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Bioimplants
(titanium)

Carbon consumption circumscribes contemporary civilization

Batteries
(phosphorus)

Computers
(silicon)

Solar Panels
(silicon)

Fertilizers
(phosphorus)

Cars, 

Ships,

Buildings
(iron, aluminum)

Metall. Mater. Trans. B 2020, 51, 1315.

J. Sus. Metall. 2021, 7, 848.

Chem. Soc. Rev. 2021, 50, 87. 

Aviation
(titanium)



Refined (directly or indirectly) using solid carbon

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





Several strategies suggest speculative sustainable solutions



Revolutionary routes require restrictively remunerative retrofitting

➢ Furnaces are big!

($100mil ~ $billions)

➢ Decarbonizing each 

industry is unique

➢ Different feedstocks, 

different products

(that means it’s expensive)



Drop-in decarbonization directly draws down detrimental discharge
(…of CO2)

➢ Identical chemistry

➢ Identical input, 

identical output

➢ One size fits all

➢ Read my lips:

no sunk costs



Sustainable coke enables drop-in industrial decarbonization



Humans have used drop-in carbon for millennia

Interdiscip. Sci. Rev. 1999, 24, 301.
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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

Reverse Water-Gas Shift:

CO2 + H2 → CO + H2O
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Multiple viable routes to syncoke production exist

CO2 Splitting:

CO2 → CO + ½ O2

0 700 1400

temperature / °C

0
1

m
o

le
 f

ra
c

ti
o

n

C + CO2

2 CO⇌

Boudouard
Equilibrium

Catal. Today 2021, 364, 211.

Energy Environ. Sci. 2022, 15, 806.

J. Clean. Prod. 2023, 389, 135963.

Catal. Sci. Tech. 2019, 9, 4100.

Molecules 2021, 26, 1507.

Adv. Sci. 2022, 9, 2200217.



Multiple viable routes to syncoke production exist

CO2 Electroreduction:

CO2 + 2 e-→ CO + O2-

CO2 + 4 e-→ C + 2 O2-
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Multiple viable routes to syncoke production exist
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Not all carbon is created equal…

nanotubesgraphenegraphitecarbon blackcoke



nanotubesgraphenegraphitecarbon blackcoke

…but the blast furnace is a great equalizer

>95% C

>97% C

>99% C

100% C

100% C





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

coke
@ 20¢/kg

gray H2
@ $2/kg

jet fuel
@ $3/gal

green H2
@ $5/kg

SAF
@ $9/gal

syncoke

???
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Cross-sectoral impact offers footholds for process scaling

Iron & Steel
2.6 Gt/y CO2

e

(~7% of global total)

Aluminum
275 Mt/y CO2

e

Silicon
100 Mt/y CO2

e

Titanium
50 Mt/y CO2

e

Phosphorus
5 Mt/y CO2

e

Minerals 2021, 11, 1425.
J. Sustain. Metall. 2021, 7, 848. 
Chem. Soc. Rev. 2021, 50, 87. 

Environ. Sci. Technol. 2012, 46, 13048.
IEA 2020, Iron and Steel Technology Roadmap, IEA, Paris. Greenhouse Gas Emissions from Silicon Production -Development of 
Carbon Footprint with Changing Energy Systems. In Proceedings of the 16th International Ferro-Alloys Congress, 2021.
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Silicon solar photovoltaics: a potential beachhead industry

Silicon

Frame

Glass

Other

Embodied Energy of a poly-Si Solar Cell

J. Sustain. Metall. 2021, 7, 848.

Joule 2022, 6, 1710



Long-term goal: total industrial carbon circularity

iron ore Fe3O4

sand SiO2

phosphorite PO4
3-

iron/steel Fe

silicon Si

phosphorus P4

carbon C

oxygen O2

alumina Al2O3 aluminum Al

titania TiO2 titanium Ti

industrial 

furnaces

(with coupled 

CO2 capture & 

fixation systems)

clean heat 
and/or

electricity



Refined (directly or indirectly) using solid carbon

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



Come contribute carbonaceous comments & constructive criticism!

iron & 
steel

silicon

titanium

Industrial
Pyrometallurgy

phosphorus

blast 
furnaces

electric arc 
furnaces

solid-carbon 
sequestration

membrane 
separations

reactive 
carbon 
capture

flue gas 
purification

methane 
pyrolysis

electrochemical CO2

reduction

thermochemical 
CO2 splitting

Boudouard
equilibria

jonathan.melville@hq.doe.gov

or find me at

COFFEE WITH ARPA-E
7:30 AM Thurs/Fri

📍Maryland Foyer

mailto:jonathan.melville@hq.doe.gov
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