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Carbon consumption circumscribes contemporary civilization
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1 Periodic Table of the Elements 2
H 2 13 14 15 16 17 He

Hydrogen IIA IIA IVA VA VIA VIIA Helium
1.008 3A 4A 5A 6A 7A 4.003
5 6 7 8 9 10
Refined (directly or.indirectly) using solid carbon B C N O F Ne
Boron Carbon Nitrogen Oxygen Fluorine Neon

10.811 12.011 14.007 15.999 18.998 20.180

16 17 18
10 11 12 S Cl Ar
IB 11:] Sulfur Chlorine Argon
\ 1B 2B | 32.066 | 35.453 39.948
28 29 30 31 33 34 35 36
L]
Ni Cu Zn Ga As Se Br Kr
Nickel Copper Zinc Gallium Arsenic Selenium Bromine Krypton
58.693 63.546 65.38 69.723 74922 78.971 79.904 83.798
43 45 46 47 48 49 52 53 54
Tc Rh Pd Ag Cd 1In Te I Xe
Technetium Rhodium Palladium Silver Cadmium Indium Tellurium lodine Xenon
98.907 102.906 106.42 107.868 112414 114.818 1276 126.904 131.294
77 78 79 80 81 84 85 86
Ir Pt Au Hg TI Po At Rn
Iridium Platinum Gold Mercury Thallium Polonium Astatine Radon
192.217 195.085 196.967 200.592 204.383 [208.982] 209.987 222.018
87 88 89-103 104 105 106 107 108 109 110 111 112 113 114 115 116 117 118
Fr Ra Rf Db Sg Bh Hs Mt Ds Rg Ch Nh Fl Mc Lv Ts Og
Francium Radium Rutherfordium Dubnium Seaborgium Bohrium Hassium Meitnerium Darmstadtium /= Roentgenium = Copernicium Nihonium Flerovium Moscovium Livermorium Tennessine Oganesson
223.020 226.025 [261] [262] [266] [264] [269] [278] [281] [280] [285] [286] [289] [289] [293] [294] [294]

61
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Promethium
144913

Lanthanide
Series

89 90 91 92 93 94 95 96 97 98 929 100 101 102 103
Actinide h k f d
e A T Pa U Np Pu Am Cm B C Es Fm M No Lr
Actinium Thorium Protactinium Uranium Neptunium Plutonium Americium Curium Berkelium Californium Einsteinium Fermium Mendelevium Nobelium Lawrencium
227.028 232.038 231.036 238.029 237.048 | 244.064 243.061 247.070 247.070 251.080 [254] 257.095 258.1 259.101 | [262]

Greenwood, N.; Earnshaw, A. Chemistry of the Elements; Elsevier, 2012.






Several strategies suggest speculative sustainable solutions
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Revolutionary routes require restrictively remunerative retrofitting

(that means it’'s expensive)

» Furnaces are big!
( - )
» Decarbonizing each
Industry Is unique

» Different feedstocks,
different products




Drop-in decarbonization directly draws down detrimental discharge
(...of CO,)

» |dentical chemistry

» |dentical input,
identical output

» One size fits all

» Read my lips:




Sustainable coke enables drop-in industrial decarbonization
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Humans have used drop-in carbon for millennia




Sustainable coke enables drop-in industrial decarbonization




Multiple viable routes to syncoke production exist
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Multiple viable routes to syncoke production exist
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Multiple viable routes to syncoke production exist
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Multiple viable routes to syncoke production exist

BOUdouard Molecules 2021, 26, 1’507.
A Equilibrium Sci. 2022, 9, 2200217.
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Multiple viable routes to syncoke production exist

Boudouard  ..ooosum Reverse Water-Gas Shift:

) Equilibrium . CO, + H, — CO + H,0

Ind. Eng. Chem. Res. 2002, 41, 4252.

2 CO RSC Adv. 2016, 6, 49675.
React. Chem. Eng. 2021, 6, 954.

>

mole fraction
—
\

o
>
0 700 1400
temperature / °C
CO, Splitting:

CO, >CO+%O0,

. C . 2019, 10, 865. Catal: Today_2021, 364, 211.

gﬁtrr. (ggl]r:n lg;reenlSui-. Che?n. 2019, 16, 47. ?ZFI%);EH;:LO;- 230232233 125822

Chem. Eng. Sci. 2021, 234, 116403.



Not all carbon is created equal...

carbon black graphite (graphene nanotubes

B
|
|




...but the blast furnace is a great equalizer

graphite 'g{raﬁhene nanotubes
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Get real: all green fuels cost a premium (..but how much?)

S O N 7

& Y
gray H, green H, e o o
@ $2/kg @ $5/kg

%09
@y

coke jet fuel syncoke
@ 20¢/kg @ $3/gal @ $9/gal

i
2
=



Get real: all green fuels cost a premium (..but how much?)

I 2 I
How much does syncoke cost?

We don't know.
No one’'s making any.
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Cross-sectoral impact offers footholds for process scaling
G 5

Silicon

100 Mt/y CO,e

Aluminum
275 Mt/y CO,¢

Minerals 2021, 11,

J. Sustain. Metall. 202

Chem. Soc. Rev. 2021, 50;

Environ. Sci. Technol. 2012, 46,

IEA 2020, Iron and Steel Technology R6 ons from Silicon Production -Development of
Carbon Footprint with Changing Energy Systems 6th International Ferro-Alloys Congress, 2021.




Silicon solar photovoltaics: a potential beachhead industry

Embodied Energy of a poly-Si Solar Cell
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J. Sustain. Metall. 2021, 7, 848.
Joule 2022, 6, 1710
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Long-term goal: total industrial carbon circularity

carbon c

oxygen 0,

iron/steel Fe

Iron ore Fe;0, industrial

furnaces

i

(with coupled phosphorus P,
CO, capture &

fixation systems)

phosphorite PO,

alumina AlLO,

m— g ElUminum A
fitanium _1_

titanium Ti

titania TiO,

clean heat

and/or

electricit
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Come contribute carbonaceous comments & constructive criticism!

N iron & electric arc
titanium steel furnaces phosphorus
silicon blast
furnaces
Industrial
Pyrometallurgy
reactive Boudouard
carbon equilibria
capture
methane
flue gas pyrolysis
purification
thermochemical
membrane CO, splitting
separations

electrochemical CO,

solid-carbon .
reduction

sequestration

jonathan.melville@hq.doe.gov

or find me at

COFFEE WITH ARPA-E

7:30 AM Thurs/Fri
Maryland Foyer
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