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Motivation — Clean/Circular Materials Production

« Manufacturing processes are often highly energy-
intensive, even when the energy is primarily used for
simple heating processes

« Direct solar-thermal green manufacturing provides a
compelling, though seldom studied, option

* Reducing greenhouse gas emissions from the
industrial sector can be achieved by utilizing
renewable energy sources

« Semiconductor and electronic materials
manufacturing is a major culprit of inefficient energy
and resource use [2]

[1]

[2] Krishna et al., Environ. SC| Technol. 2008, 42, 8, 3069—3075
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https://blog.repurpose.global/green-manufacturing-the-business-benefits-of-sustainability/

D
Introduction

« Methane decomposition global reaction Cost of H, production (per kg):
1) Steam Methane Reform. (SMR) = $1-1.5

CHy -» C+ 2Hy (AH° = 75.6 k]/mol)
2) SMR + CCUS > $2

 Proceeds at T > 1000 K, enhanced by pressure 3) CH, pyrolysis ~ $2-3
reduction (Le Chatelier’s principle), with a complex 4) H,0 electrolysis > $4
Ste pW|Se dehyd rogeﬂation meChan|Sm *CCUS: Carbon capture, utilization, storage

ELECTRICITY

-H, -H, -H, -H,
2CH4_)C2H6 — C2H4 — CZHZ — ZC

* Provides storable and transportable solar fuel (H»,)

« Carbon product can be carbon black, graphite, CARBON

. . . IN
nanotubes, etc., improving process economics FUEL I = A

(oxygen reduction)

« With solar energy, ~ 14 kg-equivalent CO,/kg H, co, ouT ¢ I ) S0

emissions are avoided for H, + C production

[1] A. Kacprzak, International Journal of Energy Research,

UCLA samueli 43(1), 65-85, 2019 .
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Challenges in Methane Pyrolysis

Challenges (solar and non-solar):

1) High operating temperatures or low product yields — catalysts
2) Reactor clogging and deposition on walls — avoid carbon product
or use molten salts
3) Carbon deposition on window — indirectly irradiated solar reactors
4) Low-quality carbon black product: D/G Raman peak ratio > 1.5, nc
2D Raman peak — use of metallic catalysts
5) Slow startup thermal response:
> 1 hour
6) Catalyst sintering, deactivation, and - -
purification (when applicable) WIS
CHs - [2] D.C. Upham et al.,
Science, 358(6365), 917-921,
[1] A. Abanades et al., 2017
International Journal of
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I
Prior work on solar-thermal CH, decomposition
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[1] Hirsch, D., & Steinfeld, A. (2004). International Journal of Hydrogen Energy, 29(1), 47-55.
[2] Abanades, S., Kimura, H., & Otsuka, H. (2014). International journal of hydrogen energy, 39(33), 18770-18783.
[3] Rodat, S., Abanades, S., Sans, J. L., & Flamant, G. (2010). International Journal of Hydrogen Energy, 35(15), 7748-7758.
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Solar Methane Pyrolysis Process (lab)
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Reactor Assembly and Components
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Beautifully Complex Thermochemical Reacting Flow and
Transport Problem
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I
Methane Pyrolysis Conditions and Metrics

Operating conditions: Chemical performance indicators (via mass
« Peak gross irradiance, 2000-4500 suns balance): Xew, = CHyin — MoutXcH,
. 4 ; i
+ Total net radiant power, 1-4 kW + Methane conversion -~ NcHy,in -
; H
Pure methane flow, 100-1000 sccm * Hydrogen yield —> Yy, = 2;‘“ <
. -  Carbon yield __ Mc CHyin
Press.ure, 10-200 Torr' | | y T Y = Moty —
* Duration of decomposition, 5-100 min &
« Typical gas residence time, 1-100 ms D % w0 0
L (LPCH47TD ) - a :zz_‘
lres = — = ; E 10 1100‘3"
1% 4mCH4 = '5
:g 0 10002’
«  Temperature, 700-2000 K = o X
NO ADDED CATALYST! B 00
MANY POROUS SUBSTRATES HAVE =0 i 20 mm . ;fsigniﬁcant
PRODUCED NEARLY IDENTICAL RESULTS W E g0 A — CaHbiGH Bep SO
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Mechanical & Aerospace Engineering




Pyrolysis Performance

Process stable over time (~

20 mln) _ : Barathan J.
) PhD student

 CH, conversion = 73% and H, conversion = 69% (Spearrin group)
« Carbon felt weight increase by 0.62 g — C yield (actual) = 58%
« C theoretical yield (mass balance) = 58.3% — indication that nearly all carbon captured in felt

» Largest byproduct is acetylene (C,H,) — likely due to short residence time
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Process Time Response
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I
Not All ‘Graphitic’ Materials are the Same...

present work

Prior work:

« Carbon catalysts produce
amorphous carbon [1-3]

 No Raman 2D peak or XRD peaks

[4,5]
« Raman D/G ratios ~0.5 with metal 1 — s : 26 [deg]
. 30 40 50
catalysts [6,7] (typically 0.2 or less |o2) 3
: 25+ | 25
in central zone here) g )
2 % Dl e
ig 2r T 2
g1 ) 15
[1] S. Abanades, H. Kimura, H. Otsuka, Fuel, 153, 56-66, 2015 ;Y B L 5 oo SO T
[2] G. Maag et al., International Jounal of Hydrogen Energy, 34(18), 7676-7685, 2009 ‘M S ‘IG 2D
[3] S. Abanades et al., International Journal of Hydrogen Energy, 39(33), 18770-18783, 2014 o ACat540 min 205 f A 0.5
[4] J.L. Pinilla et al., International Journal of Hydrogen Energy, 37(12), 9645-9655, 2012 p _/\_{} | PureCH, inlet /A | §
[5] S. Rodat et al., Solar Energy, 85(4), 645-652, 2011 Y T T Y T
[6] Y. Pan et al., Carbon, 192, 84-92, 2022 0 L 2000, .20 %00 s N -
[7] X. Guo et al., Carbon, 50, 321-322, 2012 Raman shift (cm) Faman Shit fom:]
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I
Processing Time for Graphitization

Conventional Pet Coke Graphitization This Process

(Jager et al, Industrial Carbons, CH, residence time: 1-100 ms

DOI: 10.1002/14356007.n05_n03, 2012) Diameter growth < 20 min: 10 to 100 ym
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Figure 12. Temperature cycles of the Acheson furnace
(a) and Castner furnace (b)
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Effects of Variable Volume Fraction and Shadowing

Mostafa Abuseada
PhD student
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Unraveling photoexcitation effects
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Local thermal transport is complex
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Field scale-up (many additional challenges)
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