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The scale of the materials 
challenge 

Year 2005 

Definitive anthropogenic CO2 emissions contribute 
significantly to total CO2 emissions 

Industry is greatest single sector for CO2e 

Just 5 materials account for 55% of industrial emissions 
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A more detailed breakdown 
(China) confirms that stock 
production is largest CO2e source 

China’s CO2e profile 

Manufacturing, industries, & construction breakdown 
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5 Materials – Breakdown of Production, 
Energy Intensity, and Carbon Intensity 
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What do we use these materials for? 



Conversion device switching + renewable electricity would aid in 
decarbonizing industry 
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Our uses of steel 
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Typical properties for groups of steels 
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Sankey of Steel Flow 
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https://www.youtube.com/watch?v=9l7JqonyoKA 



Most energy used in blast furnace + fabrication 
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Blast furnace and direct reduction 
chemistry present opportunities for 
decarbonization 
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Direct Reduction: 

If electricity were greener, these 
numbers would be lower 

These numbers depend on 
chemical production of CO2 

2 Fe2O3(s) + CO (g) → 2 Fe3O4 (s) + CO2 (g) 

x Fe3O4(s) + (4x-3) CO (g) → 3 FexO (s) +(4x-3) CO2 (g) 

FexO(s) + CO (g) → x Fe (s) + CO2 (g) 



Novel processes for steel making 

•  Options for using less coke 
1.  Substitution of other carbon fuels 
2.  Hydrogen as a fuel 
3.  Top gas recycling 

•  Alternative ways to make iron 
1.  Direct reduced iron 
2.  Smelt reduction 
3.  Electrolysis 
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Substitution of other carbon fuels 

•  Substitute coke by biomass, charcoal, waste plastics. 
•  Expansion in use limited by rate we can harvest biomass 

–  If we replaced all coke in 30 Mt of steel consumption (what the 
UK consumes), the UK would need to use nearly half its land 
surface area for charcoal production. 

–  Biomass substitution technically feasible, not really “sustainable” 



Could H2 be used as a reductant instead? 
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Hydrogen-based steelmaking is believed to be technically sound. 
But… 
1.  Overall emissions impact depends how H2 is produced – no 

sufficiently-sized C-free source (yet) 
2.  Overall emissions impact depends how blast furnace is 

heated to operating temperature (900-1300 °C) 
3.  Large-scale adoption of hydrogen substitution looks extremely 

unlikely, even by 2050. 
4.  Hydrogen embrittlement 

Could H2 be used as a reductant instead? 





A. Ranzani da Costa et al., Journal of Cleaner Production 46 (2013) 27-35  

One potential C-free source is water 
electrolysis from renewable 
electricity 



A. Ranzani da Costa et al., Journal of Cleaner Production 46 (2013) 27-35  

TGA Experiments indicate an optimal temperature of 800 °C  
for reaction of H2 + Hematite → Fe + H2O 



A. Ranzani da Costa et al., Journal of Cleaner Production 46 (2013) 27-35  

A kinetic sub-model was built to simulate the reduction of a single pellet by H2 

Fig. 4. Microstructure evolution of the solids during 
reduction at 800 °C by H2 (200 mL /min of total gas 
flow, H2/He 60/40 %vol.). Interrupted experiments: 
(a) initial; (b): after 89 s; (c): after 206 s; (d): after 
400 s; (e): fully reduced; (f): after 400 s, cross-
section of polished sample. 
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A. Ranzani da Costa et al., Journal of Cleaner Production 46 (2013) 27-35  

Model Results 

•  Complete conversion to metallic iron using pure H2 could be obtained 
using a more compact reactor than current industrial DR furnaces 

•  Reduction by H2 is faster than that by CO.  
•  Size of the pellets and the temperature of the inlet gas have a strong 

influence on the reduction rate: the smaller the pellet diameter, the 
faster the reduction and thus the more compact the reactor.  

•  The optimum temperature was 800 °C.  
•  At higher temperatures, the densification of iron due to sintering 

causes the reaction to slow down at high conversions.  
•  The next steps of this work should be to verify if the kinetics used are 

valid for entire pellets and to adapt the model for the reduction of iron 
ore by H2/CO mixtures to validate the model against operation data of 
existing industrial DR process.  
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Top gas recycling 

•  Blast furnace off gases 
include CO and CO2. 

•  Separate CO from gas 
stream, use it again as 
reductant (instead of 
new C, coke) 

•  Would want to use O2 
instead of air, because 
N2 / CO hard to 
separate. 

•  Reduces CO2 emissions 
from blast furnace by 5 – 
10%. 

•  Could be coupled with 
CCS if O2 is used. 
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Direct reduced iron (no coke) – widely used 
in countries with NG supplies 
•  No coke 
•  Lower T than blast 

furnace (800 – 1000 
°C) 

•  High C/impurity 
concentration, thus 

•  Refine in EAF  

•  Most DRI sites use 
NG to heat, giving 
off CO2. 
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Smelt reduction – demonstrations planned (Hisarna pilot 
plant in The Netherlands) 

•  No coke 
•  Lower T than blast 

furnace (800 – 1000 
°C) 

•  High C/impurity 
concentration, thus 

•  Refine in connected 
pool of molten iron; 
coal and oxygen 
drive removal of C/
impurities 

Images © 2012 UIT Cambridge Ltd., Sustainable Materials With Both Eyes Open, Allwood & Cullen. 



Electrolysis 
•  Electrowinning 

•  Strong current passed into liquid via positive terminal (an oxide) so 
pure Fe is electroplated onto negative terminal 

•  Iron ore pyroelectrolysis 
•  Current passed from inert positive terminal through molten iron ore at 

1600 °C, forming liquid Fe while O2 is released. 
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