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(IEA (2025), Global Hydrogen Review 2025)

Hydrogen economy

— Natural gas w/o CCUS > Coal > By-product > Oil

Fossil w/ CCUS > Electricity

[

2030 projection

150 Mt H,

Electricity > Fossil w/ CCUS

H—»@ Low-emission H, can avoid 950 Mtpa CO, emission in industry and refining
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(N. Sanchez-Bastardo et al., Ind. Eng. Chem. Res. 2021, 60)
(A.O. Oni et al., Energy Convers. Manag. 2022, 254)

85% onsite emissions captured
(IEA (2025), Global Hydrogen Review 2025)

Methane Pyrolysis for H, and Solid Carbon
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Outline

@ Introduction methane pyrolysis for turquoise H,

Carbon catalyst and reactor setup
Activity tests and polyarmotic hydrocarbons

Two-phase fluidized-bed reactor model and simulation
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Catalyst Activity Tests — Methodology
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Catalyst Activity Tests — Methodology
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Catalyst Activity Tests — Results CB Pearls 2000
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Catalyst Activity Tests — Results CB Pearls 2000
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Catalyst Activity Tests — Results CB Pearls 2000
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Catalyst Activity Tests — Results CB Pearls 2000
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Catalyst Activity Tests — Results CB Pearls 2000
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Two-Phase Fluidized-Bed Reactor Modeling
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TWO-PHASE FLUIDIZED-BED REACTOR SIMULATION
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Two-Phase Fluidized-Bed Reactor Simulation
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Key takeaways

Methane pyrolysis for reduced emissions
>
7%

Higher T and residence time - higher H, yield

Higher T = higher fraction of aromatics

- benzene, pyrene, phenanthrene largest fraction
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Carbon Catalysts
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@ carbonization
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(Kunii, Levenspiel, 1991)
(Leva et al, 1959)

Two-phase fluidized-bed model
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Two-phase fluidized-bed model

BUBBLE PHASE

* Gas in excess for U, flows as bubbles
through the bed

» Bubble phase essentially in plug flow (small
effective diffusivity)

» zones around the bubble
* bubble
» wake under bubble
* cloud (exchange zone)
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BUBBLE
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CCH4,o

CCH4,bubee,o CCH4,emuIsion,o

—
bubble remulsion
phase 1 phase

——
1

A

\E—M’i/

EMULSION PHASE

« Emulsion phase exists quasi minimum
fluidization conditions

« Emulsion phase in plug flow with effective
diffusivity for mixing

» Interchange of gas with the bubble phase

EMULSION

BUBBLE K

CLOuD

\_

(Kunii, Levenspiel, 1991)
(Mostoufi et al, 2001)
(Abba et al, 2003)
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Two-phase fluidized-bed model
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mass balance bubble:

TWO-PHASE MODEL FOR FLUIDIZED-BED REACTORS
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dz
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Two-phase fluidized-bed model
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. 1
 Bubble to emulsion mass-transfer: = +
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D1/2g1/4

« Cloud to emulsion mass-transfer: K, = 4.5 <d—e> + 5.85 ABT
b d 4
b

mmm) correlation based

TWO-PHASE MODEL FOR FLUIDIZED-BED REACTORS
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Two-phase fluidized-bed model

CCH4,bubee,o CCH4,emuIsion,o

—
bubble remulsion
phase 1 phase

——
1
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CCH4,i

Bed and phase balances:

» phase gas fraction allocation

* phase gas velocity allocation
* phase density allocation
* bubble phase volume allocation

« emulsion phase volume allocation
* bed volume allocation

» phase diffusion distribution

TWO-PHASE MODEL FOR FLUIDIZED-BED REACTORS
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Two-phase fluidized-bed model

Consputning | Seremison TWO-PHASE MODEL FOR FLUIDIZED-BED REACTORS

1
bubble remulsion
phase 1 phase

——

Probability weighted model parameters allowing for
smooth transition between regimes:

€= Ebubblingpbubbling + EturbulentPturbulent

CCH4,i Pbubbling =1- P(U > Uturbulent,cr)
_ Variable Bubbling regime Turbulent regime Fast Fluidization
Pturbulent - P(U > Uturbulent,cr)
1—(1—€py) -1
U+1 Gso Wstip
€ U—Upys —_— 1
1+ ——m—= U+2 ppU
0.711,/gd,
1 1\ 4D, & UNY? 2
Kpe (—+—) 1.6315¢%37y ( mixa ) il
kbé écce c e T[Lt Tc
= = 2 /p2
¥ € — Emf € — Emf re/R
UL
D,, Dpix d 0.1848; (4445
Pezl
ULy ULy UL,
Dzb
Pezl Pezl Pezz
U-U
up MIN (6bubr - mf ) U U/%,
bp Pro 1—¢ 1—-€

T (Kunii, Levenspiel,_ 1991)
(Mostoufi et al, 2001)
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Two-phase fluidized-bed model

CCH4,bubee,o CCH4,emuIsion,o

1
bubble remulsion
phase 1 phase

« Energy equation:

- gas density averaged and constant over two phases

» solid fraction

‘ —p differentiation between two phases possible

no radial temperature profile

1/2
(kg Pg Cpg) g/
5/4
d,

1/2
1/2 [ €EeUp
Kee = 6.77(pyCpgky) ( ed3 T)
b

UepgCpg

) +5.85
b

Kbc = 45 (

EMULSION

DYNAMIC TWO-PHASE MODEL FOR FLUIDIZED-BED REACTORS

5 dT . 4T dQuy d2T
(;\r' C’ppgajra =(1-9 Zk(_ArH)k 1Dy + mcy, Az dz rteg,z
CH4,i voltage
assumptions: Vﬁ;ﬂdz
*  bubble and emulsion same temperature dQu = =
+ heat capacity Spealn (E)

X0

/ ¥ : \ .
[ \ Ko
1> < BUBBLE -
L |
\ / / (]
\\ /"
\

< ctoup ¥

= derivation starting from continuity of current and Ohm’s Iavy

/

bed resistivity reactor and electrode radius

assumptions:

» steady problem

axisymmetric

constant resistivity (homogenous medium)
* independent of radial position in reactor

N

e
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(Kunii, Levenspiel, 1991)
(Kiashemshaki et al, 2006)
(Fedorov et al, 2016)
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Two-phase fluidized-bed model

CC““'b“bb'e"’: Grhsmsono DYNAMIC TWO-PHASE MODEL FOR FLUIDIZED-BED REACTORS

—
bubble remulsion
phase 1 phase

——
1

Y

CCH4,i

mole and energy balances are formulated

probability for regime i determined based on the operating conditions and probability
density functions of the boundary velocities

hydrodynamic parameters are calculated for each regime based on the operating
conditions

weighting with the pertaining regime probabilities gives the hydrodanimic parameters for
the reactor model

® 06 o o690

mole and energy balance are solved to obtain concentrations and temperature in
function of the axial coordinate

—_
T W oan = (Abba et al. 2003)
[ |

. LT fwo
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Two-Phase Fluidized-Bed Reactor Simulation
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