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Methane decomposition
+ Pyrolysis for the production of solid carbon and H,
CH,y > Cs+2H,

Provided that green e- are used

* Carbon is the main product of the reaction in weight basis

* One commercial unit on thermal plasma in operation from Monolith at Olive Creek, Nebraska, U.S.
[hc_‘] one de-commissioned (Kvarner 1997-2003 Norway). b -
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* Tests on a commercial methanation catalyst
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Methanation - History
CO methanation is an already mature technology (
Biomass-to-gas
1902 110 1925 19731979 e 2004
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CO +2H, > CHy+ H,0+Q (AH=-206 ki/mol)
€O, +4H, > CH, + 2H,0 + Q (AH=-165 ki/mol)
Several commercial plants exist for CO.
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Demo scale and one ial CO, methanation (Oct. 2023, Biogasclean A/S) ||
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Summary

* The MECALO concept examines the replacement of fossil coal with
carbon produced from a 2-step process including methanation and
its subsequent decomposition to C and Hz

* Very promising results on methanation catalysts exposed under
MECALO Conditions

~

« Stability on tested on a Single Pellet String Reactor is in good
agreement with tests on powder catalysts
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MECALO Concept

Todays metal production

Hydrogen is less effective in
reduction than carbon, making it
unsuitable for producing certain

Raw Material Carbon Metal strategic metals like:

Synthesis Production
Metal ore Silicon p Manganese l
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MECALO Concept

MECALO concept provides a sustainable alternative to todays Metal production

Hydrogen

Hydrogen

Methanation €

Pyrolysis

COx(g)

Carbon
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Project Partners

Project budget (€): 10 million
Starting date: October 2024
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Methanation - History

CO methanation is an already mature technology (

Biomass-to—gas

Coke oven gas

Coal-to-Gas

Methanation for gas cleaning (NH; synthesis, later PEMFCs)

“\l

1902 1910 1925 1973-1979 1984 2014

Sabatier Haber-Bosch Fischer - Oil crisis Great Plains AUDI e-Gas
patent Tropsch plant
1912 1918 _ _
Energies 2022, 15(13),4790; https://doi.org/10.3390/en15134790
CO +2H, > CH,+H,0+Q (AH=-206 kJ/mol)
CO, +4H, - CH, + 2H,0 + Q (AH= -165 kJ/mol)
Several commercial plants exist for CO ~

- Some Demo scale and one commercial CO, methanation (Oct. 2023, Biogasclean A/S) -


https://doi.org/10.3390/en15134790

Methanation - Reaction

Methanation is also highly complex, and temperature control is key

Table 1 Possible reactions involved in the methanation of carbon oxides®®

Reaction no. Reaction formula AH,o5 ¢ (kJ mol ™) Reaction type

R, CO + 3H, « CH, + H,O —206.1 CO methanation

R> CO, + 4H, «» CH4 + 2H-0 —165.0 CO> methanation

R3 2CO + 2H, « CH, + CO, —247.3 inversed methane CO» reforming
R4 2CO0 & C + CO, —172.4 Boudouard reaction

RS CO + H,0 « CO, + H, —41.2 water-gas shift

RO CH,; < 2H, + C 74.8 methane cracking

R7 CO +H, < C+ H,0 —131.3 carbon monoxide reduction
RS CO, + 2H, <> C + 2H,0 —90.1 carbon dioxide reduction
R9 nCO + (2n+1)H, < C,H»,,> + nH,0 — —

R10 nCO + 21’1H2 > CnH2n + nHzO — —

Gao et al. RSC Advances, 2012, 2, 23582368
Complex reaction network
Highly exothermic reactions

Multiple potential pathways to carbon formation and deactivation (R4,R6,R8)
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@ Thermodynamic limitations > Temperatures to be foreseen in CO, methanation: 300 - 550 °C
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Methanation - Reactor concepts

Reactor concepts depend on feedstock

T_exit  Reactor Cascade"

100
T = N R e - & | |
< 80
‘g 24 | EESSreShdc SR | &8¢ 090090900 Nl seas 0 Ll il
3
60 |
Single channel model 16 channels 5&57 channels ";l:; ::‘:"'"n::""
50 T ' T T r . - . o D
200 250 300 350 400 450 500 550 600 Chemical Engineering and Proce@g -‘ProcessInten5|f|cat|on,
courtesy of Topsoe Temperature Tin °C Audi ETOGAS GmbH (now Hitachi Zosen Inova) Volume 221, March 2026, 110690
Adiabatic reactors Isothermal Intensified
Removal of heat - a critical aspect FBR or fluidised concepts Microreactors
‘ Inlet, exit and maximum temperature are Membrane reactors
Q performance indicators

N Sorption enhanced


https://www.sciencedirect.com/journal/chemical-engineering-and-processing-process-intensification
https://www.sciencedirect.com/journal/chemical-engineering-and-processing-process-intensification
https://www.sciencedirect.com/journal/chemical-engineering-and-processing-process-intensification
https://www.sciencedirect.com/journal/chemical-engineering-and-processing-process-intensification/vol/221/suppl/C
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Methanation - Catalysts
Several catalysts are active
e : 4 Technical catalysts
Cr | Mo | Fe | Co | Ni | Cu S Price
Chromium | Manganese Iron Cobalt Nickel Copper
e powder Cataysts D . ... oot
] oo |l e SN Intrinsic Kinetics Heat transfer
w Re Os Ir Pt Au
Tungsten | mveriom | Osmium | tagom | pltium | Gold Flow patterns ™
Binders
Activity: Ru > Rh Fe > Co> Os > Pt > Ir > Mo > Pd > Ag > Au
Selectivity:  pd > Pt > Ir > Rh > Co > Fe > Ru > Mo > Ag > Au
¢ e



Methane decomposition

* Pyrolysis for the production of solid carbon and H,
CH, - Cs + 2H,

State-of-the-art Steam reforming CH,+2H,0 >

Direct

CO, emissions
in kg CO,/kg hydrogen

8.85

Minimum
energy demand
in kd/mol hydrogen*

27
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of natural gas 4H,+ CO,
Option 1 Water electrolysis  2H,0 = 2H, + O, 0
[ Option 2 Methane pyrolysis CH, > 2H, +C 0 . 37

courtesy of BASF

1

Provided that green e- are used

e Carbon is the main product of the reaction in weight basis

Q. One commercial unit on thermal plasma in operation from Monolith at Olive Creek, Nebraska, U.S.

and one de-commissioned (Kvaerner 1997-2003 Norway).
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Thermal decomposition

Catalytic

Liquid metal

Plasma

e Thermal Plasma

e Non-thermal

Microwave (MW)
Gliding arc (GA)

Dielectric barrier
discharge (DBD)

International Journal of Hydrogen Energy Volume 42, Issue 47, 23 November 2017, Pages 28140-28156

C atoms
105 -

104 -

103 -

102 -

10 1

Holmen et al. Fuel Processing Technology Volume 42, Issues 2—3, April 1995,"Pages 249-267

Size

- 1000 nm

- 100 nm

10 nm

1nm

L 0.1 nm

Solid Carbon Bulk
Particle Aggregation, Fractal

Structures & Oxidation &
Surface Growth

Maturation

Coalescent Coagulation
& Surface Growth

Particle Nucleation
primary solid particle

PAHs coagulations

PolyAromatic Hydrocarbons
(PAHs) Growth

Small-Molecule Reactions

. MECALO

Carbon product

Complexity
Reach stable operation

Minimize deviations in
quality (Reproducibility)

Allow control over
structure

(tune properties to
metal production needs)

Reactive fines
(health and safety)

11


https://www.sciencedirect.com/journal/fuel-processing-technology
https://www.sciencedirect.com/journal/fuel-processing-technology/vol/42/issue/2
https://www.sciencedirect.com/journal/fuel-processing-technology/vol/42/issue/2
https://www.sciencedirect.com/journal/fuel-processing-technology/vol/42/issue/2
https://www.sciencedirect.com/journal/international-journal-of-hydrogen-energy
https://www.sciencedirect.com/journal/international-journal-of-hydrogen-energy/vol/42/issue/47

Methanation —in MECALO

. H,, CO, , CH, .

sakowin . JM

H, supply:
industrial/electrolysis (dynamic)

Steam .

CH,, H,, CO,

® - QL) «

Si 2 Elkem
Carbothermic
reduction
SiMn ercMg

> MECALO

%
i,
%,

* 4 Different scenarios relevant for Mn and Si production => Identification of expected conditions & boundaries

* Tests on a commercial methanation catalyst
— Both on a Temkin approach (SPR at SINTEF) and powder catalysts (at JM)
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Results on catalyst testing

BPC

4 independent controlled reactors, BPC

0.3-1 cm inner diameter. 0.5-5 g catalyst i
‘_DOG_ H, / syngas % H, / syngas

He 4+— He
Dd

0]

* Serial mode/staged feeding possible for 2 reactors

e Product from 1st reactor feed to 2nd reactor after R2 R1
condensates knock-out

* Additional feed to 2nd reactor possible

€



O EUROKIN assessment conducted by JM
O Methanation pellets (Temkin reactor)

Test conditions:

10 - 30 bara; 5 - 10 cm bed; dry gas
PGl = CO,, H,, N,

PG2 = CO, , H,, N,, and CH,-rich
Space velocity: 100 - 2000 L.gq,t.ht

v' Preliminary SINTEF pellet testing results provided
complimentary kinetic data to JM’s data on sieve
fractions

v" No considerable deactivation at inlet bulk
methanator reactor temperatures with/out
methane

CH4 Yield (%)
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* The MECALO concept examines the replacement of fossil coal with

carbon produced from a 2-step process including methanation and
its subsequent decomposition to C and H2

e Very promising results on methanation catalysts exposed under
MECALO Conditions

 Stability on tested on a Single Pellet String Reactor is in good
agreement with tests on powder catalysts
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