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VALORISATION OF STEEL OFF-GASES TO ENABLE 
ECONOMIC VIABLE CO2 STORAGE AND UTILIZATION

Jaap Vente, 
UTRECHT, 26 NOVEMBER 2019



Home

Text 100%

DRIVER

The General Consensus @Chimborazo, Ecuador 

5000m above sea level
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FOCUS ON THE IRON AND STEEL SECTOR
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ENERGY CONTAINING RESIDUAL STREAMS

Unique feature of current steel making processes

Presence of diluted energy containing streams

BFG – Blast Furnace Gas

BOFG – Basic Oxygen Furnace gas

COG – Cokes Oven gas

Gas type CO2 CO N2 H2 CH4

LHV 

(MJ/Nm3)

BFG 22 22 49 4 -- 3.2

BOFG 14 57 14 3 -- 7.5

COG 2 5 7 62 24 15.3

see IEAGHG report on Iron&Steel, 

http://www.ieaghg.org/docs/General_Docs/Reports/2013-04.pdf

http://www.ieaghg.org/docs/General_Docs/Reports/2013-04.pdf
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BASE CASE

Diluted stream,

containing energy
Power and heat
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CCUS APPROACH

Diluted stream,

containing energy

Concentrated stream, 

containing energy
Conversion, upgrade 

and separation

Storage  ready 

CO2

Low carbon 

power and heat

Synthesis of value 

added compounds

Additional renewable 

energy (H2)

or

COG
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SELECTION OF VALUE ADDED COMPOUNDS 
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CCUS APPROACH

Diluted stream,

containing energy

Concentrated stream, 

containing energy
SEWGS on 

BFG and BOFG

Storage  ready 

CO2

Low carbon 

power and heat

Synthesis of

Methanol, DME

Urea

Additional renewable 

energy (H2)

or

COG

CURE

CO2 to Urea
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SEWGS AS KEY ENABLING TECHNOLOGY

SEWGSCAP TECH

EOS – LT Consortium

Private support

&

Public support + framework

https://www.google.com/imgres?imgurl=https%3A%2F%2Fduurzaamgebouwd.lingacms.nl%2Fupload%2Fdg_8fd9sluf%2Fimages%2Fnews-medium%2Fsenternovem_per_1_januari_2010_onderdeel_van_agentschap_nl_2_htfyay.jpg&imgrefurl=https%3A%2F%2Fwww.duurzaamgebouwd.nl%2Fartikel%2F20091113-senternovem-per-1-januari-2010-onderdeel-van-agentschap-nl&docid=Ge7YxaCrmEb4xM&tbnid=DhkPKHf-cO4HIM%3A&vet=10ahUKEwickoKd4oLmAhUEKuwKHU1fAhwQMwhFKAAwAA..i&w=440&h=230&bih=1325&biw=1279&q=senter%20novem&ved=0ahUKEwickoKd4oLmAhUEKuwKHU1fAhwQMwhFKAAwAA&iact=mrc&uact=8
https://www.google.nl/imgres?imgurl=https%3A%2F%2Fupload.wikimedia.org%2Fwikipedia%2Fcommons%2Fthumb%2F0%2F0c%2FLogo_RDO.svg%2F1200px-Logo_RDO.svg.png&imgrefurl=https%3A%2F%2Fnl.wikipedia.org%2Fwiki%2FRijksdienst_voor_Ondernemend_Nederland&docid=JghONWQtz3fCZM&tbnid=UpdaJvO-_S8HIM%3A&vet=10ahUKEwjUr7Tom4LlAhWDw8QBHbA3C2QQMwhOKAQwBA..i&w=1200&h=451&bih=967&biw=1920&q=rvo&ved=0ahUKEwjUr7Tom4LlAhWDw8QBHbA3C2QQMwhOKAQwBA&iact=mrc&uact=8
https://www.google.com/imgres?imgurl=https%3A%2F%2Fmateriales.imdea.org%2Fwp-content%2Fuploads%2F%2Fec-fp6-logo.gif&imgrefurl=https%3A%2F%2Fmateriales.imdea.org%2Fproyectos%2Finterface-interfacil-engineering-in-cu-carbon-nanofibre-mmcs-for-high-thermally-loaded-applications%2F&docid=NVLuTH4CYDLELM&tbnid=nNzzedLdtZgJ4M%3A&vet=10ahUKEwjnlt774YLmAhUhuaQKHUuQCVsQMwhGKAMwAw..i&w=510&h=202&itg=1&bih=1325&biw=1279&q=fp6%20europe&ved=0ahUKEwjnlt774YLmAhUhuaQKHUuQCVsQMwhGKAMwAw&iact=mrc&uact=8
https://www.google.com/imgres?imgurl=https%3A%2F%2Feu-events.s3.amazonaws.com%2Fuploads%2F2018%2F10%2Fev1-1024x343.jpg&imgrefurl=https%3A%2F%2Fevents.euintheus.org%2Fevents%2Feuropean-commission-horizon-2020-research-opportunities-in-europe-4%2F&docid=6IrDU2H1DBlHNM&tbnid=lx6fVgP8OfwzSM%3A&vet=10ahUKEwiaz-WO4oLmAhVN66QKHbUYC_QQMwhDKAAwAA..i&w=1024&h=343&bih=1325&biw=1279&q=horizon%202020%20europe&ved=0ahUKEwiaz-WO4oLmAhVN66QKHbUYC_QQMwhDKAAwAA&iact=mrc&uact=8
https://www.google.com/imgres?imgurl=https%3A%2F%2Fwww.co2-cato.org%2Fcato-download%2F472%2F20090917_123324_CATO-logo_full_colour_high_res_transparent.png&imgrefurl=https%3A%2F%2Fwww.co2-cato.org%2Fpublications%2Flibrary1%2Fcato-logo-full-colour-high-res-transparentpng&docid=mqvn3b9LPcf--M&tbnid=p0ySmmmZ7-mypM%3A&vet=10ahUKEwipmquy4oLmAhWPGewKHRSmCL4QMwhEKAEwAQ..i&w=3108&h=1546&itg=1&bih=1325&biw=1279&q=cato%20co2&ved=0ahUKEwipmquy4oLmAhWPGewKHRSmCL4QMwhEKAEwAQ&iact=mrc&uact=8
https://www.google.com/imgres?imgurl=http%3A%2F%2Fstatic1.squarespace.com%2Fstatic%2F5672ab009cadb60e553e3529%2Ft%2F56a1f039a976af5e57d4de1c%2F1568207024511%2F%3Fformat%3D1500w&imgrefurl=http%3A%2F%2Fwww.act-ccs.eu%2F&docid=ejEC3ColLz189M&tbnid=P6hsX_Gk3xJ8QM%3A&vet=10ahUKEwigiZzj4oLmAhXH5KQKHYoiDCwQMwhDKAAwAA..i&w=1234&h=934&bih=1325&biw=1279&q=eranet%20act&ved=0ahUKEwigiZzj4oLmAhXH5KQKHYoiDCwQMwhDKAAwAA&iact=mrc&uact=8
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INDUSTRIAL SYMBIOSIS

Valorizing works arising gases in the iron and steel industry

CURRENT STATUS: LULEÅ SWEDEN
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STEPWISE PILOT LAY-OUT

H2-rich product

CO2-rich product

steam rinse

steam purge

repressurization

SEWGSWGS

steam

BFG

BFG

Compression

WGS

conversion

H2 – CO2

separation

pre-heating heating



Home

Text 100%

CAPTURING PERFORMANCE

Cyclic performance mapping

Carbon Capture Ratio

CO2 purity

Rinse & Purge steam usage per CO2 avoided

1st campaign results

Mapping

2nd campaign

Optimization

In total 5000 cycles
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EFFECTIVE SULPHUR REMOVAL

Reversible sorption of H2S

No influence on CCR, purity, steam

High CCR = high SCR

Simultaneous sulphur and carbon removal

H2S ends up in CO2 product

H2S slip prior to breakthrough < 1 ppm,wet
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METHANOL POTENTIAL: CO2-BASED

Annual global CO2-production in steel industry vs. current annual markets 

Methanol fuel 

market as growth 

market
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UREA PRODUCTION FROM BOFG

~55% of globally produced H2 is used for NH3

Residual gases in the steel industry contain N2

After STEPWISE technology

N2 goes with the H2

Treated BOF gas has the right H2/N2 ratio for ammonia synthesis

BOF gas

H2+N2

SEWGS

NH3

synthesis
Urea

Synthesis

Storage 

ready CO2

tuning

Urea
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LIFE CYCLE ANALYSIS

Global Warming Potential (GWP) 

reduction of ~13% without CO2

Storage.

70% CO2,eq avoided if deployed with 

storage and transport.

Electricity consumption is the primary 

source of remaining CO2,eq.

Reference
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BUSINESS CASE

Comparable economics 

for natural gas based and 

BOF-gas based urea 

Urea pays for capture 

technology, storage ready 

CO2 as side product
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THERMODYNAMIC LIMITATIONS

Conversion from CO and H2 is limited

Excess oxygen can be bound to carbon 

and to hydrogen

Conversion from CO2 and H2 is minimal

Challenge: Excess oxygen must be 

bound to hydrogen

3𝐻2+ 3𝐶𝑂 ↔ 𝐶2𝐻6𝑂 + 𝐶𝑂2
4𝐻2+ 2𝐶𝑂 ↔ 𝐶2𝐻6𝑂 + 𝐻2𝑂
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SORPTION ENHANCED DIRECT DME SYNTHESIS

Cu/ZnO/Al2O3 catalyst

Zeolite LTA

Feed gas for synthesis

CO / CO2 / H2

DME containing product gas,

plus CO / CO2 / H2 / H2O / MeOH

Reaction

275 °C

25 - 40 bar(a)

regeneration

300 - 400 °C

3 bar(a)

DME enriched product gas,

plus CO / CO2 / H2 / H2O / MeOH
During regeneration 

H2O 
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FEED FLEXIBILITY

Direct DME synthesis

275 °C & 40 bar(a)

Thermodynamic equilibrium

Carbon is found in CO / CO2 / MeOH / DME
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𝑀 =
𝐻2 − 𝐶𝑂2
𝐶𝑂 + 𝐶𝑂2

= 2
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FEED FLEXIBILITY

Direct DME synthesis

275 °C & 40 bar(a)

Thermodynamic equilibrium

Carbon is found in CO / CO2 / MeOH / DME

Sorption-enhanced DME synthesis

275 °C & 40 bar(a)

Experimental results

Carbon is found in CO / CO2 / MeOH / DME

Feed →
Sorption enhancement

𝑀 =
𝐻2 − 𝐶𝑂2
𝐶𝑂 + 𝐶𝑂2

= 2
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REGENERATION CONDITIONS

Catalyst & sorbent regeneration at 300 °C

CO2:CO = 1:2

𝑀 =
𝐻2 − 𝐶𝑂2

𝐶𝑂 + 𝐶𝑂2
= 2

275 °C & 25 bar(a)

0

2

4

6

8

10

12

14

16

0 50 100
G

C
 c

o
n
ce

n
tr

a
ti
o

n
 (
m

o
l%

)

Time (min)

CO

CO2

DME

CH3OH

H2O



Home

Text 100%

REGENERATION CONDITIONS

Catalyst & sorbent regeneration from 300 to 400 °C

CO2:CO = 1:2

𝑀 =
𝐻2 − 𝐶𝑂2

𝐶𝑂 + 𝐶𝑂2
= 2

275 °C & 25 bar(a)

The more severe regeneration procedure results in 

increased performance 
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