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Climate graphic of the week

Global temperatures continue run of record highs in February

Difference between global 2-metre temperatures from 1980 to 2024 and pre-industrial average (C)

Average temperature for February was 1,.77C
higher than the 1850-1900 February average \
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Source: Financial Times (10 March 2023)

Warmer, wetter, hotter, drier —
February caps unending
stretch of record temperatures
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Global average temperature rise in February reaches 1.77C above pre-
industrial levels




Temperature Anomaly

For High Temperature on May 20, 2024
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Source: Climate Central analysis based on NOAA data. Produced 5/20/2024. CLIMATE CeD CENTRAL
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Source: Climate Central analysis based on NOAA data. Produced 5/20/2024. CLIMATE CeD CENTRAL



Climate Shift Index jun 1, 2024

Change in likelihood due to climate change
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Climate Shift Index for average temperatures. CLIMATE CeD CENTRAL

Based on NOAA GFS forecast generated on 2024-05-31T18:00Z.

Source: climatecentral.org/climate-shift-index
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Climate Shift Index jun 2, 2024

Change in likelihood due to climate change
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Climate Shift Index for average temperatures. CLIMATE CeD CENTRAL

Based on NOAA GFS forecast generated on 2024-05-31T18:00Z.

Source: climatecentral.org/climate-shift-index
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Climate Shift Index jun 3, 2024

Change in likelihood due to climate change
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Climate Shift Index for average temperatures. CLIMATE CeD CENTRAL

Based on NOAA GFS forecast generated on 2024-05-31T18:00Z.

Source: climatecentral.org/climate-shift-index
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SMALL CHANGE IN AVERAGE
BIG CHANGE IN EXTREMES
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Leaders | A $25trn hit
Global warming is
coming for your home

Who will pay for the damage?

annual GDP. It is a huge bill hanging over people’s lives and the global financial

ystem. And it looks destined to trigger an almighty fight over who should pay up.
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~$200 / tCO,



~$200 Social Cost of CO,

Based on 2% discount rate

Table ES.1: Estimates of the Social Cost of Greenhouse Gases (SC-GHG), 2020-2080 (2020 dollars)

SC-GHG and Near-term Ramsey Discount Rate

SC-CO4 SC-CHa SC-N20

(2020 dollars per metric ton of CO;) = (2020 dollars per metric ton of CHs) = (2020 dollars per metric ton of N20)

RSN 25% 2.0% 1.5% | 2.5%  2.0% 1.5% | 2.5%  2.0% 1.5%

2020 120 C 190 ) 340 1,300 1,600 2,300 35,000 54,000 87,000
2030 140 230 380 1,900 2,400 3,200 45,000 66,000 100,000
2040 170 270 430 2,700 3,300 4,200 55,000 /79,000 120,000
2050 200 310 480 3,500 4,200 5,300 66,000 93,000 140,000
2060 230 350 530 4,300 5,100 6,300 76,000 110,000 150,000
2070 260 380 570 5,000 5,900 7,200 85,000 120,000 170,000
2080 280 410 600 5,800 6,800 8,200 95,000 130,000 180,000

Values of SC-CO3, SC-CH4, and SC-N20 are rounded to two significant figures. The annual unrounded estimates are available in
Appendix A.4 and at: www.epa.gov/environmental-economics/scghg.

~$200 U.S. EPA SC-CO,, up from ~S50

Source: EPA External Review Draft of Report on the Social Cost of Greenhouse Gases: Estimates Incorporating Recent Scientific Advances (September 2022)



~$185 Social Cost of CO,

Based on 2% constant discount rate, with most of the increase due to discounting

$185

Near-Term Discount Rate
— 20%

3.0%

\
\
b

$0 $200 T 5400 $600 $800 $1,000
Cost per Ton of CO,

~S50 to ~S80 from updated damages,

~S80 to ~S185 from discounting

Source: Rennert et al “Comprehensive Evidence Implies a Higher Social Cost of CO,” (Nature, September 2022).



https://www.nature.com/articles/s41586-022-05224-9

Economic impacts of tipping points in the climate system
Tipping points increase SCC by between ~27-43%, with large, right-skewed distribution

8000

Socio-economic scenario Average =42.8%
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Percentage change in the SC-CO2
Source: Dietz, Rising, Stoerk & Wagner (PNAS 2021), gwagner.com/tipping-economics



https://gwagner.com/tipping-economics/

> $200 / tCO,



~ $200 / tCO,

~8-10% of
global GDP



~ $1,000 / tCO,

~50%(!!) of
global GDP


http://www.nber.org/papers/w32450

> $150 /
car entering NYC*

* Manhattan below 60t Street
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Theres Only One Way to Fix New
York's Traffic Gridlock
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Komanoff & Wagner, NYT (8 June 2023)



Greenberg & Wagner, NYT (7 February 2023)

€he New York Times
Our City Could Become One of the
World's Greenest, but It Won't Be

Easy
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Negative climatic tipping points, meet the positive
soclio-economic ones the IRA is jumpstarting

— The challenge: Addressing ‘fossilflation’ while keeping
‘greenflation’ in check

— Direct effects are important

~ e.g. get $8k rebate for your heat pump, $2.5k to improve electric
wiring, ... $250b in DOE loans

— adding up to $1.2 trillion in federal spending over first decade,
spurring $2.9 trillion in total spending over first decade, >$10
trillion by 2050, per Goldman Sachs Research,

But:

— It’s the external effects, norm changes, positive socio-
economic tipping points that will make the real difference

4 Columbia Business School


https://gwagner.com/trump-climate/

Rich Lesser, Global Chair, Boston Consulting Group, at Columbia Business School, 2022



BCG

Major course correction needed to achieve the 1.5°C ambition

Net CO2e per year 59 Gt
-7%
annual reduction in
emissions needed by

2030 to meet the 1.5°C
31 Gt pathway

+1.5%

12 Gt 9 Gt recent annual increase
in emissions from

2011-2021
1930 2011 2021 2030 2050

Sources: IPCC, PIK, BCG analysis



Impact of [IJA + IRA on Climate Solutions

I Cost without tax credit r—18%
B Cost with tax credit $136
Leveliz -21%
evelized §112 B
Cost of
Energy
$/MWh
Solar Onshore wind Offshore wind Storage Nuclear?
© o6 o o
Post-IRA . .
. . 60% Investment $35/MWh(2! Production 60% Investment 50% Investment $31/MWh!2] Production
ncentive ) . ) ) .
applied Tax Credit Tax Credit Tax Credit Tax Credit Tax Credit

1. New small-modular reactor; 2.Assumes $15/MWh incentive, inflation adjusted and with bonuses; Note: all technologies assume base + prevailing wage bonus + domestic production bonus + energy
community bonus, and wind and solar also include low-income bonus Source: Lazard, BCG analysis

Source: BCG
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Bernd Heid, Senior Partner, McKinsey, at Columbia Business School, 2024
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10 % of techs in the money today — steep cost-dowli,to 2030 - .
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Clean Carbon capture | Circularity

Clean electrons & electrification molecules & removal . |&resources
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Source: McKinsey Global MACC with regional/product estimations McKinsey & Company
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100$/tCO, carbon tax would make most techs competitive -
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Clean Carbon capture | Circularity

Clean electrons & electrification molecules & removal . |&resources
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Source: McKinsey Global MACC with regional/product estimations McKinsey & Company



Large abatement opportunities available at low or no cost
McKinsey Global v2.0 effort in 2009 identified 38 GtCO.,e abatement potential in 2030

Gas plant CCS retrofit

Abatement cost Coal CCS retrofit
€ pertCO.e Iron and steel CCS new build -
6D - Low penetration wind — Coal CCS new build
Cars plug-in hybrid Power plant biomass
50 +— Residential electronics e J co-firing il

Degraded forest reforestation —
40 | Residential appliances Muclear

— Retrofit residential HVAC Pastureland afforestation

Reduced intensive ul
agriculture conversion

High penetration wind

- Tillage and residue mgmt Degraded land restoration Solar PV
20 - — Insulation retrofit (residential) 2 ger?e.ration bi_ﬂf“em Solar CSP
- — Cars full hybrid Huilding Shcency | i
" |— Waste recycling r y . |
1 | |

JJML—HE[ 15 L { 20 . 25 30 35 38

-10 Organic soil restoration
Geothermal Abatement potential
24 Grassland management GtCO,e per year
30 Reduced pastureland conversion
i — Reduced slash and burn agriculture conversion
-40 - — Small hydro
0 i — 1% generation bicfuels
L Rice management
-B0 — Efficiency improvements other industry
T — Electricity from landfill gas
-70 — Clinker substitution by fly ash
80 Cropland nutrient management
L Motor systems efficiency
-90 L Insulation retrofit (commercial)
el Lighting — switch incandescent to LED (residential)

Mote: The curve presents an estimate of the maximum potential of all technical GHG abatement measures below €50 per tCC,e if 2ach
lever was pursued aggressively. It is not a forecast of what role different abatement measures and technologies will play.
Source: Global GHG Abatement Cost Curve v2.0



Comparison of global mitigation potentials at different costs

The IPCC results use different baseline emissions to calculate the range of mitigation potentials. The top panel
reports the full set of results, and the bottom panel reports only the mitigation potentials with costs >$0 per
tonne of CO, equivalent (1CO,-eq). USD reported in 2020 dollars. See supplementary materials.

200 —m————— e O e '
How costly, or costless, is climate - — PAGE © PAGE 25-75th
] - [T ] [ — E_TE
emissions mitigation? p.1001 & oy TN
S _
g 100 McKinsey
Q < IPCC
;E i |PCC baseline range
§ 50 4 |[PCC uncertainty range
:;anr;::::wu Iul:*l.'fﬂl:;mﬂlwml € Herws oy, or coatiess, iy iy
—S—
0 o+ | | |
0 20 40 60 80 100

Percent reduction in 2030 emissions

Cost in USD/tCOz-eq

|
0 20 40 60 80 100
Percent reduction in 2030 emissions for cost >USD 0/tC02z-eq

Source: Kotchen, Rising & Wagner. “ " Science (30 November 2023).



https://gwagner.com/science-costless/

Capital intensity varies widely across sectors
Transport and buildings with largest up-front capital expenditure requirements

) Size of the bubble indicates
Abatement cost the abatement potential in each sector

€ per tCO.e, 2030
30
25
20

15 Iron and steel

10
Agriculture

Petroleum and gas
1 //I

15 20 30 i 75 80 Capital

intensity
Transpﬂno € per tCO,e

Cement

Buildings

Source: Global GHG Abatement Cost Curve v2.0



Goldman Carbon Abatement Cost

1,100 * i
1 [N
1,000 {|  Low cost {!  High cost
§ 900 . de-carbonization: de-carbonization:
1 1
8 800 I 55% Power gen i 43% Industry & waste
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GHG emissions abatement potential (Gt CO2eq)
m Power generation (coal switch to gas & renewables) m Transport (road, aviation, shipping)
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m Agriculture, forestry & other land uses (AFOLU) Non-abatable at current conservation technologies

Source: Goldman Sachs Global Investment Research



Exhibit 46: The IRA has transformed the cost curve of the US bringing most technologies in the money, especially in the transportation and

buildings sectors
US carbon abatement cost curve for anthropogenic GHG emissions, based on current technologies and current costs, assuming economies of scale

for technologies in the pilot phase prior and after IRA
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Steel sector scope 1 and 2 emissions are ~10% of global emissions

CO,e emissions in 2021: 50.1 billion tonnes B Scope 1 7/ Scope 2
29% 29% 20% 15% 7%
100% . ; ;
° Non-metallic minerals 2%  Non-ferrous metals 2% Oil 4% Agricultural fuel combustion 4% Other 2% Rail 1%
Refining 4% i 0 Commercial
Commercial combustion 7% Land use, land-use change, and aviatenoe combustion
° Natural gas forestry 14% 21%
. o 1 (0]
80% A Chem|cals 22A) Marine 11 A)
13%
Waste HFCs from
21% refrigeration
Iron and steel and A/C
60% 16% 25%
Cement Crops
17% 28%
40% - Coal Road
oa o
. 74% 77% ] ?DJ
Oil and gas o g_ o
20% K2 o
(o] o\o g '(-3[).-
. 7/ SILILLII 11117777777 Livestock sg
Remaining industries % Iron and steel %
19% 0
Y % %
0% Ursssssssssssssessssss 7
Industry Power and heat Agriculture, land use, and waste  Transport Buildings

Sources: Scope 1 emissions from Rhodium Group ClimateDeck (September 2023); Scope 2 iron and steel estimate from |[EA (2023). . .
Credit: Mimi Khawsam-ang, Max de Boer, Grace Frascati, and Gernot Wagner (22 February 2024); share/adapt with attribution. Contact: gwagner@columbia.edu C°|umbla BUSIneSS SChOOI



https://rhg.com/data_story/climate-deck/
https://iea.blob.core.windows.net/assets/8f6568aa-1dd8-4578-bc61-24ceba4a07dd/EmissionsMeasurementandDataCollectionforaNetZeroSteelIndustry.pdf
https://business.columbia.edu/faculty/people/gernot-wagner
https://creativecommons.org/licenses/by/4.0/
mailto:gwagner@columbia.edu

Global steel emissions have more than doubled since 2000, with
emission growth decoupled from production growth after 2016

Global CO,e emissions decoupled from steel production post-2016 Observations

* In recent years, the steel industry has
made efforts to reduce its carbon
footprint with more energy-efficient
processes and technologies

Global CO,e emissions from iron and steel production (in gigatonnes) Global steel production (in million tonnes)

4

2,000
= Steel production

B Iron and steel production emissions

— Though not enough by itself, recycling
rates have improved (sitting around
80%-90% globally)

— Better manufacturing yields have
1,500 made supply chains more efficient

25 — Enhanced control processes and
2.5 2.4 : predictive maintenance strategies
have led improvements in operational
efficiency
1,000 + China, the largest steel producer in
16 the world, saw a 3% decline in steel
14 1.5 output in 2021 and a similar decline
12 12 1.2 1.3 = in the years since

1 500

‘00 01 '02 ‘03 ‘04 ‘05 ‘06 07 ‘08 09 10 MM 12 13 14 15 16 17 18 19 20 ‘21
Note: The majority of the world’s iron is used to make steel. Sources: Rhodium Group ClimateDeck (September 2023); World Steel Association; McKinsey, Decarbonization Challenge for Steel; IEA,
CO, Emissions in 2022, Reuters, China 2021 Crude Steel Output. Credit: Mimi Khawsam-ang, Max de Boer, Grace Frascati, and Gernot Wagner (22 February 2024); share/adapt with attribution.

Contact: gwagner@columbia.edu % Columbia BUSineSS SChOOI



https://rhg.com/data_story/climate-deck/
https://worldsteel.org/steel-topics/statistics/world-steel-in-figures-2023/
https://www.mckinsey.com/industries/metals-and-mining/our-insights/decarbonization-challenge-for-steel
https://www.iea.org/reports/co2-emissions-in-2022
https://www.reuters.com/world/china/china-2021-crude-steel-output-retreats-3-record-high-stringent-production-curbs-2022-01-17/
https://business.columbia.edu/faculty/people/gernot-wagner
https://creativecommons.org/licenses/by/4.0/
mailto:gwagner@columbia.edu

© Of three main steelmaking methods, blast furnace-basic oxygen furnace
(BF-BOF) is the cheapest, most popular, and most polluting

BF-BOF ~73% of global steel production and ~80% of iron and steel CO, emissions Observations

BF-BOF: Iron ore, coke, and limestone produce
iron in a blast furnace, which is turned into steel
in an oxygen furnace

Iron ore

2.33 tonnes of CO, per
tonne of steel

Sources: World Steel Association; IEEFA (2022); IEA, Iron and Steel Technology Roadmap (2020); Steel Technology, Basic Oxygen Furnace Steelmaking; Recycling Today, Growth of EAF Steelmaking;
Wildsight, Do We Really Need Coal to Make Steel. Credit: Mimi Khawsam-ang, Max de Boer, Grace Frascati, and Gernot Wagner (22 February 2024); share/adapt with attribution. Contact:
gwagner@columbia.edu

4 Columbia Business School


https://worldsteel.org/steel-topics/sustainability/sustainability-indicators/
https://ieefa.org/sites/default/files/2022-06/steel-fact-sheet.pdf
https://www.iea.org/reports/iron-and-steel-technology-roadmap
https://www.steel-technology.com/articles/oxygenfurnace
https://www.recyclingtoday.com/article/the-growth-of-eaf-steelmaking/
https://wildsight.ca/2020/06/01/do-we-really-need-steelmaking-coal/
https://business.columbia.edu/faculty/people/gernot-wagner
https://creativecommons.org/licenses/by/4.0/
mailto:gwagner@columbia.edu

© Of the three main steelmaking methods, natural gas-based direct reduced
iron-electric arc furnace (NG DRI-EAF) is the most expensive and least used

BF-BOF ~73% of global steel production and 80% of iron and steel CO, emissions Observations

« BF-BOF: Iron ore, coke, and limestone produce

- =~ iron in a blast furnace, which is turned into steel
s T in an oxygen furnace
/ 7 \ » Scrap EAF: Scrap metal is melted in an EAF
\ using electrical energy
/ \ * NG DRI-EAF: Iron ore turns into iron using
| 4 natural gas, which is then melted in an EAF to
Iron ore Iron Steel produce steel

Produces 1.39 tonnes of

Uses natural
gas, a cleaner reduction
agent than coal

CO, per tonne of crude
steel, 40% less than BF-
BOF

Sources: World Steel Association; IEEFA (2022); IEA, Iron and Steel Technology Roadmap (2020); Steel Technology, Basic Oxygen Furnace Steelmaking; Recycling Today, Growth of EAF Steelmaking;
Wildsight, Do We Really Need Coal to Make Steel. Credit: Mimi Khawsam-ang, Max de Boer, Grace Frascati, and Gernot Wagner (22 February 2024); share/adapt with attribution. Contact:

gwagner@columbia.edu - .
4 Columbia Business School



https://worldsteel.org/steel-topics/sustainability/sustainability-indicators/
https://ieefa.org/sites/default/files/2022-06/steel-fact-sheet.pdf
https://www.iea.org/reports/iron-and-steel-technology-roadmap
https://www.steel-technology.com/articles/oxygenfurnace
https://www.recyclingtoday.com/article/the-growth-of-eaf-steelmaking/
https://wildsight.ca/2020/06/01/do-we-really-need-steelmaking-coal/
https://business.columbia.edu/faculty/people/gernot-wagner
https://creativecommons.org/licenses/by/4.0/
mailto:gwagner@columbia.edu

At present, crude steel is produced through three main methods
that all emit CO,: BF-BOF, scrap EAF, and NG DRI-EAF

Blast Furnace-Basic
Oxygen Furnace (BF-BOF)

Scrap Electric Arc Furnace
(Scrap EAF)

Natural Gas-Based Direct
Reduced Iron — Electric Arc
Furnace (NG DRI-EAF)

Description Iron ore, coke, and limestone produce Scrap metal is melted in an EAF using Iron ore is turned into iron using natural
pure iron in a blast furnace, which is electrical energy gas, which is then melted in an EAF to
turned into steel in an oxygen furnace produce steel

Main inputs Iron ore, cooking coal Scrap steel, electricity Iron ore, natural gas

% of global steel production J 72% N 21% r 7%
CO2 per tonne of crude steel 2.3 tonnes 0.7 tonnes 1.4 tonnes
Energy intensity per ton ~24 GJ ~10 GJ ~22 GJ

of crude steel

Average cost per tonne ~$390 ~$415 ~$455

of crude steel

Sources: World Steel Association; IEEFA (2022); IEA, Iron and Steel Technology Roadmap (2020); Steel Technology, Basic Oxygen Furnace Steelmaking; Recycling Today, Growth of EAF Steelmaking;

Wildsight, Do We Really Need Coal to Make Steel. Credit: Mimi Khawsam-ang, Max de Boer, Grace Frascati, and Gernot Wagner (22 February 2024); share/adapt with attribution. Contact:

gwagner@columbia.edu
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© Green H, DRI-EAF is an emerging technology using green hydrogen instead
of natural gas as an iron ore reductant with standard electric arc furnaces

. . . e . —aNo
Green H, direct reduced iron-EAF has an average cited decarbonization potential of ~90% Observations

« BF-BOF: Iron ore, coke, and limestone produce
iron in a blast furnace, which is turned into steel
in an oxygen furnace

» Scrap EAF: Scrap metal is melted in an EAF
using electrical energy

* NG DRI-EAF: Iron ore turns into iron using
natural gas, which is then melted in an EAF to
produce steel

» Green H, DRI-EAF: Green hydrogen replaces
natural gas as an iron ore reductant; byproduct
is water vs. CO,

Iron ore

Renewable electricity is
used throughout the

Comes at a green price
premium

production process,
including the creation of
green hydrogen

Sources: World Steel Association; IEEFA (2022); IEA, Iron and Steel Technology Roadmap (2020); Steel Technology, Basic Oxygen Furnace Steelmaking; Recycling Today, Growth of EAF Steelmaking;
Wildsight, Do We Really Need Coal to Make Steel. Credit: Mimi Khawsam-ang, Max de Boer, Grace Frascati, and Gernot Wagner (22 February 2024); share/adapt with attribution. Contact:
gwagner@columbia.edu
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© Iron ore electrolysis is an emerging technology that uses an electric current
to drive a chemical reaction, producing molten iron or pure solid iron

Iron ore electrolysis has an average cited decarbonization potential of ~97%

Iron is now akin to - Ta
solid-state battery, J— DS
allowing for a i ' ‘

reversed process ;
that produces - === ‘ \
electricity = i =% \

Iron ore

Electrowinning-EAF dissolves iron
from iron ore in acid, then
electrifies it to form pure solid iron;
molten oxide electrolysis runs a
current through iron ore and liquid
electrolyte to split ore into pure
molten iron

May be cheaper than conventional
processes but has not yet been
proven at scale

Observations

BF-BOF: Iron ore, coke, and limestone produce
iron in a blast furnace, which is turned into steel
in an oxygen furnace

Scrap EAF: Scrap metal is melted in an electric
arc furnace (EAF) using electrical energy

NG DRI-EAF: Iron ore turns into iron using
natural gas, which is then melted in an EAF to
produce steel

Green H, DRI-EAF: Green hydrogen replaces
natural gas as an iron ore reductant; byproduct
is water vs. CO,

Iron ore electrolysis: Molten oxide electrolysis
runs a current through iron ore and liquid
electrolyte to split ore into pure molten iron;
electrowinning-EAF dissolves iron from iron ore
in acid, then electrifies it to form solid iron

Sources: World Steel Association; IEEFA (2022); IEA, Iron and Steel Technology Roadmap (2020); Steel Technology, Basic Oxygen Furnace Steelmaking; Recycling Today, Growth of EAF Steelmaking;

Wildsight, Do We Really Need Coal to Make Steel. Credit: Mimi Khawsam-ang, Max de Boer, Grace Frascati, and Gernot \WWagner (13 March 2024); share/adapt with attribution. Contact:

gwagner@columbia.edu
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© Carbon capture, utilization, and storage (CCUS) is an emerging technology
that reduces steel’s carbon footprint by capturing released CO,

Despite a cited ~90% decarbonization potential, CCUS technology is largely unproven Observations

« BF-BOF: Iron ore, coke, and limestone produce
iron in a blast furnace, which is turned into steel
in an oxygen furnace

» Scrap EAF: Scrap metal is melted in an electric
arc furnace using electrical energy

* NG DRI-EAF: Iron ore turns into iron using
natural gas, which is then melted in an EAF to
produce steel

* Green H, DRI-EAF: Green hydrogen replaces
natural gas as an iron ore reductant; byproduct
is water vs. CO,

* Iron ore electrolysis: Molten oxide electrolysis
runs a current through iron ore and liquid
electrolytes to split ore into pure molten iron;
electrowinning-EAF dissolves iron from iron ore
in acid, then electrifies it to form solid iron

+ CCUS: Equipment is added to existing steel-
producing infrastructure to capture emitted CO,
to then sequester or reuse

Iron ore

Less viable for the blast furnace Capture rates range from 50%-

route given difficulty of capturing all 90%, and viability is debated due to
carbon released the lack of a single capture point

Sources: World Steel Association; IEEFA (2022); IEA, Iron and Steel Technology Roadmap (2020); Steel Technology, Basic Oxygen Furnace Steelmaking; Recycling Today, Growth of EAF Steelmaking;
Wildsight, Do We Really Need Coal to Make Steel. Credit: Mimi Khawsam-ang, Max de Boer, Grace Frascati, and Gernot Wagner (22 February 2024); share/adapt with attribution. Contact:

gwagner@columbia.edu . .
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Green H,, electrolysis, and CCUS could reduce steelmaking CO,

emissions by over 85% if implemented at scale

Description

100% Green Hydrogen (H2)
DRI-EAF

* Green hydrogen replaces natural
gas as an iron ore reductant in DRI
shaft; the rest of the process remains
the same

+ Generates water as a byproduct
instead of CO,

Iron Ore Electrolysis

+ Two different processes are
possible:

Molten oxide electrolysis: High current
runs through mixture of iron ore and liquid
electrolyte to split ore into pure molten iron

Electrowinning-EAF: Iron from iron ore is
dissolved in acid. Iron-rich solution is then
electrified to form pure solid iron

Carbon Capture, Utilization,
and Storage (CCUS)

« CCUS equipment can be added to
existing steel-producing
infrastructure to capture emitted
CO,

* Captured CO, is then sequestered
underground or reused

Real-time sector initiatives

HYBRIT
100% fossil fuel-free DRI-EAF production
with green H, used for DRI

Electra

Electrowinning to produce high-purity iron
plates ready for EAF input (no DRI or
MOE step)

ArcelorMittal

Carbalyst® captures carbon from a blast
furnace and reuses it as bio-ethanol.
However, technology not proven at scale

Applicability to conventional
routes

Applicable to existing DRI-EAF route,
with minor retrofitting

Full overhaul of BF-BOF equipment
required; replacement of DRI shaft in
DRI-EAF

Retrofitting of capture technology is
possible on conventional BF-BOF and
DRI-EAF

Decarbonization potential (vs. BF-
BOF)

~90%

~97%

~90% ! ]
Hypothetical best-case scenario

Estimated production cost (excl.
CapEx)

Sources: Columbia Center on Global Energy Policy (2021); IEA, Iron and Steel Technology Roadmap (2020); McKinsey (2020); Mining Technology (2023); Tata Steel; Primetals Technologies;

<$800 per tonne of steel

Edie, ArcelorMittal accused of net-zero greenwashing (2023). Credit: Mimi Khawsam-ang, Max de Boer, Grace Frascati, and Gernot Wagner (13 March 2024); share/adapt with attribution.

Contact: gwagner@columbia.edu

~$215 per tonne of iron + cost of
‘stranded’ iron ore

~$380 — 400 per tonne
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Figure 7: The Impact of the Inflation Reduction Act
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