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Abstract. In order to reduce the dependency on fossil fuels and thereby the emission of green-
house gases, the large-scale production of renewable chemical energy carriers plays an im-
portant role. Here, the production of green hydrogen via solar thermochemical redox cycles 
presents a promising pathway. In order to develop and improve reactor concepts that utilize 
this approach, the usage of numerical models is essential. The volumetric radiation absorption 
within porous redox structures is often simplified or neglected within such models. Further-
more, the setup of redox structure and radiation source is often limited to the direct collimated 
irradiation of flat structures. Therefore, a Monte-Carlo ray-tracing model is developed to simu-
late the volumetric radiation absorption within porous redox structures of different geometries 
and reactor boundary conditions. In addition to the direct irradiation of a flat geometry with 
collimated solar radiation, the indirect diffuse irradiation of a cylindrical redox structure is eval-
uated. The model setup and resulting absorption profiles are presented here and will serve as 
an input to material models for heat transfer simulations. 
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Table 1. Nomenclature 

1. Introduction 

In order to significantly reduce CO2 emissions and tackle the climate crisis, a fast decarboniza-
tion of the industry and transport sector is essential. The utilization of renewable chemical 
energy carriers and fuels such as hydrogen is a crucial step in order to reduce the dependency 
on fossil fuels [1]. Solar driven thermochemical redox cycles pose a promising pathway for the 
production of renewable chemical commodities and fuels [2]. The two-step CeO2-𝛿𝛿 redox cycle 
is one approach that can use solar energy to heat the redox material to high temperatures (≈
1773 K), partially reducing the material and releasing oxygen in an endothermic process (for-
mula 1). In a second step the material is cooled down (≈ 1200 K) and brought into contact with 
water vapor. This triggers an exothermic reaction that splits the water and releases hydrogen 
in the process (formula 2) [3]. The reduction extent 𝛿𝛿 strongly increases with the redox material 
temperature and depends on the oxygen partial pressure in the reactor environment. Reaching 
high reduction extent changes Δ𝛿𝛿 between reduction and oxidation step enhances the overall 
water splitting reaction and thereby the hydrogen production.  

CeO2-δox → CeO2-δred +
∆𝛿𝛿
2

O2 (1) 

CeO2-δred + ∆𝛿𝛿H2O → CeO2-𝛿𝛿ox + ∆𝛿𝛿H2 (2) 

CeO2-𝛿𝛿 in form of reticulated porous ceramics (RPC) is used as redox material in state-of-
the-art fixed bed receiver-reactors [4]. The open pore structure allows the incoming radiation 
to enter into the material volume, as well as water vapor to permeate into the bulk material. 
The RPC elements are often in the form of fairly flat block structures covering the inner reactor 
walls, where they are irradiated directly by concentrated solar radiation during the reduction 
step. This configuration however leads to large temperature gradients within the structure [5]. 
Mass fractions of the material that do not reach sufficiently high temperatures are only slightly 
reduced and therefore contribute hardly to the water splitting process. Additionally, parts of the 
RPC structure on the directly irradiated site can overheat and get damaged in the process. 

In order to address these challenges, new reactor concepts and redox material structures 
are investigated. The solar interface of the reactor is one important characteristic that influ-
ences the temperature profile within the redox structure. Furthermore, the geometry and mor-
phology of the redox material itself can be altered and needs to be tailored to the reactor 
boundary conditions. For the state-of-the-art fixed bed receiver-reactors hierarchically ordered 

Symbols  Abbreviations  
𝐹𝐹 View factor [-] abs Absorbed 

𝑙𝑙 Path length [m] em Emitted 

𝑁𝑁 Number [-] ox Oxidation 

𝑄̇𝑄 Power [W] red Reduction 

𝑟𝑟, 𝑡𝑡 Radius, Thickness [m] RPC Reticulated porous ceramics 

𝑇𝑇 Temperature [K]   

Greek symbols    

𝛼𝛼 Absorptivity [-]   

𝛽𝛽 ]1-Extinction coefficient [m   

𝛿𝛿 Reduction extent [-]   

𝜂𝜂 Share; Fraction [-]   
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3D-printed redox structures are investigated as an alternative to the directly irradiated flat iso-
tropic RPC elements [5, 6]. Furthermore, a multi aperture receiver-reactor with cylindrical redox 
structures that are heated primarily by indirect thermal radiation has been proposed recently 
[7]. 

In order to develop and assess receiver-reactors and redox structures different numerical 
models for selected reactor and material designs have been developed with relatively detailed 
representations of the reactor geometry [8, 9]. These models are therefore computationally 
costly while the redox material is implemented with homogeneous, isotropic properties. For 
investigations applying large scale parameter studies, more generic and simplified reactor 
models are required. Amongst others, receiver-reactors with 1D representations of the redox 
structures and with homogenized material properties have been used in such models [7, 10]. 
One aspect that needs to be considered in the models is the absorption of external radiation. 
For complex structures, material properties and reactor boundary conditions no analytical mod-
els are available. An accurate estimation of the volumetric radiation absorption needs dedi-
cated investigations or model simplifications are required. For example, in a recent study the 
radiation exchange of cylindrical RPC’s with hot reactor cavity walls has been simplified by 
assuming an artificial thin opaque layer surrounding the redox structure [7]. This simplification 
avoids the challenges of modeling the volumetric absorption, but leads to a conservative esti-
mation of the material performance due to higher resulting temperature gradients. In order to 
have a more realistic approximation of these cases, a Monte-Carlo ray-tracing model is devel-
oped that allows to locally resolve the radiation exchange for less constrained cases. In the 
following the model is described and the volumetric absorption profiles are presented for dif-
ferent RPC geometries (flat and cylinder), material properties (reduction extent and extinction 
coefficient) and boundary conditions (direct collimated and indirect diffuse irradiation). 

2. Method 

2.1 Model setup 

The Monte-Carlo ray-tracing model presented here is implemented in Python and assumes 
geometrical optics and neglects diffraction effects at surfaces. Optical and structural properties 
of the porous redox structure are described by effective isotropic properties taken from litera-
ture (table 2), i.e. no pore level geometry is modeled. For redox structures in receiver-reactors 
operated under reduced total pressure a participating fluid medium is neglected. Individual 
rays travel on straight paths through the RPC structure until they interact with the material. 
Free path lengths 𝑙𝑙ray are calculated using the Beer-Lambert-Law with the extinction coefficient 
𝛽𝛽RPC of the RPC structure and a random number 𝑈𝑈𝑖𝑖,1 (formula 3). At the interaction points the 
type of interaction with the RPC structure (absorption or reflection) is determined based on the 
local absorptivity 𝛼𝛼 of CeO2-𝛿𝛿 (formula 6), which in turn depends on the reduction extent and 
temperature [11], and the random number 𝑈𝑈𝑖𝑖,4. For reflected rays, new ray directions are sam-
pled as 3D normalized vectors using spherical coordinates and the random numbers 𝑈𝑈𝑖𝑖,2 and 
𝑈𝑈𝑖𝑖,3 (formula 4, 5). Ray interactions, absorption and scattering events, within the structure are 
recorded per spatial element of the RPC structure. Material properties can be defined locally, 
however for the simulations presented below constant material properties are used. Individual 
pseudo-random number sampling from a uniform distribution (𝑈𝑈𝑖𝑖,𝑗𝑗 ∈ 𝑈𝑈[0,1]) for ray path 
lengths, directions and type of interaction is implemented using the Python NumPy BitGener-
ator PCG-64. The setup of the model is depicted as a flow chart in figure 1. 

𝑙𝑙ray = − ln
𝑈𝑈𝑖𝑖,1
𝛽𝛽RPC

(3) 

𝜃𝜃 = 𝑐𝑐𝑐𝑐𝑐𝑐−1�2𝑈𝑈𝑖𝑖,2 − 1� ∈ [0,  𝜋𝜋], 𝜑𝜑 = 2𝜋𝜋𝑈𝑈𝑖𝑖,3 ∈ [0,2𝜋𝜋] (4) 
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𝒗𝒗�direction = [𝑠𝑠𝑠𝑠𝑠𝑠(𝜃𝜃) 𝑐𝑐𝑐𝑐𝑐𝑐(𝜑𝜑) , 𝑠𝑠𝑠𝑠𝑠𝑠(𝜃𝜃) 𝑠𝑠𝑠𝑠𝑠𝑠(𝜑𝜑) , 𝑐𝑐𝑐𝑐𝑐𝑐(𝜃𝜃)] (5) 

𝑈𝑈𝑖𝑖,4 →  �
𝑈𝑈𝑖𝑖,4 ≤ αCeO2−𝛿𝛿 → ray absorbed
𝑈𝑈𝑖𝑖,4 > αCeO2−𝛿𝛿 → ray reflected  (6) 

𝑟𝑟cavity = ��
𝜋𝜋𝑟𝑟RPC2

𝜂𝜂surf,max
� − 2𝑟𝑟RPC (7) 

Figure 1. Flow chart visualizing the Monte-Carlo ray-tracing model. Simulations start with the setup of 
the RPC and radiation source (left) and iterates through the following steps until a ray is absorbed by 

the RPC or left the structure, then a new ray is initiated. 

For the state-of-the-art receiver-reactor case, the redox material is modeled as a flat struc-
ture with thickness 𝑡𝑡RPC and collimated radiation impinging on one side (figure 2a). Radiation 
leaving the structure on the other side is considered as missed. The volumetric absorption per 
element is recorded relative to the total incoming radiation. In order to obtain absolute values 
for successive heat transfer calculations, this value needs to be scaled accordingly. Collimated 
rays reach the flat RPC perpendicular to the surface. The radiation source for the indirect irra-
diated case is implemented as a concentric cylindrical surface around the RPC cylinder as a 
simplified model for a homogeneous reactor cavity environment (figure 2b). The radiation 
source is assumed to be a perfect Lambertian emitter at constant temperature, where the emit-
ted power of each individual ray depends on the angle between surface normal and ray direc-
tion (Lambert’s cosine law). Ray directions are sampled similar to the reflected case (formula 
4, 5). The distance between radiation source and RPC surface is calculated as the minimum 
distance between two individual RPC cylinders within a receiver-reactor cavity as described in 
[7], utilizing the maximum surface fraction 𝜂𝜂surf,max and assuming a square grid arrangement 
of the cylinders within the cavity (formula 7). As for both geometries the RPC dimensions par-
allel to the radiation source are considerably larger compared to the material thickness, the 
structures are modeled as infinitely long. This allows to reduce the geometrical representation 
to a two-dimensional cross-section.  
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Figure 2. Schematic of the two geometries simulated, with discrete spatial RPC elements outlined. 
Solid arrows indicate incoming rays, dotted arrows reflected rays that are absorbed within the RPC 

structures and dashed arrows backscattered rays leaving the RPC structures. (a) Flat RPC geometry 
irradiated from one side by collimated radiation. (b) Cylindrical RPC geometry irradiated from concen-

tric cavity by diffuse radiation. 

2.2 Model validation and simulation parameters 

For the simulation setup the spatial discretization of the RPC geometry arranges individual 
elements circular for the cylinder geometry, while for the flat RPC elements are arranged linear 
along the material thickness. The spatial step size is selected, such that along the (radial) 
material thickness 𝑁𝑁RPC = 20 elements are modeled. This number is selected since the results 
are expected to be used in a heat transfer model and a mesh study, performed for a 1D tran-
sient thermal model for a cylindrical RPC, obtained with 20 elements a variation in the total 
reduction extent of below 0.5% compared to the converged solution [7]. In order to determine 
a sufficient number of rays, a ray study is carried out for the range of RPC cylinder radii inves-
tigated (figure 3a). The smallest spatial step size (0.005 m) is used for all radii in the ray study. 
Based on the results a total number of rays of 𝑁𝑁ray = 5 × 105 is selected for all simulations, 
resulting in a relative standard deviation of ray absorptions within the outermost cylinder shell 
element of below 1%. 

In order to validate the model results, simulations are performed that can be compared to 
analytical solutions. The intensity attenuation along the material thickness is compared to the 
analytical Beer-Lambert law and numerical view factors are compared to the ratio between 
cylinder and cavity radii. For validation of the ray propagation length within the RPC structure 
a directly irradiated, non-scattering (𝛼𝛼CeO2-𝛿𝛿 = 1.0), flat RPC geometry is simulated. The relative 
intensity attenuation along the material thickness is compared to the analytical solution given 
by the Beer-Lambert law (figure 3b). The numerical intensity attenuation (symbols) for extinc-
tion coefficients in the range of 100− 500 m−1 match well with the analytical solutions (solid 
lines). For validation of the model geometry and diffuse radiation source, simulations are per-
formed for a perfectly absorbing (𝛼𝛼CeO2-𝛿𝛿 = 1.0) opaque (𝛽𝛽RPC = 1 × 106m−1) RPC cylinder. The 
resulting ratio between total absorbed power by the RPC cylinder and total power diffusely 
emitted by the cavity is compared to the analytical view factor for two concentric infinitely long 
cylinders, which is given by the ratio of the inner (RPC) to the outer (cavity) cylinder radius 
(formula 8). The mean deviation of the numerical values from the analytical view factors for the 
investigated RPC radii is below 1% (≈ 0.12%). 

𝐹𝐹analytical,cavity→RPC =
𝑟𝑟RPC
𝑟𝑟cavity

, 𝐹𝐹numerical,cavity→RPC =
𝑄̇𝑄abs,total

𝑄̇𝑄em,total
(8) 
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Figure 3. (a) Relative standard deviation (RSD) of ray absorptions in the outermost RPC cylinder shell 
element for different RPC radii, plotted against the total number of rays simulated (log-scale). (b) Rela-

tive intensity for a perpendicular irradiated non-scattering flat RPC geometry with different extinction 
coefficients, plotted against the relative material thickness. Intensity values consider the attenuation 

within the respective elements. Analytical solutions are plotted as solid lines. 

3. Results 

3.1 Direct irradiation of flat RPC structure 

Figure 4. (a) Absorbed power in flat RPC elements relative to total power absorbed in flat RPC struc-
ture for different absorptivity values, plotted against the relative material depth. (b) Total power ab-

sorbed by flat RPC structure relative to total incoming radiation power for different absorptivity values. 

For the case of a flat RPC structure that is directly irradiated with collimated radiation, the 
absorption profiles are shown in figure 4a. The absorption profiles show the power absorbed 
within each RPC element normalized with respect to the total power absorbed within the RPC 
structure. The absorption profiles are plotted against the relative material depth within the flat 
RPC geometry. Different homogeneous values of 𝛼𝛼CeO2-𝛿𝛿 are selected, representing different 
reduction states of the redox material. For the lowest values of 𝛼𝛼CeO2-𝛿𝛿 = 0.34 the structure is 
assumed to be almost fully oxidized (𝛿𝛿 ≈ 0), for 𝛼𝛼CeO2-𝛿𝛿 = 0.56 the redox material is in the state 
after oxidation at 𝑇𝑇ox = 1200 K [7] and 𝛼𝛼CeO2-𝛿𝛿 = 0.71 is taken from literature for an average 
reduction extent of 𝛿𝛿 = 0.035 [9]. The absorptivity influences the relative absorption profile only 
slightly. For lower 𝛼𝛼CeO2-𝛿𝛿 values radiation is scattered deeper into the material or back out of 
the RPC structure. More apparent is the effect on the total amount of backscattered radiation 
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shown in figure 4b for the different absorptivity values. For the fully oxidized case approxi-
mately 20% of the total amount of incoming radiation is backscattered out of the RPC structure. 

3.2 Indirect irradiation of RPC cylinder 

Figure 4. Absorbed power in cylinder shell elements relative to total absorbed power in RPC cylinder 
for (a) different RPC radii and (b) different extinction coefficients, plotted against the relative (radial) 

material depth of the elements. 

Absorption profiles for indirectly (diffuse) irradiated RPC cylinders are shown in figure 4. The 
graphs show the power absorbed within each cylinder shell element normalized with respect 
to the total power absorbed within the RPC structure. The absorption profiles are plotted 
against the relative material depth along the radial direction, with 0 representing the cylinder 
surface and 1 the center. In figure 4a, the absorption profiles for different RPC radii are shown. 
For smaller RPC cylinders the absorbed energy is distributed more uniformly along the radial 
thickness, whereas for larger cylinder radii a large fraction of the absorbed energy is located 
near the RPC surface. Absorption profiles for different extinction coefficient 𝛽𝛽RPC are shown in 
figure 4b. For small extinction coefficients the radiation can penetrate deeper into the material, 
resulting in a more homogeneous distribution along the material thickness. For 𝛽𝛽RPC values of 
400m−1 and more, more than half of the power is absorbed within the outer radial region (10% 
of radial depth). RPC structures with extinction coefficients in the range of 348.75 m−1 to 
413.16 m−1 are reported for reactor models and experiments [9, 12]. 

4. Summary and outlook 

The Monte-Carlo ray-tracing model presented here is a tool that can be used to investigate the 
volumetric absorption of incoming radiation inside of different porous CeO2-𝛿𝛿 structures. Exem-
plarily volumetric absorption profiles for two cases are presented, one using direct collimated 
irradiation and one with indirect diffuse radiation. For the direct case a flat RPC geometry is 
considered, while a cylindrical RPC is irradiated indirectly. Both cases resemble simplifications 
of redox structures in real reactor designs but capture the volumetric absorption more accu-
rately than in previous 1D simulations [7] and allow to consider local variations of material 
properties. The results of the simulation are intended to be used as input for heat transfer 
models in order to improve the accuracy of RPC temperature profile predictions in generic 
reactor studies. For a proper description of the radiation exchange between a hot reactor en-
vironment and the RPC cylinder, reradiation from the RPC itself needs to be considered as 
well. The model will therefore be extended to simulate radiation originating from within the RPC 
volume, investigating radiation losses towards the reactor cavity and internal radiation ex-
change. 
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Table 2. Parameter values. Values used for direct irradiation of flat RPC structures are marked with *. 

Parameter Symbol Value / Range Unit Source 
RPC radius, thickness 𝑟𝑟RPC,  𝑡𝑡RPC 0.025 m [9] 
RPC elements 𝑁𝑁RPC 20 - [7] 
RPC extinction coefficient 𝛽𝛽RPC 435.16 m-1 [9] 
CeO2-δ reduction extent 𝛿𝛿 0.038, 0.035∗ - [7, 9] 
CeO2-δ absorptivity 𝛼𝛼CeO2-δ 0.62, 0.7095∗ - [7, 9] 
Radiation source temperature 𝑇𝑇source 1773, 5780∗ K [9] 
Number of rays 𝑁𝑁ray 5 × 105 -  
Maximum surface fraction 𝜂𝜂surf,frac 0.15 - [7] 
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