more accurate 3D linear elastic finite element
model is reported based on the temperature profiles extrapolated
from the heat and mass transfer physics. A thermal stress
analysis elaborated for a tubular reactor designed for stoichiometric
reduction of metal oxides is proposed by Wang et al. (2020),
where an effective stress is evaluated according to the Von Mises
theory.

3.2.3 Chemical reaction modeling

The modeling of the redox reaction is key in the multiphysics
simulation of a thermochemical cycle since it couples the chemistry
with mass and reactive species conservation. In particular, the
aim is to evaluate the variation of reactants and products through
the determination of the source/sink term r; in Equation 6. The
possibility to accurately model the chemical reaction depends
on the specific redox material implemented, as well as on
the availability of studies on their thermochemical and kinetic
properties (Wheeler et al., 2017). The reduction extent § of the solid
redox material is typically described as a function of temperature
and oxygen partial pressure by applying experimental or analytical
functions, with the source term of a generic species in the gas
phase-expressed in kg/(m’s) - derived from Equation 19. The
subscript i represents the different gaseous species involved in the
redox reaction, with v; being the corresponding stoichiometric
coefficient (0.5 for O,, -1 for H,O and CO,, 1 for H, and CO). The
subscript s indicates the solid redox material.

v;-MM; d¢é

Pt I dr (19)
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3.2.3.1 Ceria reduction modeling

The majority of the multiphysics models available in the
literature implement ceria as the redox material. An important
number of studies proposed with ceria consider the thermodynamic
equilibrium between the solid and the gas phases. This assumption
is well-motivated by the fast kinetics that leads to a good
approximation of the real reaction, especially in the reduction step
(Ackermann et al., 2017). A comparison between an equilibrium
model describing the CO, splitting reaction for CO production
and experimental measures on a fixed bed of ceria particles is
provided by Venstrom et al. (2015). The study indicates that the
equilibrium assumption fits the experimental data for a wide
range of temperatures and flow rates in the reduction step, while
in the oxidation step it is valid only up to a given CO, flow
rate, and therefore, in this case the kinetics should be included
for a better representation of the reaction mechanism. Besides
the integration of the kinetics of reaction, another significant
difference between the proposed models resides in the number
of steps modelled. In fact, in many cases, the analysis was
simplified by considering only the reduction step and the material
was often considered to be completely re-oxidized from the
resulting state at the end of the reduction step (Scott et al., 2024;
Brendelberger, 2024; Ackermann et al., 2017; Kyrimis et al., 2019;
Vega Puga et al., 2024).

An
thermodynamic equilibrium is proposed by Bulfin et al. (2013)
based on the Arrhenius equation, with the free parameters x

expression for ceria nonstoichiometry assuming

(maximum reduction extent), n (oxygen partial pressure exponent),
AE=E, 4—-E, (difference between reduction and oxidation
o . A . . o
activation energies), and —*¢ (ratio between reduction and oxidation

preexponential factors) derived from linear fits on experimental
data (Equation 20) (Panlener et al., 1975; Zinkevich et al., 2006).
This relation was implemented in several studies that considered
only the reduction step (Brendelberger, 2024; Li et al., 2020; Zhang
and Smith, 2019; Zhang and Smith, 2021; Sharma et al., 2023;
Li et al,, 2016; Brendelberger et al., 2019b).

(%)

x—0
The same authors proposed an updated expression in a following

study. In this case, the analytical expression (Equation 21) was

Ared .

1 (20)

0X

derived from thermodynamic considerations on the Gibbs free
energy and the entropy of reduction, fitting the obtained curves
with experimental measures conducted on porous granules of
ceria (Bulfin et al., 2016). The main difference from the previous
model is that the variation of the enthalpy of reaction against
nonstoichiometry is also included. For completeness, Equations 22,
23 report the thermodynamic functions as typically expressed for
the nonstoichiometric reduction reaction (Bulfin et al., 2017), in
which the subscript ¢ indicates that they are defined as partial
molar quantities, Ag; = BB—A&g, and the circular superscript refers to
the standard pressure (Bulfin et al., 2016). These thermochemical
properties, namely, reduction enthalpy, Ah;(@), and entropy, As;((S),
have been extracted for several nonstoichiometric oxides, notably
ceria, ceria-zirconia, and several perovskites (Takacs et al., 2015;
Panlener, 2025; Yang et al.,, 2014; Takacs et al., 2016; Hao et al,,
2014; Ezbiri et al., 2017; Qian et al., 2020; Qian et al., 2021), and
have a key role in determining the material behavior and eventually
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the process performance. To achieve efficient operation in two-step
thermochemical cycles, low Ah;(S) at larger reduction extents (i.e.,
larger 6) and high As;(ﬁ) should be addressed. The former allows for
reducing the oxygen carrier at more moderate temperatures, while
the latter permits smaller AT swing between the two cycle steps and
allows for a stronger thermodynamic driving force (Carrillo and
Scheffe, 2017). Moreover, a high Ah;(é) at lower nonstoichiometry
allows the oxidation step to be performed at higher temperatures,
thus reducing the temperature swing (Carrillo and Scheffe, 2017).

n 05 Sre Ahpe,
(L) :(&) .e%.e )R;i“(g) (21)
x=0 Po
o p
Agy=Ag,+ %RT]n( ;j > (22)
Ag, = Ahy — TAs, (23)

In the work developed by Ackermann et al. (Ackermann et al.,
2017) only the reduction of ceria was as well simulated, assuming
thermodynamic equilibrium and applying an oxygen defect
model to fit experimental thermogravimetric measurements
(Panlener et al.,, 1975). With this approach, the nonstoichiometry
& as a function of temperature and oxygen partial pressure is
expressed according to Equation 24 (with T in°C). The same
expression has been integrated by Zoller et al. (2019),
(2025), and Kyrimis et al. (2019).

Jang et al.

5= 10-(215107°.T7-9.88.107.T+12.21) (poz

Py

)1.25.107-T23.1()-10“-7“1.83-102

(24)

A similar approach was followed by Furler and Steinfeld
(2015), where the same experimental data from (Panlener et al,
1975) are fitted accordingly to the procedure described in other
studies (Scheffe and Steinfeld, 2012; Erman et al., 2013). This
procedure led to the relation for the equilibrium nonstoichiometry
6 as function of temperature and oxygen partial pressure as
expressed in Equation 25.

2
IOg(‘S):“1+“z'log<&)+“3'log<&>
0 0
Po, \? P
+“4'10g<& +as-T+ag 10g<&)-T
Po Po

<Po
Po

Keene et al. (2014) proposed a solid-gas interface kinetics

) . T? (25)

to model the reduction of ceria. By assuming singly ionized
oxygen vacancies, the oxygen released is extrapolated to the law
of mass action described in Equation 26. The study reported a
lack of experimental data on the kinetics of reduction, and as a
consequence, the rate constant k.4 was assumed sufficiently high
to ensure the equilibrium, considering that the reaction would
be limited mainly by the heating rate of the solid rather than by

1
Ahyeg=TAsred Po, \?2
kred[e 2RT 62— <_z) 62]

Po

its kinetics.

MM,
2

To, (26)
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3.2.3.2 Ceria reduction and oxidation modeling

In the studies proposed by Lapp and Lipinski (2014),
Vega Puga et al. (2024), and Brendelberger et al. (2020), both
reduction and oxidation were implemented in the model assuming
the reaction being at the equilibrium in both the cycle steps, and
neglecting the fluid flow. In the first case, the reduction zone was
modelled with the same approach implemented in Scott et al.
(2024) considering a constant oxygen partial pressure of 0.01 atm,
while for the oxidation zone, the reaction was assumed to reach
its completion at the temperatures considered in the study case,
with the nonstoichiometry supposed to decrease linearly to zero
across that region. In the second model, Equation 24 was applied
to both steps, with the oxygen partial pressure during the oxidation
derived from the expression of the equilibrium constant for the
water splitting reaction (Equation 27) as a function of the water
conversion factor, X (Equation 28). The same approach was also
applied in the third case, where the oxidation was simulated with
CO, instead of H,O0.

Ko (1-X,,)\?
q ox
poz,ox=po<x— 27)
0X
n (Ored = Oox )1
Xox: H, _ re ox/""CeO, (28)
ny,0 ny,0

A reaction rate that models both ceria reduction and re-
oxidation kinetics in an oxygen-containing atmosphere was
proposed by Bulfin et al. (2013), and was integrated by Rojas et al.
(2025) and Ma et al. (2024). With this approach, the diffusion
process is considered as the diffusion of oxygen vacancies and the
diffusion coefficient is well described by the Arrhenius dependence
on temperature. The reaction rate constant is then determined
by the balance between reduction and oxidation terms, resulting
in Equation 29. In this case, the free parameters were obtained
from experimental measures performed in the same study on
ceria pellets (Bulfin et al., 2013).

do_

Ere Eox
" (x— S)Ared-e_TTd - (Spngox -e ®r

(29)

This expression was extended in the work provided by
Lampe et al. (2025b) to account for the actual amount of steam
and sweep gas required to run the reactions. With this purpose,
Equation 29 is multiplied to an equilibrium conversion ratio, defined
according to Equation 30 for the oxidation step and equal to one
for the reduction. ny g, and 1y g eq represent the available and
required amount of steam to run the oxidation as a function of
temperature, oxygen partial pressure, and fraction of the reaction
completed, a, respectively.

. Ny O,act
(T Tred>poz,oc) = mm( : ;1> (30)
HHZO,req( T, Tred’pOz 4 (X)
Bala Chandran and Davidson (2016) implemented the

kinetics for both phases of the reaction in a CO, atmosphere
applying a modified form of Equation 29 in order to reduce the
number of dependent parameters. By imposing the equilibrium
constraint that relates reduction and oxidation rate according to
Equation 31, Equation 32 for the global rate of reaction is obtained
(with pg, ., representing the oxygen partial pressure in equilibrium
conditions). The oxidation rate is always expressed according to
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the Arrhenius equation. In addition, direct thermal dissociation
of CO, was considered since it was proved to be significant at high
temperatures. It follows that the total oxygen release rate from direct
dissociation and release/uptake from ceria can be expressed by
combining the two contributions.

pOZ,eq )n
kre = kox : (31)
‘ ( Po
S
dt Po Po

The same approach proposed by Keene et al. (2014) and
described above was also adopted by Dai and Haussener (2022)
and Zhao et al. (2025a), Zhao et al. (2025b), but in these cases,
doubly-ionized vacancies were considered as the main mechanism
for oxygen diffusion. Consequently, the expression for the oxygen
release capacity was modified according to Equation 33. In contrast
to the previous models, in this paper the oxidation step was also
implemented in the model, expressing the hydrogen release rate

according to Equation 34. The reduction rate constant, k.4, was
mol

m2s’
expressed as a function of temperature and reactive surface area

considered equal to 107 while the oxidation rate constant was

(Equation 35). A similar method was proposed by Huang and Lin
(2022) and Yuan et al. (2016).

Mo Ohred=TASred Po %
1’02 = 2 - Asf : kred |:e 2T 83 - <p_02> 63 (33)
1 +TAs,
ro = MMy Ak [eAgHzo 2(RA:red Thsred) (1&)63 B (PHZO )83]
2 2 S ox -
Po Po
(34)
L1076 916110
k,, = 2.9023-10 T (35)

Asf

Wang et al. (2022) implemented both the reduction and
oxidation of ceria, and the kinetics was modelled using a two-
step surface chemistry (a H,O adsorption/dissociation step and a
charge-transfer step), coupled with the bulk-to-surface transport
equilibrium (Zhao et al., 2016). Pan et al. (2020) considered the
expression for the reduction kinetic from Bulfin et al. (2013),
while the oxidation with CO, splitting reaction is implemented
as an Arrhenius type equation with parameters provided by
Le Gal et al. (2011). Orsini et al. (2024) implemented the same
expression to model the reduction, while the H,O-driven oxidation
is described according to the apparent kinetic law obtained
experimentally by Arifin and Weimer (2018) and transformed into
alocal kinetic law for the integration in the reactor model.

3.2.3.3 Chemical modeling of alternative materials
Regarding the chemical modeling of alternative materials with
respect to ceria, Wang et al. (2021) modelled the kinetics of
reduction of the iron manganese oxide considering the reaction
rate (Equation 36) proportional to a kinetic rate term, x(7T)
(Arrhenius equation), a reaction model, f(d) (function of the
reaction extent-Equation 37) and a pressure-dependent term, h(p).

25.01
] (36)

dé -L 0,
5 =KD f0)-hp) = [Arge w].f(sy[l——

0,,eq

Frontiers in Energy Research

24

10.3389/fenrg.2025.1671615

85.26 0<8<0.05
f&= —3(1_6)3 005<8<1 (37)
2[1—(1—6)§] -

Several models that focused on nickel-ferrite oxides integrated
the chemical reaction by considering both the kinetics of reduction
and oxidation based on the Arrhenius-type expression. In
particular, Villafdn-Vidales et al. (2011) modelled the two steps
considering H,O splitting in the oxidation phase (Equation 38
and (Equation 39), respectively), while Shu et al. (2021) integrated
similar expressions for the CO,-driven reaction.

Ered

ro, = ko reqe *T (38)

EOX

g, = kooxe *T (39)
Another approach is provided by Lange et al. (2015), in
which the kinetics of reduction and H,O-driven oxidation in the
honeycomb structure is described as function of the maximum
oxygen uptake capacity according to Agrafiotis et al. (2013).

A similar Arrhenius kinetics formulation was also integrated by
Guene Lougou et al. (2023) to model the reaction of CO, splitting
with Co;0, and CuFe,O4 and by Martinek et al. (2014) with
hercynite material (H,O splitting).

For what concerns examples of perovskite materials,
Brendelberger et al. (2019b) modelled the reduction extent of
SrFeO; according to the equilibrium expression provided in
Equation 20, with the free parameters calibrated according to
experimental measures. Recently, Zhao et al. (2025a), Zhao et al.
(2025b) applied Equations 33-35 derived for ceria to model the
reaction rates of Zr-doped ceria and lanthanum-based perovskites,
updating only the thermodynamic properties as function of the
non-stoichiometry depending on the material considered. Finally,
the abovementioned work by Orsini et al. (2024) proposes a simple
analytical methodology for using apparent kinetics data directly into
space-dependent multiphysics reactor models, that is transversally
applicable to any nonstoichiometric oxide, including perovskites.
Kinetic studies of this kind are well established in the literature
(Vyazovkin et al,, 2011), with several works defining kinetic laws
for chemical looping cycles using various oxygen carriers (Dai et al.,
2016; Bardeetal., 2016; Wenzel etal., 2017; Tang et al., 2021; Lu etal.,
2018). This approach has also been applied to the ceria redox cycle
(Luetal., 2019), including the CO, (Farooqui et al., 2018) and H,O
splitting steps (Arifin and Weimer, 2018). With this formulation, the
reaction rate is expressed as factorized contributions accounting for
the rate dependence on temperature, reaction progress (i.e., solid

conversion), and reactant concentration or partial pressure.

3.2.4 Radiative heat transfer modeling

The radiative heat transfer involves both the reaction chamber
(surface-to-surface heat exchange) and the reactive element.
Therefore, these two mechanisms need to be coupled to define
the temperature field inside the redox material. Radiation
represents another crucial phenomenon in the modeling of
these systems, since the heat transfer in solar reactors operating
above 1100 K is dominated by this mechanism (Wheeler et al.,
2017). Redox materials are in general modelled as anisotropically
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absorbing-scattering-emitting media according to the radiative heat
transfer equation (RTE) reported in Equation 40. In this case, «,
a, and f3 are the scattering, absorption, and extinction coefficients,
respectively, and for the geometric optic regime, the relation x + a =
B (Ackermann et al, 2017) holds. ® represents the scattering
phase function and I=1(r,$,£,1) indicates the radiation intensity
as function of position r, direction of propagation §, time ¢, and
wavelength A. The subscript b refers to the blackbody radiation, that
is a function of the temperature. The integral over the solid angle
Q denotes the contribution of the radiation intensity over all the
propagation directions.

—BI+ ol + ij JoRT9) (40)

41 ) 4n

The solution of Equation 40 allows to determine the radiative
heat source term, V-q,4 that appears in the energy equation,
according to Equation 41.

V-Qq = oc(47'rIb - J IdQ) (41)
4m

The time-dependent term on the left-hand side is usually
neglected, since its time scale variation is very small compared to
the other processes involved in the reactor, such as the chemical
reactions (Wheeler et al, 2017). The spectral and directional
nature of the radiative equation imply additional challenges in
the numerical solution of the model. For this reason, different
approaches were proposed in the literature to solve the equation
for an infinite angular resolution (Monte Carlo ray tracing,
discrete ordinate, or finite volume methods), or simplify and
discretize it to reduce the computational costs (Rosseland Diffusion
approximation, P1 approximation) (Wheeler et al., 2017).

Monte Carlo ray tracing methods are one of the most exploited
options in the literature thanks to their simplicity. Ackermann et al.
(2017) and Wang et al. (2021) coupled the radiative heat transfer
equation with a Monte Carlo ray tracing code that evaluates the
radiative solar heat flux inside the reactor cavity, providing it to the
multiphysics model as a boundary condition. The same approach
has been followed by Furler and Steinfeld (2015), Zoller et al.
(2019), and Wei et al. (2024), but with the significant difference
of assuming the participating medium as isotropic. With this
assumption, the scattering phase function @ in the radiative heat
transfer equation is assumed to be equal to one along all the
propagating directions. Besides the solution of the RTE, Monte
Carlo ray tracing methods are also widely adopted to solve the
radiation outside the participating media and then coupled with
other methods that focus specifically on the radiation in the
participating media.

Zhang and Smith (2021), Bellan et al. (2019), and Sedighi et al.
(2021) coupled the radiative heat transfer equation with a discrete
ordinates model. With this method, Equation40 for a given
direction § is transformed into a transport equation and solved
with the same computational methods used for the fluid or energy
equations. Sharma et al. (2023) followed the same approach, but
a Monte Carlo ray tracing method based on the software Soltrace
is also implemented to define the solar power distribution. The
studies from Bala Chandran and Davidson (2016) and Valades-
Pelayo et al. (2017) modelled the radiation inside the cavity with
a Monte Carlo ray tracing method, while the radiative source
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term V-q,,4 is obtained computing a finite volume method for
unstructured mesh. The corresponding vector results from the
discrete sum of the radiation intensity over i angular directions,
according to Equation 42.
Qg = 2 I3, (42)
1
Another approach often implemented in the literature is
the Rosseland Diffusion Approximation (RDA). In this case, an
approximate solution of the RTE is evaluated by defining an effective
thermal conductivity with a cubic dependence on temperature that
it is simply added in the thermal conduction term (Wheeler et al.,
2017). This approximation can be applied only to porous structures
with large enough extinction coefficients, resulting in large optical
thickness (Keene et al., 2014). A comparison of the results obtained
with this method and the exact solution computed with a Monte
Carlo ray tracing method is provided by Lapp et al. (2013), indicating
the possibility to accurately represent the radiation in optically thick
mediums with less computational effort. With this approach, the
radiative heat flux is modelled according to Equation 43, where 8|
is the Rosseland-mean extinction coefficient.

16073

Qpod = ~KagVT == 3 vT (43)

m

Examples of this approach are provided by Orsini et al. (2024),
Vega Puga et al. (2024), Brendelberger et al. (2020), Brendelberger
(2024), Falter and Pitz-Paal (2018), Lapp and Lipinski (2014), and
Keene et al. (2014). Lidor et al. (2021) and Lampe et al. (2025b)
provided an example in which the RDA is coupled with the Beer-
Lambert law for the volumetric absorption of the solar radiation.
In the studies developed by Li et al. (2016), Martinek et al. (2014),
Kyrimis et al. (2019), and Bader et al. (2015), the radiative heat
transfer inside the porous receiver modelled with RDA was coupled
with a Monte Carlo ray tracing model to trace the rays from the
aperture of the cavity until they are absorbed in the reactive surfaces.
Guene Lougou et al. (2018a) and Pan et al. (2018) proposed a
model in which the RDA is coupled with the surface-to-surface heat
transfer model provided by COMSOL Multiphysics® and based on
the radiosity method. According to this approach, the radiosity of a
given surface inside the reactor cavity is computed considering the
total radiative heat flux leaving the surface element (Equation 44). In
this case, 6T is the blackbody emissive power, F,_ is the view factor
between surfaces sand s’, while &, and J, represent the emissivity and
the global radiosity leaving the surface s, respectively.

Jo=(1-¢)G, +e0T*=(1- sS)J F_yJyds+eoT?  (44)

$—§

An alternative method to approximate the solution of the
RTE for cases where the RDA is not applicable is represented
by the modified differential approximate P1 model. Wang et al.
(2022), Guene Lougou et al. (2023), Zhang et al. (2018), Shu et al.
(2021), Villafan-Vidales et al. (2011), Dai and Haussener (2022),
and Zhao et al. (2025a) applied this approach, where the radiative
flux q,,4 and the incident radiation G4 are coupled according to
Equation 45. As consequence, the radiative source term expression
(Equation 41) can be rearranged as indicated in Equation 46 to
obtain the irradiance G. This approximation does not require
significantly higher computational costs, and it is considered to
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be valid for porous media with optical thickness larger than 1
(Huang and Lin, 2021). On the other hand, it is important to
mention that the described method is based on the assumption
that the radiation intensity is scattered uniformly in all the
directions (isotropic scattering media) (Guene Lougou etal., 2017c¢).
If this is not the case and the radiation entering the reactor
is collimated, a modified differential approximation is required
(Villafan-Vidales et al., 2011).

1
Qrad = - VG

38

V-quy = ~—=V2G = a(4nl, - G)

3p
Huang and Lin (2021), Guene Lougou et al. (2018b), and
Scott et al. (2024) coupled the described P1 approximation

(45)

(46)

model to solve the radiative equation in the porous media
(participating domain) with the surface-to-surface model to
obtain the radiation exchange inside the cavity (non-participating
domain). Similarly, Cai et al. (2024) applied a Monte Carlo
ray tracing method outside the participating media and the P1
approximation within it. A modified surface-to-surface method
coupled with a Monte Carlo ray tracing code was used by Huang
and Lin (2022) to evaluate the incident heat flux, while the
P1 approximation method was implemented in the porous
domain.

3.2.5 Modeling of redox material degradation

A central element in modeling solar thermochemical cycles
is represented by the evaluation of the material degradation
over multiple cycles. The strong temperature gradients have a
significant impact on the optical performance of the components,
decreasing their ability to efficiently transmit radiative power to
the redox material (Vidal and Martinez, 2020). In addition, the
redox material itself undergoes irreversible degradation during
the performed chemical cycles, resulting in modified thermal
and mechanical properties (Costa Oliveira et al., 2025). Although
a precise evaluation of these phenomena over the life span
of a solar reactor are of primary importance to evaluate the
commercial feasibility of this technology, the integration of
these considerations in multiphysics models is very limited.
Zhao et al. (2025a) introduced degradation rates to account for
the variation of optical performance and porosity over 30 years
of operation. The annual porosity degradation rate has been
assumed equal to 1%, while the annual optical performance
degradation rate was indicated equal to 1.5% in line with the
estimation of 0.65%-2% provided by specific studies on solar fields
(Polo et al., 2025).

3.2.6 Focus on model validation

The multiphysics models described in the presented review
differ in terms of type of reactor considered (e.g., in terms of
design or redox material used), as well as of modeling techniques
implemented to describe the physical phenomena that occur in solar
thermochemical reactors. As a direct consequence, an accurate
validation of the models clarifying the range of validity for the
proposed numerical analysis is of primary importance. In general,
experimental validation of the proposed models is reported for
a precise set of operating conditions or small variations of some
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key parameters. On the other hand, parametric analyses focusing
on the discrepancy between numerical and experimental results
under a wide range of operating conditions are limited. In addition,
the prototype reactors that have been manufactured are mainly
directly-irradiated of the cavity type with the redox material
shaped as a single-scale (Wang et al., 2022; Furler and Steinfeld,
2015; Villafan-Vidales et al., 2011; Guene Lougou et al., 2018a;
Rojas et al., 2025) or a dual-scale porosity structure (Zoller et al.,
2022; Marxer et al., 2017; Schéppi et al., 2022; Ackermann et al.,
2017). Experimental analyses on alternative reactor prototypes are
limited to packed (Lanchi et al., 2013) or fluidized beds (Bellan et al.,
2019), yet
demonstrated.

while innovative designs were not widely

Concerning the modeling of the chemical reaction, the range
of applicability of the equilibrium assumption is analyzed by
Venstrom et al. (2015) for the specific case of ceria implemented as
redox material. The results indicate a good fit of the numerical model
with the equilibrium assumption for what concerns the reduction
step, while for the oxidation the approach maintains a good fit only
below a given rate of oxidizing fluid (CO, for the mentioned study).
Examples of comparison in terms of chemical reaction between
models and experimental results are provided both assuming the
equilibrium (Ackermann et al., 2017) or integrating the kinetics
(Rojas et al., 2025; Wang et al., 2022).

In terms of heat transfer modeling, the two main approaches
are represented by considering the solid redox material and the
fluid as a unique phase solving only one energy equation (LTE
approach) or by considering two separate phases coupling two
energy equations together. The results from these two modeling
approaches are compared by Zhang et al. (2018) and a direct
relation between the temperature deviation and the velocity
of the fluid inside the chamber is indicated. For both LTE
(Furler and Steinfeld, 2015; Lanchi et al, 2013) and LTNE
(Wang et al., 2022; Bellan et al, 2019; Villafin-Vidales et al,,
2011; Ackermann et al,, 2017) a large number of experimental
validation studies is available in literature, providing the fit between
numerical temperature profiles and real measurements. It is also
important to mention how it has been proved that the numerical
solution would strongly deviate from the experimental results by
neglecting the heat losses on the boundaries of the reactor (Villafan-
Vidales et al., 2011; Rojas et al., 2025).

Moving the attention to the radiative heat transfer modeling
methodologies, a comparison between experimental measurements
and numerical results is provided for models integrating
Monte Carlo ray tracing codes (Ackermann et al,, 2017), RDA
(Guene Lougou et al,, 2018a), and P1 approximation (Villafan-
Vidales et al,, 2011). In the mentioned cases, the temperature
profile was analyzed. Experimental validation of the radiative flux
distribution was instead reported by Furler and Steinfeld (Furler
and Steinfeld, 2015). Finally, experimental validation was also
reported for production rate profiles in time, in terms of oxygen
evolution upon reduction (Ackermann et al., 2017; Orsini et al.,
2024) or fuel evolution during oxidation (Orsini et al., 2024). In
this case, however, a direct comparison against real measured data
could require some more care, because of concomitant experimental
effects including dispersion, mixing, and detector time lag inherent
to the experimental apparatus and not to the splitting reaction
chemistry (Orsini et al., 2024).
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4 Summary and discussion

On a general perspective, the main assumptions applied in
the proposed works are related to the physics implemented and
the geometry considered in the model. In some of the analyzed
studies, the fluid flow is not included in the analysis and a heat
transfer model is applied to describe the system (Scott et al., 2024;
Lapp and Lipinski, 2014; Zoller et al., 2019; Li et al., 2016). With
this assumption, it is necessary to assume the concentration or
the partial pressure of the gaseous species involved in the reaction
imposed to a fixed value, neglecting the contribution of mass
transfer mechanisms and pressure drops in the redox material.
This assumption considers that the contribution of convection to
the heat transfer is negligible, especially when working in vacuum
conditions (Zoller et al., 2019). On the other hand, it was proved
by other studies that integrating the fluid flow allows to consider
the spatial variations in the O, partial pressure and the local
thermal non-equilibrium in the porous medium, leading to a more
accurate resolution of the nonstoichiometry field. In particular,
the temperature difference between the solid and gas phases in
the porous medium was proved to be significant due to the high
irradiation magnitude (Wang et al., 2022; Dai and Haussener, 2022).
It was suggested that, by avoiding a complete heat and mass transfer
analysis, the estimation of the heat fluxes might deviate up to
15% (Lipinski et al, 2021). We shall also suspect that, in case
of redox materials alternative to ceria exhibiting a larger oxygen
release upon reduction, the deviation in accuracy experienced if
the flow field is not solved could become even more pronounced.
It is, thus, strongly suggested to always compare the simulation
results with a full-physics implementation (within reasonable and
feasible computation costs), especially when exploring novel reactor
configurations, wide operational space, and novel oxygen carrier
compositions. When the fluid flow was included in the model
physics, a laminar regime was often assumed. It was previously
reported how a turbulent flow could induce improved reaction
rates in solar thermochemical applications (Wheeler et al.,, 2017),
but this operational regime was rarely investigated and remains
underexplored. At the same time, we recognize that some redox
materials considered at present as promising (e.g., perovskites)
do suffer from a less favorable oxidation thermodynamics, and
operating in a turbulent regime with relatively large oxidant flow
rates—depending on the specific geometric configuration of the flow
field and working principle of the reactor-could cause in general
a further increase in the energy penalty. Such modeling extension
on the fluid flow side could be worth to be explored-however, with
some care concerning the optimal operating strategies and energy
balance considerations around the reactor.

In addition, several studies provided multiphysics models
without the integration of the chemistry of the reaction. In
such cases, the analysis on the behavior of the temperature and
velocity fields under various operating conditions was carried
out, without considering the thermochemical performance of the
system [SiC-based foam (Huang and Lin, 2021; Zhang et al,
2018), porous NiFe,O, (Guene Lougou et al., 2018a), RPC structure
(Cai et al., 2024), particles (Singh et al., 2017; Bellan et al., 2019;
Sedighi et al., 2021)]. In these cases, the overestimation of the
temperature field in the reduction step due to the neglected heat
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sink associated with the endothermic reaction is considered to be
negligible (Singh etal., 2017). Another common simplification lies in
considering a simplified geometry, developing 1D (Wang et al., 2022;
Keene et al., 2014; Ackermann et al., 2017; Lidor et al., 2021; Dai
and Haussener, 2022; Rojas et al., 2025) or 2D models (Lapp et al.,
2013; Darfilal, 2020). In these cases, the represented system can differ
from the reality, but at the same time, it is possible to easily develop
a simulation tool with lower computational demand to test various
designs and operating parameters (Brendelberger et al., 2019a).

For what concerns the design of the reactor, most of the models
proposed in the literature focus on directly irradiated configurations
of the cavity type. Studies that include an indirectly irradiated
configuration are more limited and mainly associated to tubular
configurations filled with reactive beds (packed or moving) of redox
material instead of porous monoliths. Few multiphysics models
of alternative designs, such as rotating or moving reactors, are
available. More efforts in modeling novel reactor configurations
would allow to explore accurately the performance boundaries
of innovative solutions, while progressively establishing suitable
numerical simulation techniques to advance research in this
direction.

Regarding the redox material implemented, a porous monolith
of ceria is by far the most common approach due to its benefit
in terms of heat transfer mechanisms, available reactive surface,
and chemical stability. In this context, the concept of dual-scale
porosity proved to achieve better performance by enhancing the
radiation absorption in the porous sample, as well as the oxidation
kinetics. The chemical reaction of ceria is usually modelled by
following two main approaches. In the first case, the fluid and
solid phases are assumed to be in thermodynamic equilibrium
and the redox reaction is assumed to be limited by heat transfer.
This simplification has been proved to align well with experimental
measures during the reduction step, while during oxidation the
kinetics plays a bigger role. Consequently, generally the equilibrium
assumption is applied to models that focus only on the reduction
step, while assuming a complete re-oxidation of the material from
its condition at the end of the same reduction. This approach
is a valid alternative to benchmark the performance of a given
configuration, but represents an overestimation of the results
since during the oxidation phase additional energy inputs are
required to run the process. Furthermore, operating conditions
(e.g, duration of the steps, flow rate of the oxidizing fluid)
represent key parameters that might strongly influence the resulting
performance. With the second approach, the kinetics of the reaction
is integrated in the modeling framework, enabling a more accurate
representation of the whole thermochemical cycle. In this case,
the two steps are described according to analytical expressions
valid for both the intermediate reactions, or separate correlations
for oxygen and H,/CO production rates. In both cases, the
reaction process is assumed to be driven by singly or doubly
ionized oxygen vacancies diffusion well described by Arrhenius-
type equations, and expression for both CO, and H,O driven
oxidation were provided. A small number of studies considered
alternative redox material other than state-of-the-art ceria, with
most of them focusing on ceramic structures coated with ferrite
oxides of different nature. In this case, the equilibrium assumption
represents a less accurate approach, since it was already proved
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that alternative materials displayed a less favorable kinetics of
reaction during the re-oxidation phase (Wei et al., 2023). For this
reason, in all these studies, the complete reaction is modelled
according to Arrhenius-type equations where the parameters are
defined for each material to account for the kinetics of the
reaction. Only few recent examples were found in which perovskites
have been considered as redox material in space-dependent
multiphysics reactor models (Zhao et al, 2025a; Zhao et al,
2025b). While thermodynamic 0D models can provide useful
upper-bound efficiency estimates for perovskites, advancing toward
higher-dimensional continuum-level reactor models is essential to
capture spatial transport effects and finite-rate chemistry, thereby
enabling more accurate performance predictions under realistic and
material-specific operating conditions. Moreover, well-established
and broadly applicable experimental techniques can be used to
characterize the reaction chemistry, as they allow accurate extraction
of kinetic parameters even for novel oxygen carrier compositions,
followed by appropriate analytical methods for readily coupling such
kinetics with space-dependent reactor models.

The radiative heat transfer is generally modelled by assuming the
reactive material as a participating medium, and the radiative heat
transfer equation is implemented by applying different methods for
its solution. In some cases, the morphology of the material allows
to consider it as an optically thick medium, applying simplifications
to solve the radiative heat transfer with a lower computational
cost. With this approach, the radiative heat flux inside the porous
medium was often obtained by means of the Rosseland Diffusion
Approximation (RDA) method or the P1 approximation. On the
other hand, the rest of the reactor is generally modelled as a
non-participating medium and the heat flux at each boundary is
determined through Monte Carlo ray tracing methods. The fluid
in the reaction chamber is commonly assumed transparent to the
radiation. On the heat transfer side, the potentially large differences
emerging in the thermophysical properties among different redox
materials could have a non-negligible impact on the resulting
process performance, especially in terms of material utilization
distribution in space-dependent numerical predictions, and should
not be overlooked.

5 Conclusion

The literature review presented in this paper focuses on the
multiphysics modeling of non-volatile and non-stoichiometric
two-step solar thermochemical cycles, which represent the most
promising and most studied state-of-the-art option for this
application. The differences between the available works in terms
of reactor design and modeling approaches of the main physical
phenomena of the cycle (namely: fluid flow, heat transfer, and solid-
gas chemical reactions) were summarized and discussed. For what
concerns the modeling of heat and mass transfer mechanisms, most
of the works followed the same approaches by assuming a laminar
flow and considering a local thermal non-equilibrium between the
solid and gas phase in the reactive porous medium. On the other
hand, a wide range of possibilities based on different assumptions
is provided for what regards the modeling of the solid-gas chemical
reaction and radiative heat transfer.
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Despite the numerous studies available on these systems, an
important research gap was identified in the few numbers of models
describing the integration of alternative materials other than ceria.
Innovative oxygen carriers, such as perovskites, were suggested
as potentially valid candidates to enhance the performance of
such reactors, but the limited number of studies that accurately
characterize their properties (e.g., thermochemical, thermophysical,
or radiative), as well as the uncertainty concerning their high-
performance potential in realistic operating conditions against
idealized laboratory conditions, are likely limiting factors currently
to their massive multiphysics modeling investigation in actual
reactor concepts. In addition, many of the models available
consider cavity-type directly irradiated reactors, and innovative
approaches, such as designs involving a moving redox material,
are less represented. In particular, heat recovery systems are
indicated to be a promising route to improve the performance,
but few models have integrated similar approaches so far. Future
advancements in the field should move towards the application of
the well-established modeling techniques described in this paper
on alternative reactor designs and redox materials, in order to
benchmark their impact with respect to the main limitations of
state-of-the-art configurations.

Overall, we report a wide overview of the state-of-the-art
multiphysics modeling for two-step solar thermochemical fuel
production systems, while summarizing the main gaps identified in
the literature and providing useful guidelines to advance the research
in this direction.
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Glossary

List of symbols

Re
spomus
Ahyog

Asred

k

9rad

Mean pore diameter

Particles diameter

Specific surface area
Universal gas constant
Oxygen partial pressure
Reference pressure

Reactive mass available
Chemical source term of the i species [kg/m’s]
Velocity vector

Reynolds number
Momentum source term
Specific enthalpy of reduction
Specific entropy of reduction
Reaction rate constant

Radiative heat flux [W/m?]

Greek letters

Acronyms

RTS
Ppi
LTE
LTNE
RTE

RDA

Subscripts

Absorption coefficient
Extinction coefficient
Non-stoichiometry
Porosity

Scattering coefficient
Dynamic viscosity
Density

Stefan Boltzmann constant

Not available

Reactor train system

Pores per inch

Local thermal equilibrium
Local thermal non-equilibrium
Radiative heat transfer equation

Rosseland diffusion approximation

Particle

Solid
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Fluid
Effective property
Reduction

Oxidation
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