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Climate Shift Index Learn more... Change in likelihood due to climate change

for average temperatures, Sep 5, 2024 [ [ s@
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Climate Shift Index iearn more...

for average temperatures, Sep 5, 2024

X
In Vienna on September
5, 2024
the Climate Shift Index is 2,
meaning climate change made the
daily average temperature at least
twice as likely.
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~$200 / tCO,



~€200 / tCO,



>€200 / tCO,



~$200(!?) Social Cost of CO,

Based on 2% discount rate, subject to external review

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,, subject to

external peer review

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
— 2 0%

3.0%
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$0 $200 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

“Synthetic” Social Cost of Carbon with median = $185 and mean = $284
For 1 tonne of CO, emitted in 2020, in $2020, with 5%—-95% range of $32-$874(!)

b)

300 4 Components:

Aggregate Bars
Earth system

Learning
Persistent®Growth Damages

Minor (< 10 §4 changa,

structural or uncartainty)

Damage Function Uncertainty
EMUC Unicertainty

=k
o]
o]

ECS Uncertainty
TFP Growth Uncertainty

Social cost of carbon (LISDCOZ2)
]
=
]

DICE + Diﬁa:::l:uuntlng + ElEII'Ir'l-EgEIE- + Structural + L|I'Il:EI|I'tEIiI'I|.'!." = 5:,.'1';H1|E-1j-:
SCC

Source: Moore, Drupp, Rising, Dietz, Rudik & Wagner (2024), gwagner.com/synthesis-scc



https://gwagner.com/synthesis-scc/

“Synthetic” Social Cost of Carbon with median = $185 and mean = $284

For 1 tonne of CO, emitted in 2020, in $2020, with 5%—-95% range of $32-$874(!)
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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%
RCP3-PD/2.6, SSP1 33.8 0.5% =-48.1%
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https://gwagner.com/tipping-economics/

~ $200 / tCO,

~8-10% of
global GDP



~ $1,000 / tCO,

~50%(!!) of
globa/ GDP

Source: Bilal & Kanzig (NBER, 13 May 2024),


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

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 femperature rise in February reaches 1.77C above pre-
industrial levels




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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Spending on physical assets for energy and land-use systems in the NGFS Net Zero 2050
scenario would rise to about $9.2 trillion annually, or about $3.5 trillion more than today.

Annual spending on physical assets for energy and land-use systems’ in a Net Zero 2050 scenario,”

average 2021-50, $ trillion
$9 Total annua
. spending in a

MNet Zero scenario
New spending
3 5 Mew spending on low-
. emissions assets and
enabling infrastructure
Current spending

$1 O Spending reallocated
. from high- to low-

emissions assets

$ 2 O Continued spending on
. low-emissions assets and

e

nabling infrastructure?

2 7 Continued spending on
. high-emissions assets®

McKinsey's 2022 The Net-Zero Transition report




An Affordable Path to Safety
Current policies would cost $250 trillion by 2050. A net-zero scenario costs
9% more.

B Current policies, annual spending Met-zero, annual spending

2021-2025 2026-2030 2031-2035 2036-2040 2041-2045 2046-2050

Source: "The Net-Zero Transition,” McKinsey & Company

Wagner, “The Cost to Reach Net Zero By 2050 |s Actually a Bargain,” Bloomberg Green Risky Climate (28 January 2022)



https://gwagner.com/risky-climate-mckinsey/

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 —
4ap || Residential appliances Muclear

— Retrofit residential HVAC Pastureland afforestation

Reduced intensive wl
agriculture conversion

High penetration wind

M Tillage and residue mgmt Degraded land restoration Solar PV
20 — Insulation retrofit (residential) 2 geheration bi_c:fuels Solar CSP
ol _ Cars full hybrid Atsaig S eaicy I
; |— Waste recycling r y . |
I | |
JJML—HE[ 15 L [ 20 . 25 30 35 38
=10 Organic soil restoration
Geothermal Abatement potential
2 Grassland management GtCO,e per year
30 Reduced pastureland conversion
i — Reduced slash and burn agriculfure conversion
-40 - — Small hydro
0 . — 1% generation bicfuels
L Rice management
B0 — Efficiency improvements other industry
- — Electricity from landfill gas
-70 — Clinker substitution by fly ash
80 Cropland nutrient management
L Motor systems efficiency
-90 L Insulation retrofit (commercial)
o s Lighting — switch incandescent fo LED (residential)

Mote: The curve presents an estimate of the maximum potential of all technical GHG abatement measures below €50 per tCO,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 Cunve 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 >$0 per
tonne of CO, equivalent (tCO,-eq). USD reported in 2020 dollars. See supplementary materials.
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Source: Kotchen, Rising & Wagner. “ . Science (30 November 2023).
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100%$/tCO, carbon tax would make most techs comi,)eti'tive E
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Clean Carbon capture | Circularity
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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 . .
. 3 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



Negative climatic tipping points, meet the positive
socio-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/

Figure 11: The Impact of the Inflation Reduction Act
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MNotes: The top left panel shows the model’s projection for renewable power share under the [RA production tax credit,
and without. The top right panel shows the total cost of the bill (in blue), and subsidies going to capital that would be
installed in the absence of the subsidy. The bottom left shows GDP growth in both scenarios, and the bottom right shows
the renewable capital price.
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Carbon Barometer

Policy Contributions

POLICY CONTRIBUTIONS

The Carbon Barometer framework allows users to clearly understand the relative contribution of various policies to a

country-level Carbon Price

Individual Policy Contribution to Carbon Barometer Price

Carbon Tax Emissions
Trading
Systems

$USD/MTCO, $USD/MTCO, $USD/MTCO, $USD/MTCO,

Country Carbon Fossil Fuel
Barometer Subsidies
Price

Global $18.97 -$11.07

France $120.64 -$34.85

United

States $18.47

China $13.93

2021

$26.69

$0.00

$0.00 $0.35

Carbon

Barometer

Price

$USD/MTCO,

$4.08

$63.71

$17.85

$18.87

Fossil Fuel Carbon Tax Emissions
Subsidies Trading
Systems

$USD/MTCO, $USD/MTCO, $USD/MTCO,

2022

$1.12
$25.55

-$27.67 $6.00

-$110.32 $34.61

-$2.91 $0.00 $2.03

-$2.37 $0.00 $4.55

a” Gro Intelligence @ Ke oS
Capital



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 shaftin
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

% Columbia Business School


https://www.hybritdevelopment.se/en/hybrit-demonstration/
https://www.electra.earth/technology/
https://corporate.arcelormittal.com/climate-action/decarbonisation-technologies/carbalyst-capturing-and-re-using-our-carbon-rich-waste-gases-to-make-valuable-chemical-products
https://www.energypolicy.columbia.edu/publications/low-carbon-production-iron-steel-technology-options-economic-assessment-and-policy/
https://www.iea.org/reports/iron-and-steel-technology-roadmap
https://www.mckinsey.com/%7E/media/McKinsey/Industries/Metals%20and%20Mining/Our%20Insights/Decarbonization%20challenge%20for%20steel/Decarbonization-challenge-for-steel.pdf
https://www.mining-technology.com/uncategorized/the-four-horse-race-to-decarbonise-steel/
https://www.tatasteeleurope.com/sites/default/files/tata-steel-europe-factsheet-hisarna.pdf
https://www.primetals.com/portfolio/ironmaking/corexr
https://www.edie.net/arcelormittal-accused-of-net-zero-greenwashing-over-carbon-capture-plans/
https://business.columbia.edu/faculty/people/gernot-wagner
https://creativecommons.org/licenses/by/4.0/
mailto:gwagner@columbia.edu

Since H2GS announced ‘over ~40mt green

steel prOJects have bee"qromised by 2030

DRI announcements in"Europe toda}_é 1tlig

2025 2026 - 2029 2030

H.greensteel

2.5mt 1.3-2.7mt ] 2 3mt 2.5mt
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Northern Sweden has unique advantages from low-
cost renewable electricity and iron ore deposits

Renewable share in electricity production in Europe
2019

B <15% B ss560%
B 15-30% B 60-75%
B 30-45% B >75%

A

Ja“ Clae
t“ oW
e N
~« N

/

Industrial electricity prices in Europe
2019
B >7cEUR/KWh

B 6-7cEURKWh
B 5-6cEURKWh

Major European steel
plants

O Current or former major
iron ore deposit region

B 4-5cEURKWH
B 3-4cEURKWH
B <3cEURKWh

Source: International Energy Agency (IEA); Eurostat; ProMine

o Hxgreensteel



Potential projects in North America

e Hxgreensteel
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