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Solar Fuel Production

Concentrated Solar Radiation

DLR, CC BY-NC-ND 3.0
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State of the Art

. . . th |
= Redox material: Ceria RPC (reticulated ports °
porous ceramic) structure air nozzles
» RPC blocks mounted at reactor cavity d
o
walls shield
= Batch operation with temperature / or A0S cera RPC
pressure swing between reduction and co, + Arintet WM [N/ A0 SIO,
oxidation step RN .
aperture \\ pressure
vessel

quartz window

S. Zoller, E. Koepf, D. Nizamian, M. Stephan, A. Patané, P. Haueter, M. Romero, J. Gonzalez-Aguilar, D.
Lieftink, E. de Wit, S. Brendelberger, A. Sizmann, and A. Steinfeld, Joule 6, 1606 (2022).
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R2Mx Reactor

» Separate reduction and oxidation
reactor cavities

» Receiver reactor cavity stays at high
temperature, continuous on-sun
operation

= Multiple movable Redox Material
Assembly (RMA) units
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R2Mx Reactor

= Separate reactor cavities with
cylindrical shape for practical Reduction reactor
Implementation and manufacturing
~

* Cylindrical Redox Material Redox material
Assembly (RMA), which is moved ~<
between reduction and oxidation Connector
reactor via linear transport unit

= Uniform thermal irradiation of RPC Gate
cylinder via electrical heating (no solar
Interface)

Transport unit

Oxidation reactor
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Modeling Goal

= Understanding the behavior of an RPC nReducm
cylinder inside the R2Mx test-rig \\Reacto—rcy
SRR »

* Intensity attenuation and absorption
characteristics in radial direction

= Compare to flat RPC plate and
collimated irradiation

RPC Cylinder &

R TR |
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Intensity Attenuation of Radiation

Intensity attenuation in Ce0O,_s RPC

structure (Beer-Lambert-Law):

10 = exp(—fx)
Iy

2
Extinction coefficient: f .

m

¢

Nppi

Mean pore diameter: d,,, «

RPC porosity: 0)
Pores per inch: Nppi
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Collimated irradiation

1.0 . ®=0.71 Analytical solutions
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[1] S. Ackermann, M. Takacs, J. Scheffe, and A. Steinfeld, International Journal of Heat and
Mass Transfer 107, 439 (2017).




Absorption of Radiation

Radiation absorption of Ce0,_s RPC Y T T
structure: : Operating range for
a=1—1r=c¢ 08l Po, = 0.001 mbar |
Total hemispherical reflectivity: 506
>
b =
TCe02_5(5; T) = m +Cc*0n %
£ 04
L

0.2 -

Reduction extent:  §(T,po,)

Fitting parameters: a(T), b(T), c(T) N

For Continuity (at 0 = 0): 5* = 1010 800 1000 1200 1400 1600 1800
Temperature [K] =

[2] S. Ackermann and A. Steinfeld, Solar Energy Materials and Solar Cells 159, 167 (2017).
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Modeling Approach

Compare 4 modeling cases:

1. RPC cylinder R
= Collimated irradiation "'f.'):

= Diffuse irradiation
2. RPC plate

= Collimated irradiation
= Diffuse irradiation

N

"@ S ’\g\‘ ; ;\‘\Xb\\s :L}"
SRR B3 \m’y »ﬁ% ms
SR w SO

y v y
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Model Implementation #
DLR

Initiate rays at RPC surface with At new position rays are Record absorbed rays at

random interaction length and absorbed or reflected via radial / material depth m

(normalized) direction: statistical interaction: Generate new random

" r@ypos = RPC surface " T@Ypos = TYpos T T iengtn * T air interaction length and

" @Y iength = _w : direction for reflected rays:
= Absorbed for & € [0.0,1.0] < «a _ In(i€[0.0,1.0)

1
"TAYiength =
"rayair, =10 B
air, colt <0> = Reflected for @ € [0.0,1.0] > « cos(a € [0,7])
"TAYdir, refl = COS(b € [0, 7'[])

cos(d € [0,m/2])
*rayair airr = | cos(b € [0,7]) cos(¢ € [0,m])

cos(¢ € [0,m])

Reflected ray still inside RPC

Random numbers (I, &, b, ¢, &) generated

from uniform distribution (seed = const.)
Total rays simulated: 1 x 10° Reflected ray left RPC

Spatial discretization: Ax, Ar =1 x 10*m [ Record as not absorbed =
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Modeling Results: Intensity attenuation
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: : : Comparison
= Intensity attenuation for diffuse Lol Z_On e —
irradiation stronger due to N pnaytical BeotLomberetan
steep incident angles - — pete.
— Jv.or =+ Cylinder
» For high extinction coefficients @ === Collimated f=156.38 m™" (nyp=4)
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| ere_nces _ € W_ee_n collimate £ 0.6 —— Collimated B=1368.36 m~ (n,,=35)
and diffuse irradiation g - Diffuse f=1368.36 m™" (npy=35)
decrease Zoat |
- 3 !
R T o02f |
35
(;f 00k NS LT
& g
e

Louis Thomas 4th SFERA-IIl Doctoral Colloquium - September 11th- 13t 2023




Modeling Results: Intensity attenuation

= For smaller cvlinder 1ed Collimated irradiation
Y +or =390.96 m~! (#=0.71, npp=10), a=1.0
(Teytinger < 0.01m) rays reach | B=390.96 m? (0=071, mpp=10), a=1.
inner radial segments in 2nd | .+ Cylinder
. . . - e— cyffnder=0-02
cylinder half, resulting in _ 30 e ot m
Increased intensity counts in £25f — oyinger=0.01m
. o — rcy,n,-nder=0.005 m
Inner segments 20}
% 1.5F
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Modeling Results: Intensity attenuation

Diffuse irradiation

» For smaller cylinder radii the

. . 1.0 ; — -1 (= — —
range of incident angles for ', po30som (?',7t1'=':"7'd1)0)'a +0
rays reaching inner radial osl -+ Cylinder
segments decreases 7 e

= For cylinder a larger fraction of T o} e ea
total volume is located in outer g
segments compared to plate Z o4t
g
T 0.2¢
0.0
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Summary and Outlook

* |[ntensity attenuation related to parameter variation of RPC cylinder:

» Diffuse irradiation is stronger attenuated in RPC structure compared to
collimated irradiation

= Cylinder with 7;y,;in4er = 0.02 m exhibits intensity attenuation similar to plate

= Cylinder with 7,yinqer < 0.015 m intensity attenuation is influenced by radial
symmetry

= Outlook on further modeling tasks:

* Include additional technical reactor boundary conditions into model
(e.g. distance between hot cavity and RPC cylinder)

» Set up thermal model of cylindrical RMA unit inside R2Mx reactor
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Challenges

= Temperature swing operation requires et ' ' ' - - 1

reheating of reactor components after 1600 |-
each cycle < 1400
= Direct irradiation of RPC structure from £ _ |
one site results in significant c
temperature gradient along material g '000r
thickness: = 800
= Inhomogeneous reduction extent § oot
» Overheating of RPC front can N A s AR
cause higher reradiation losses and 0 200 400 600 800 1000 1200
structural damage Time [s]

M. Hoes, S. Ackermann, D. Theiler, P. Furler, and A. Steinfeld, Energy Technol. 7, 1900484 (2019).
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Modeling Results

Collimated irradiation

1.0 ©=0.71, a=1.0, reyiinger = 0.04m
------- Analytical Beer-Lambert-Law
— Plate
__0.8r === Cylinder
8 M— ,8=156.38 m_l (nppj=4)
N
= o v 3=312.77 M~ (npp;i=8)
e v = 3=390.96 M~ (n,,=10)
8 — B=781.92 m~! (npp=20)
- rmm= B=1368.36 M1 (npy=35)
= 0.4
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Modeling Results: Intensity attenuation

: . Diffuse irradiation
= For smaller cylinder radii the Lo —
range of incident angles for B e b M= 200 =20
rays reaching inner radial 1.0f . Cylinder
= [ eylinder=0.02 M
segments decreases = oal 0015
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Modeling Results

Collimated irradiation Diffuse irradiation
1.0 npp,-=10, a=1.0, rcy.’inder=0-04 m 1.0 ': npp,-=10, a=1.0, f}_-yﬁnder=0.04 m
------- Analytic solution m— Plate
m— Plate === Cylinder
_ 08¢ + Cylinder _ 0.8 v B=478.72 m~! (©0=0.5)
2 === B=478.72 m~! (®=0.5) b e B=440.21 m~! (©=0.6)
s e B=44021 m~1 (0=0.6) = — B=39574m"! (©=0.7)
£ 065 —— $=395.74 m~! (0=0.7) g 06r — B=34529 m~! (0=0.8)
o — 3=34529 m~! (©#=0.8) e vmmm= B=288.87 m~! (©=0.9)
_ rmmm $=288.87 m~! (©=0.9 =
Z04r g =09 Z04r
C C
2 2
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Modeling Results

» For large cylinder absorption
characteristics follows similar
trend as intensity attenuation

= For smaller extinction
coefficients radiation can
scatter more easily out of RPC
structure

Louis Thomas

o
N

Absorption [normalized]

o
)

Comparison

B=390.96 m~1 (©=0.71, npp,-=10), rcy,,-,,de,=0.04 m
- Plate
=+ Cylinder
=== Collimated a=0.38 (Trpc=800 °C)
wmee Diffuse a=0.38 (Trpc=800 °C)
e Collimated a=0.59 (Trpc=1500 °C)
e Diffuse a=0.59 (Trpc=1500 °C)
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Modeling Results

. Comparison
» Rays scatter more easily out of Lol .
small cylinder due to radial | A=390.96m " 9=07L Mppi=10) feyinaer=0.01
confinement, effect decreases A \ «++: Cylinder
. . . . . — V.or rmmm Collimated a=0.38 (Trpc=800 °C
with increasing absorptivity F e aco.38 (Temso0 o0y
© === Collimated a=0.59 (Tgpc=1500 °C)
€ 0.6F e Diffuse @=0.59 (Trpc=1500 °C)
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