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~$200 / tCO,



~$185 Social Cost of CO,

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

> $200 / tCO,



“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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https://gwagner.com/synthesis-scc/
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Climate damage quantification

including tipping points
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Climate sensitivity “likely” between ~2-4.5°C
Latest assessment narrows 66% “likely” range from 1.5-4.5°C
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Source: Sherwood et al (2020)



>~$200 / tCO,,:

Climate damage quantification
including tipping points

Tail risks
Discounting

Risk calibration, equity, efc.



Economic impacts of tipping points in the climate system
Tipping points increase SCC by between ~27-43%, with large, right-skewed distribution
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Source: Dietz, Rising, Stoerk & Wagner (PNAS 2021), gwagner.com/tipping-economics



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
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Greenberg & Wagner,

(7 February 2023)

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

Easy

] 1 - .
] .'\.(\ ey i I'". -. L'
i A ot . ,-1 -y FATR
! f ol .
% ] W Y
== = 5 f o
)



https://www.gwagner.com/ll97

% Columbia Business School




Climate Risk
VS
Policy Risk



Climate Risk
&
Policy Risk




How does climate change affect or i1s expected to affect your

husinesss revenue, costs, and investments?

Influences rules & regulations related to our
business

Affects costs of raw materials or other
operating costis

Alters demand for our products/services

Influences our decisions about current & future
business locations

Elicits changes to our investment plans for
technology & equipment

Bears on labor productivity (working under
higher temperatures)

Impacts our ability to meet staffing needs

Other

Source: San Francisco Fed’s



https://www.frbsf.org/economic-research/publications/economic-letter/2022/march/how-are-businesses-responding-to-climate-risk
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Projection 2024

A 0.8% (-0.3% 10 1.9%)

Source: Global Carbon Project (2024)
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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
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E cConomis t L EASY PV fhow solar outgrew expectations

S

" DAWN OF
THE SOLAR AGE

A SPECIAL ISSUE

& On average, actual installations have been more than
- three times higher than their five-year forecasts

- atw

Capacity added each year, GW

Predictions
== Reality
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400

2030



Briefing | Carbon bargain

The energy transition will be
much cheaper than you think

Most analysts overestimate energy demand
and underestimate technological advances

Unshakable pessimism 2
Global renewable energy?,
capacity added each year, GW
700
2024 forecast
600
500
. " +
Actual Predictions 400
300
200
100
0
T T | T I ! | ’ I
2000 10 20 30 40

*Includes solar, wind, hydropower, bioenergy, geothermal

and marine TExisting-policies scenario, lower-end estimates

Source: IEA




* “Trump can and will handicap domestic industries in jockeying for positions in [the global climate
race], but he cannot halt it.” ( , 9 November 2024)

% Columbia Business School
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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



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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Source: Goldman Sachs Global Ivestment Research



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. “The costs of “costless” climate mitigation.” Science (30 November 2023).
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“Moore’s Law” of climate technology:
100x scale-up drives 70%+ cost-down

Abatement cost, $/tCO,

Early innovation

4,000 -70%
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Batteries
2,000

Hydrogen

1kt 10kt
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100kt

Commercialization
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500
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e
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250

130
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McKinsey & Company
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10 % of techs in the money today — steep cost-dowli,to 2030 - .
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Clean Carbon capture | Circularity
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Scaling Solar

Hyae Ryung Kim, Marcelo Cibie, Max de Boer, Lara
Geiger, Isabel Hoyos, Taicheng Jin, Hassan Riaz,
and Gernot Wagner



L HERE COMES THE SUN the past and a possible future

Global useful energy consumption® Fast-transition
terawatt hours, 000 scenario’

-
100

Solar

- Traditiona - Wind
biomass 1
Other !
renewables s

MNuclear -

a
1880 1900 1920 1940 1960 1980 2000 2020 2040 2060
: Rupert Way; Our World in Data " j energy adj e-heat losses "From Way et al. (2022) *Electricity-conversion technologies (eg green hydrogen)

Source: Economist * " (20 June 2024)


https://www.economist.com/interactive/essay/2024/06/20/solar-power-is-going-to-be-huge
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Utility-scale solar and wind now cheaper than fossil fuels,
battery storage costs not far behind, falling fast

* Levelized Cost of Electricity (LCOE) & Storage (LCOS), US$/MWh Observations
1.000 » Solar photovoltaic (PV) prices dropped ~80% in
’ — Coal past decade, wind by ~70%, lithium-ion battery
_ costs by ~90%.
900 |- Gas Combined Cycle
— US Nuclear = !DV price drop _pr_imarily driven by irr!provements
800 . in module efficiency and economies of scale
= Wind Onshore (Kavlak et al)
Solar PV
700 - Onshore wind cheap the longest, now only
— + Storage beaten by PV (Lazard).
600 - Lithium-ion battery costs fell 20% in 2023 alone
500 Solar PV prices (BNEF).
dropped ~90% in 12 .
years, ~99% in 40 years * Gas combined cycle power plants cheaper than
400 coal, more expensive than both solar and wind.
- Rapid scale-up of utility-scale batteries “killer app”
300 to replace gas on grid.
200 - Battery prices expected to continue to fall due

to cell manufacturing overcapacity, economies of

100 j—“‘% scale, and switch to lower-cost lithium-iron-
— phosphate (LFP) batteries.
*\ . /\7__
\ | 1/

O I T T T T T T T T T T T T T T T T T 1
1988 1990 1992 1994 1996 1998 2000 2002 2004 2006 2008 2010 2012 2014 2016 2018 2020 2022 2024

Sources: Lazard, LCOE+ (2024); Our World in Data (2024); Energy Institute, Statistical Review of World Energy (2024); BNEF, Battery Price Survey (2024); Kavlak et al. (2018). 47— Columbia Business School
Credit: Hyae Ryung Kim, Xiaodan Zhu, and Gernot Wagner. Share with attribution: Kim et al., “Scaling Solar” (8 April 2025).



https://www.lazard.com/media/xemfey0k/lazards-lcoeplus-june-2024-_vf.pdf
https://ourworldindata.org/
https://www.energyinst.org/statistical-review
https://about.bnef.com/blog/lithium-ion-battery-pack-prices-see-largest-drop-since-2017-falling-to-115-per-kilowatt-hour-bloombergnef/
https://www.sciencedirect.com/science/article/abs/pii/S0301421518305196
https://business.columbia.edu/faculty/people/gernot-wagner
https://business.columbia.edu/insights/climate/cki
https://business.columbia.edu/insights/climate/solar
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Deployment environments differ across states and energy markets,

with ISO-NE and CAISO leading in the US

State-level solar receptiveness graded on a letter scale

Washington
F

North Dakota
F

Oregon Minnesota
¥ B

consin
South Dakota £
F

Wyoming F
"

lowa
Nebraska
F

Missouri
F

North Carolina A+
c

Arizona
c

New Mexico Arkansas South Carolina
c c

" Top Rooftop
Community Solar Markets

Loulsiana " Evolving Rooftop

Florida
c

“NY & MA econmics are more sensitive fo
utilty territory

O SolarKal

Note: CAISO is the California Independent System Operator and ISO-NE is the Independent State Operator North-East.
Sources: SolarKal (2025); NREL; EIA, Electric Power Annual Reports (2024); Berkeley Labs (2024).

Credit: Taicheng Jin, Hassan Riaz, Isabel Hoyos, Hyae Ryung Kim, and Gernot Wagner. Share with attribution: Kim et al., “Scaling Solar” (20 March 2025).

Observations

A state’s solar attractiveness is principally determined by:

— Incentives including state rebates, SRECs (solar
renewable energy certificates), and community solar

— Electricity rates determining energy saving, which
make up the bulk of the revenue to repay investment

— Net metering rules setting rates utilities pay for
returned solar energy; e.g. “net metering” pays the
retail unit energy cost (same a customers pay to
receive energy), whereas “net billing” applies
wholesale rate, reducing revenue a customer receives

- Solar irradiation measuring how much sunshine an
area receives, on average, over a period of time

CA and Northeastern states are the friendliest solar states
due to state level incentives like NJ’s SREC, PA’s elevated
electricity rates, or NY’s offering of Tax Credit Bridge Loans
and VDER net-metering arrangement

4.— Columbia Business School


https://www.solarkal.com/blog/the-50-states-of-solar-an-inside-look-at-how-solarkal-grades-each-state
https://nsrdb.nrel.gov/
https://www.eia.gov/electricity/annual/
https://emp.lbl.gov/sites/default/files/2024-04/Queued%20Up%202024%20Edition_1.pdf
https://business.columbia.edu/faculty/people/gernot-wagner
https://business.columbia.edu/insights/climate/cki
https://business.columbia.edu/insights/climate/solar
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Federal ITCs and PTCs provide limited relief, but state incentives
play a crucial role in pushing projects past investors’ hurdle rate

e.g. REC could boost IRR by 7-15% and cut payback by 2-5 years

Waterfall of a 1MW project without state-incentives

Return Profile if based in:

Observations

Federal incentives provide a significant boost, but strong
state-level incentives can push a project over hurdle rate

2,000,000 7 $1,900,000 A li in New J Federal level: ITC, PTC, Accelerated Depreciation
S nnual income in New Jersey - et NS .
m (+) Energy Savings: $150,000 — State Ievgl. state Credits, REC_s, rebates, state tax exemption,
$400,000 $(450,000) net-metering, renewable portfolio standards (RPS),
% ’ (+) REC Revenue: $125,000 interconnection standards
1,500,000 Project IRR: 24-26% — County level: rebates & grants, buildings standards
$(100,000) Payback Period: 6 Years - Cor:nmuI:l.ity level: energy-efficient organizations, regional
artnerships
SEEWIES (175,000 °
e 81,125,000 * NJ, FL, and TX offer varying levels of state-incentives,
resulting in different levels of project IRR
1,000,000 - $(2520’OOO) Annual income in Florida e -
$(225,000) (+) Energy Savings: $128,000 — New Jersey: The Successor Solar Incentive (SuSl) program
] 9y go- - rewards solar energy production with SREC-II certificates,
$1,500,000 Project IRR: 11-13% valued at $85-$90 per MWh for 15 years. Solar equipment is
Payback Period: 7 Years exempt from sale and property taxes, and net metering allows
] generators to sell excess electricity back to the grid.
500,000 .
— Florida: The state exempts added value of solar energy system
. . from property taxes and sales taxes. Statewide net metering
Annual income in Texas policy allows full credit on utility bills. Local utilities offer $2,000-
(+) Energy Savings: ~$128,000 $4,000 rebates for solar battery installations.
0 Project IRR: ~8-16% — Texas: Several utilities provide $2,500-$3,000 rebates for
Svstem ITC Depreciation Ubfront B solar PV of at least 3 kW. Some utilities and retail energy
Izl’rice genefit Invgstm ent bz ey el e providers offer solar buyback programs that provide bill

* Diagonal represent additional cost/savings for range estimate.

** Assuming a standard 1 MW solar project (BTM/direct ownership): On-site system, behind the meter, for self-consumption; direct ownership

provides full control, access to tax incentives, and long-term savings.

credits or cash for surplus energy fed back into the grid.

Note: Texas has a larger band of uncertainty around buybacks depending on location
Sources: Solar.com’s Solar Rebates by State; Forbes (2024); Energysage (2025); Texas Power Guide; DSIRE; Canary Media (2025); Data for solar project IRR models provided by SolarKal.
Credit: Taicheng Jin, Hassan Riaz, Hyae Ryung Kim, and Gernot Wagner. Share with attribution: Kim et al., “Scaling Solar” (20 March 2025).
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https://www.solar.com/learn/solar-rebates-by-state/#CT
https://www.forbes.com/home-improvement/solar/new-jersey-solar-incentives
https://www.energysage.com/local-data/solar-rebates-incentives/tx/
https://www.canarymedia.com/articles/solar/florida-is-now-a-solar-superpower-heres-how-it-happened?
https://www.solarkal.com/
https://business.columbia.edu/faculty/people/gernot-wagner
https://business.columbia.edu/insights/climate/cki
https://business.columbia.edu/insights/climate/solar
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Deregulated Texas energy market boon for solar, surpassing
California in 2024

Total installed utility-scale solar capacity in Texas and California, GW Observations

+ Texas surpassed California as leading solar PV
state after adding 1.6 GW in Q2 of 2024 (ACP).

CAGR ‘“10-15 CAGR ‘15-°20 CAGR ‘20-'24
CA: 71% CA: 15% CA: 10% + Texas installed nearly 9 GW of new solar by the
TX: 87% TX: 73% TX: 46% end of 2024 — over one-fourth of the U.S. 2024

additions — for a total capacity of 27.5 GW (ACP).

22 — California + Texas is expected to install 11.6 GW new utility-
20 scale solar in 2025 (EIA).
— Texas
18 + Texas’ advantage:
16 @ Deregulated, electricity-only energy market
14 @ Streamlined approval process
12 Texas solar capacity @ Abundant land
10 annual growth started
outpacing California in © Minimal state-incentives
8 2014

+ California’s challenge:
@ Strong state incentives
© Strict regulations

© Interconnection delays

I 1 L

010 2011 2012 2013 2014 2015 2016 2017 2018 2019 2020 2021 2022 2023 2024

NO N B~ O

Source: ACP, Clean Power in 2024 (2025); EIA, Solar, battery storage to lead new U.S. generating capacity additions in 2025 (2025). % Columbia Business School
Credit: Hyae Ryung Kim, Taicheng Jin, Isabel Hoyos, and Gernot Wagner. Share with attribution: Kim et al., “Scaling Solar” (20 March 2025).



https://cleanpower.org/resources/clean-power-annual-market-report-2024-snapshot/
https://www.eia.gov/todayinenergy/detail.php?id=64586
https://business.columbia.edu/faculty/people/gernot-wagner
https://business.columbia.edu/insights/climate/cki
https://business.columbia.edu/insights/climate/solar
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Si0, is refined to produce ingots, which are cut into wafers and

then assembled into cells and modules

Polysilicon

Ingots

Wafers

Cells

Panels / modules

* Polysilicon from (Si) is
abundant but does not
occur in pure form.

« First, SiO,, the second
most abundant mineral
on earth, is refined to
metallurgical-grade
silicon (98-99% pure).

* Next, met-grade silicon
goes through the
Siemens process to
remove final
impurities.

* The result is chunks of
polysilicon with
>99.99999% (7-10N)
purity.

* Next, the chunks of
polysilicon are melted
into ingots.

* For poly-Si ingots, the
polysilicon is simply
melted and allowed to
solidify, forming many
small polysilicon
crystals.

* Monocrystalline ingots
are formed using the
Czochralski process.

— A polysilicon seed is
dipped into the molten
polysilicon, slowly lifted,
and rotated.

— The result is an ingot that
consists of one large
single crystal cylindrical
column.

—)

Sources: Pv-Education.org, pv-manufacturing; images from |[EA, Solar PV Global Supply Chains

Polysilicon ingots are
then sawn into wafers
either through a slurry-
based or diamond wire
method.

— In the slurry method, the
ingot is passed onto
rotating wires spaced
equidistantly and mixed
with silicon carbide
solution.

— The diamond wire that has
been covered in small
diamond particles is
gradually replacing the
slurry method.

The product is a wafer
that measures only 200
micrometers thick —
about 2.5x the size of a
human hair.

A wafer is transformed
into a solar cell by
applying several steps.
The major ones are:

Boron is added to create
positive (p-type) wafers
and phosphorous to
create negative (n-type)
wafers in a process
called doping.

Metallic contacts are
applied to the front and
back of the wafer
through which
electricity can flow.

An antireflective
coating is applied to
help the cell absorb
more sunlight.

Credit: Taicheng Jin, Hassan Riaz, Max de Boer, Lara Geiger, Marcelo Cibie, Hyae Ryung Kim, and Gernot Wagner (12 September 2024); share/adapt with attribution. Contact: gwagner@columbia.edu

In the final step, multiple
solar cells are
combined to form a
single solar panel or
module.

First, solar cells are
soldered together to
form an array.

The cells are then
encapsulated in
plastic, and a separate
insulating back sheet is
added.

Finally, several arrays
are soldered to a metal
frame and a connector
that connects the panel
to the grid is added.

% Columbia Business School


https://www.pveducation.org/pvcdrom/manufacturing-si-cells/refining-silicon
https://pv-manufacturing.org/silicon-production/wafering/#:%7E:text=Wafers%20are%20produced%20from%20slicing,with%20156%20mm%20side%20length.
https://www.iea.org/reports/solar-pv-global-supply-chains
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https://creativecommons.org/licenses/by/4.0/
mailto:gwagner@columbia.edu
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Silicon and silver make up the bulk of material cost; cell-to-module
assembly represents the largest chunk of in-house cost (~60%)

Breakdown of total cost (cents per
watt) — (Q3, 2023)

Material composition shares of c-Si
solar panels (in %) — (world, 2021)

10

Silicon Silicon Wafer Cellto In-house
Cost toWafer toCell Module Cost

Polymers 9%

\
|
\
\
|
\
\
\\
. \\ \
Aluminum N
13%
\ \
W
\
\
\
\

By weight

Copper 9%

Other 4%

Silver
16%

Silicon
40%

Polymers
9%
Aluminum
11%

By value

Observations

Silicon input accounts for around 15% of total in-
house cost:
— Silicon and silver make up >50% of materials costs of

solar c-Si panels, but material use is becoming more
efficient.

— Polysilicon intensity for c-Si cells dropped by more than
six times between 2004 and 2020 thanks to cell efficiency
improvements.

Cell to module is nearly 60% of total in-house cost.

— Cells are stringed and placed between sheets of EVA
(ethylene vinyl acetate) and laminated; the structure is then
supported with aluminum frames.

Big, integrated companies can exert pressure on
small players that have less cost control.

— Companies with cost advantage and cash holdings will
end up expanding market share.

Source: Sinovoltaics, adapted from BloombergNEF, data as of Q3 2023. Cash cost assumes in-house production from polysilicon modules to integrated solar makers, D&A, SG&A excluded.
Median used for silicon cost: $6 ~$7/kg, $2.14/g polysilicon, $1=¥7 when referring to mainland China factories.

Note: Material composition percentages are averages. Source: |[EA, Solar PV Global Supply Chains; pv-manufacturing.org
Credit: Taicheng Jin, Isabel Hoyos, Max de Boer, Lara Geiger, Marcelo Cibie, Hyae Ryung Kim, and Gernot Wagner (12 September 2024); share/adapt with attribution. Contact: gwagner@columbia.edu
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https://sinovoltaics.com/learning-center/manufacturing/solar-panel-manufacturing-process-from-cell-to-module/
https://astronergy.com.tr/wp-content/uploads/2024/02/BloombergNEF_2023.pdf
https://www.iea.org/reports/solar-pv-global-supply-chains
https://pv-manufacturing.org/
https://business.columbia.edu/faculty/people/gernot-wagner
https://creativecommons.org/licenses/by/4.0/
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Solar PV manufacturing capacity exceeds demand at every step by
at least 70%; overcapacity is expected to last at least until 2030s

Since 2017, solar PV manufacturing capacity has outstripped demand

Global solar PV manufacturing capacity along steps of the value chain (in GW)

1,600

1,400

1,200

1,000

800

600

400

200

Note: Expected demand in 2030 is based on IEA’s Net Zero Emissions (NZE) scenario. Source: |EA, Solar PV manufacturing capacity (2023)
Credit: Taicheng Jin, Hassan Riaz, Max de Boer, Lara Geiger, Marcelo Cibie, Hyae Ryung Kim Gernot Wagner 12 September 2024); share/adapt with attribution. Contact: gwagner@columbia.edu

+ Solar PV demand
B Polysilicon
Il Wafers
M cells
B Modules

2015 2016 2017

2018

In 2022, the lowest capacity in the

production chain was for polysilicon
at 439 GW vs. demand of 261 GW,
resulting in 70% overcapacity.

2019

2020

2021

2022

Announced 2030

capacity

exp.
demand

Observations

» Since 2015, global solar PV

manufacturing capacity has
consistently exceeded demand.

» Global capacity is expected to more

than double in the next five years,
based on investment
announcements and the expected
impact of industrial policies:

— IRA — United States
— The Green Deal — EU

— Production Linked Initiative — India

*  With demand in 2030 expected at

800 gigawatts per year, all currently
announced production capacity
would result in a 30% overcapacity
in 2030.

% Columbia Business School
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China's Longi says it will lay off about 5%
of employees Bloomberg
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Climate Risks, Opportunities, and Geopolitics
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© Climate risk is financial risk
© Solar
© Steel

O Is the goal a high or a low price per tonne of CO,?

Gernot Wagner

gwagner@columbia.edu
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Steel sector Scopes 1 and 2 around 10% of global CO,e emissions

.. . - Y/
CO,e emissions in 2024*: ~50 billion tonnes Bl Scope 1 77 Scope 2
100% 28% 28% 21% 16% 7%
° Non-metallic minerals 2%  Non-ferrous metals 2% Oil 3% Agricultural fuel combustion 4% Other 2% Rail 1%
Refining 4% < . Commercial
0]
Coal mining 7% Natural aas Land use, land-use change and Aviation 10% combustion
o 9 forestry 20%
80% - Chemicals 23% 0% Marine 11%
13%
Waste HfFQs frc:'m
0_.a . retrigeration
Remaining industry 21% angd AIC
60% - 17% 27%
|r0n anf)j/Stee| CropS
17% 0
40% C I 27 /0 Road
oa Q
74% 76% S o
Cement ° o3 2
17% g S @
o —- 3
o/ . —
o 7 Al HES e sg
. 20
Qil gqggas % Iron and steel % 32%
° D 7
0% LSSSSSSSSSSSSSSSSSSS /
Industry Power and Heat Agriculture, land use and waste Transport Buildings

Sources: Scope 1 emissions from Rhodium Group ClimateDeck (September 2024); Scope 2 iron and steel estimate from |[EA (2023); * 2024 emissions based on projections. . .
Credit: Theo Moers, Mimi Khawsam-ang, Max de Boer, Grace Frascati, Hyae Ryung Kim, and Gernot Wagner. Share with attribution: De Boer et al., “Decarbonizing Steel” (27 September 2025). C°|umbla BUSII"IeSS 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
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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 Scrap Electric Arc Furnace Natural Gas-Based Direct
Oxygen Furnace (BF-BOF) (Scrap EAF) 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% \ 21% ' 7%

CO2 per tonne of crude steel 2.4 tonnes 0.98 tonnes 1.4 tonnes

Energy intensity per tonne ~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, Hyae Ryung Kim, and Gernot \WWagner. Share with attribution: De Boer et al., “Decarbonizing Steel” (16 September 2024). . .
% 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://business.columbia.edu/insights/climate/cki
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BF-BOF is the cheapest production method, but regional cost
differences impact margins across production methods

Regional cost differences cause all steel making methods to be competitive Observations

Simplified levelized cost breakdown of crude steel production via conventional routes (in USD per tonne, 2020) » Profit margins across the industry
are slim — the average EBITDA

I Raw materials [l Fixed OPEX NN Regional cost variations margin of steel producers over the
I Fuel I cAPEX past 10 years was 8-10%
= 590 < Avg. 2019-24 ° Raw material and fuel prices can

N steel price* cause strong fluctuations in

\ margins, given that these typically
make up between 60-80% of total
production costs

700

500
460

300 14%

455

— While some of these markets are global
(iron ore), others are more regional (e.g.
electricity, scrap steel) which can drive
regional cost differences

* Labor costs, feeding into fixed

OPEX, are typically higher in

advanced economies than in

emerging economies

+ CAPEX for production equipment
is usually consistent across
regions. However, engineering,
procurement and construction
costs can vary significantly

7

23%

Raw material and
fuel costs typically
make up 60-80% of
production costs

200

100

BF-BOF Scrap EAF DRI-EAF

(*) Average steel price based on Hot Rolled Coil Steel Futures Continuous Contract (HRNOO), average of 2019-24 monthly prices. Source: Market\Watch (2019) McKinsey,|IEA Iron and Steel Technology
Roadmap (2020), European Commission Joint Research Centre Science for Policy Report (2016).
Credit: Mimi Khawsam-ang, Max de Boer, Grace Frascati, Hyae Ryung Kim, and Gernot Wagner. Share with attribution: De Boer et al., “Decarbonizing Steel” (16 September 2024). % Columbia Business School



https://www.marketwatch.com/investing/future/hrn00/download-data
https://www.mckinsey.com/industries/metals-and-mining/how-we-help-clients/steel-lens
https://www.iea.org/reports/iron-and-steel-technology-roadmap
https://www.iea.org/reports/iron-and-steel-technology-roadmap
https://op.europa.eu/en/publication-detail/-/publication/7e4fe297-084c-11e6-b713-01aa75ed71a1/language-en
https://business.columbia.edu/faculty/people/gernot-wagner
https://business.columbia.edu/insights/climate/cki
https://business.columbia.edu/insights/climate/steel
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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

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, Hyae Ryung Kim, and Gernot Wagner. Share with attribution: De Boer et al., “Decarbonizing Steel” (16 September 2024).
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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/
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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 -
solid-state battery, - N
allowing for a E . N\
reversed process = X \
that produces - \
electricity = = K 2= \

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, Hyae Ryung Kim, and Gernot \WWagner. Share with attribution: De Boer et al., “Decarbonizing Steel” (16 September 2024).
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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/
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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,

* lIron 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, Hyae Ryung Kim, and Gernot \WWagner. Share with attribution: De Boer et al., “Decarbonizing Steel” (16 September 2024). . .
% 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
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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/Stegra
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)

<$800 per tonne of steel

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

~$380 — 400 per tonne

Sources: Columbia Center on Global Energy Policy (2021); IEA, Iron and Steel Technology Roadmap (2020); McKinsey (2020); Mining Technology (2023); Tata Steel; Primetals Technologies;
Edie, ArcelorMittal accused of net-zero greenwashing (2023).
Credit: Mimi Khawsam-ang, Max de Boer, Grace Frascati, Hyae Ryung Kim, and Gernot Wagner. Share with attribution: De Boer et al., “Decarbonizing Steel” (16 September 2024).
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https://www.hybritdevelopment.se/en/hybrit-demonstration/
http://www.gwagner.com/h2gs
https://www.electra.earth/technology/
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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://business.columbia.edu/insights/climate/cki
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Case study: Green H, in Steel
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~40 Mt of green steel project announced in Europe by 2023,

implying 2-2.4 Mt green H, demand

As of 2023, ~40 Mt of green steel projects announced in Europe alone

12 Mt
Bl 2-3 Mt
Bl >3 Mt

v*v Stegra HYBRIT v v St
egra
P B > FOSSIL-FREE STEEL LMB SSAB
Four green steel
plants announced
as of 2021
2025 2026 2027 2028 2029 2030
L @ ® ® L @
As of 2023, ~40 Mt
green Steel r SALZGITTERAG
announced in @ Gravit@y TATA STEEL by RS
Europe by 2030 sy voestalpine
‘A Stegra HYBRIT ,w BLASTR ____;j‘ SHS - STAHL-HOLDING-SAAR LKKAB SSAB »"« Stegra
E » B b FOSSIL-FREE STEEL Green Steel e
ArcelorMitial % caLzeiTTERAG P )| LIBERTY ArcelorMittal
ArcelorMittal

Source: Columbia Business School, H2 Green Steel (2024)

Credit: Friedrich Sayn-Wittgenstein, Ellie Valencia, Nadine Palmowski, Hyae Ryung Kim, and Gernot Wagner (12 December 2024); share/adapt with attribution. Contact: gwagner@columbia.edu
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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
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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
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Source: International Energy Agency (IEA); Eurostat; ProMine
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Green Hydrogen (H2) DRI-EAF
64 of 48

© Green H, DRI-EAF process uses green electricity will halve carbon
intensity but increases production costs by 23%

Reduction in Carbon Footprint Increase in Production Costs Observations:
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Source: Terralytiq (2024).
Credit: Theo Moers, Hyae Ryung Kim, and Gernot Wagner. Share with attribution: De Boer et al., “Decarbonizing Steel” (26 March 2025). % Columbia Business School
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The Advanced Manufacturing Production Credit could provide as much as a 60%
subsidy for domestic solar production, if the full value chain is on-shored

Impact of IRA on domestic solar value chain

v

Polysilicon

Production Credit:
$3.00 / kg

Credit per Watt dc:
$0.02 /W

Wafer

Production Credit:
$12.00/sqgm

Credit per Wattdc:
$0.07 /W

v

Cell

Production Credit:
$0.04 /W

v

Module

Production Credit:
$0.07 /W

% of US-produced module price"):
6%

% of US-produced module price:

21%

1) Based on First Solar "average selling price" per module, as per company earnings calls and annual reports

Source: DOE, H.R. 5376 Inflation Reduction Act of 2022, First Solar 2020 10K, Roland Berger

% of US-produced module price:
12%

% of US-produced module price:
21%

Roland Berger



Climate Risks, Opportunities, and Geopolitics
28 May 2025

© Climate risk is financial risk
© Solar
© Steel

O Is the goal a high or a low price per tonne of CO,?

Gernot Wagner

gwagner@columbia.edu
gwagner.com
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How to judge climate policies
Think “carbon price”, explicit or implicit

High price and/or(?!) Low cap

Mt CO,-equivalent
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Keohane & Wagner “Judge a carbon market by its cap, not its prices” FT (2013) & Wagner “Taming Carbon” Milken Review (2023)
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Carbon price for EUA Futures, 2005-2016
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Source: Bayer & Aklin PNAS (2020)




ATT Estimates for EU ETS, 2008-2016

Generalized synthetic control
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Source: Bayer & Aklin PNAS (2020)
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How to judge climate policies
Think “carbon price” or cap, explicit or implicit

 Low cap = high carbon price
But also:

« High price - low CO, ‘demand’ - low price

* Race between price & cap on one hand, and clean-energy
transition on the other

Does ‘success’ mean a high carbon

price or a low cap?

Keohane & Wagner “Judge a carbon market by its cap, not its prices” FT (2013) & Wagner “Taming Carbon” Milken Review (2023)
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