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Fossil vs. renewable power prices
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Utility-scale solar and wind now cheaper than fossil fuels,
battery storage costs not far behind and falling fast

Levelized cost of electricity (LCOE) & storage (LCOS) ($USD/MWh) Observations

» Solar photovoltaic (PV) prices
dropped by ~80% in the past
decade, wind by ~70%, and lithium-
ion battery costs by ~90%.

1,000

= Coal
900 |~ Gas Combined Cycle

= US Nuclear . T
. - PV price drop primarily driven by
800 | = Wind Onshore improvements in module efficiency and

Solar PV economies of scale.

700 |=— + Storage - Onshore wind remained the cheapest for

the longest, now beaten by PV.
- Lithium-ion battery costs fell 20% in 2023

600

alone.
Solar PV prices dropped .
~90% in 12 years, ~99% + Gas combined cycle power plants

500 in 40 years. cheaper than coal, more expensive

than both solar and wind.

400 - Rapid scale-up of utility-scale batteries
“killer app” to replace gas on grid.

300 - Battery prices expected to continue
falling due to cell manufacturing
overcapacity, economies of scale, and

200 switch to lower-cost lithium-iron-phosphate
(LFP) batteries.
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Sources: Lazard, LCOE+ (2025); Our World in Data, Our World in Data (2024); Energy Institute, Statistical Review of World Energy (2024); BNEF, Battery Price Survey (2024); Kavlak et al., Columbia Business School

Evaluating the Causes of Cost Reduction in Photovoltaic Modules (2018). CI. K | Initiati
Credit: Hyae Ryung Kim, Xiaodan Zhu, and Gernot Wagner. Share with attribution: Kim et al., “Scaling Solar” (14 August 2025). imate Knowl edge nitiative



https://www.lazard.com/media/uounhon4/lazards-lcoeplus-june-2025.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/pii/S0301421518305196
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Case study: Texas vs. California
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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)

CAGR ‘“10-15 CAGR “15-20 CAGR ‘20-'24
CA: 71% CA: 15% CA: 12%
TX: 87% TX: 73% TX: 54%
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Source: ACP, Clean Power in 2024 (2025); EIA, Solar, Battery Storage to Lead New U.S. Generating Capacity Additions in 2025 (2025).
Credit: Hyae Ryung Kim, Taicheng Jin, Isabel Hoyos, and Gernot Wagner. Share with attribution: Kim et al., “Scaling Solar” (14 August 2025).

Observations

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

Texas installed nearly 9 GW of new solar by the
end of 2024 — over one-fourth of the U.S. 2024
additions — for a total capacity of 27.5 GW (ACP).

Texas is expected to install 11.6 GW new utility-
scale solar in 2025 (EIA).

Texas’ advantage:

@ Deregulated, electricity-only energy market
@ Streamlined approval process

@ Abundant land

© Minimal state-incentives

California’s challenge:

@ Strong state incentives

© Strict regulations

© Interconnection delays

% Columbia Business School
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OBBBA
40f25

One Big Beautiful Bill Act phases out incentives for solar & wind,
biggest impacts on EV adoption and US manufacturing

Technology Incentives (2022-2025) vs Policy Changes (2025 onward)

Industry Outlook?in the U.S. with OBBBA

Solar & Wind

:

48E and 45Y credits available until 2033
Phased out after 2027"; sourcing rules tightened (FEOC)

45V credit available until 2033

Phased out by 2028

30D, 25E, and 45W credits for EVs; 30C for charging infrastructure
Phased out by 2026 (30D/25E/45W by Oct 2025, 30C by Jul 2026)
45X and 28C credits support clean tech supply chain

45X phased out after 2027 (wind) and 2028 (solar/storage);

48C compromised by sourcing rules

45Q credit available until 2033

Preserved; EOR provisions enhanced

48E credit available until 2033

Preserved in full

457 credit available until 2027

Extended to 2029; feedstock sourcing rules tightened; capped SAF
48E and 45Y credits available until 2033

Preserved in full

ITC/PTC for new, 45U for existing plants available until 2033
Preserved in full; fuel sourcing rules apply after 2028

Continued growth trend through 2030,
significant slow-down by 20353
Overall higher electricity end-user prices

Deployment undermined by weak demand,
loss of incentives, and sourcing restrictions

Consumer adoption hit by loss of credits and
policy uncertainty

Clean energy manufacturing hit by loss of
credits and supply chain constraints
Subsidy loss threatens existing investments

Preserved credits support growth,
challenged by foreign entity restrictions

Slow adoption, challenged by foreign
entity restrictions

Moderate growth from low baseline
R&D support for superhot geothermal

Challenges remain for large ~1GW reactors
More optimistic outlook for SMRs, XMRs

(1) Construction by 4 July 2026 = 4 years to completion, after = in service before 2028. (2) EV, Carbon Capture, Energy Storage, Biofuels, Hydrogen and Oil, Gas & Coal’s Outlook use EIA’s reference
case and alternative transportation case. (3) Outlook expectations for solar and wind based on EIA's 2025 AEO, using "Reference" Case and "High Zero-Carbon Technology Cost" Case. Sources:
Congress, One Big Beautiful Bill Act (2025); DOE, Inflation Reduction Act (2022); Norton Rose Fulbright, Effects of "One Big Beautiful Bill" On Projects (2025); CKI Analysis (2025). Credit: Mariana
Castario, Ariela Farchi, Nicolas Herrera Isaza, Isabel Hoyos, Hyae Ryung Kim, and Gernot Wagner. Share with attribution: Castafio et al, “Climate Impact of One Big Beautiful Bill Act” (15 July 2025).
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https://www.congress.gov/bill/119th-congress/house-bill/1/text
https://www.energy.gov/lpo/inflation-reduction-act-2022
https://www.projectfinance.law/publications/2025/july/effects-of-one-big-beautiful-bill-on-projects/
https://business.columbia.edu/faculty/people/gernot-wagner
https://business.columbia.edu/insights/climate/cki
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L HERE COMES THE SUN the past and a possible future

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

-
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a
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: 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

7 of 30

Large spread of solar, wind, and grid storage pathways...
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Consistently high (>75%) renewables share by 2050

Correspondingly low fossil electricity share (<20%)

a Renewable electricity share b Fossil electricity share
100 = 100 =
80 80 =
S £ 60
L)) 1]
g <
o 40 5 40
20 - 20
0 I 1 ] | ] 0
2025 2030 2035 2040 2045 2050 2025 2030 2035 2040 2045 2050
Year Year

$ Columbia Business School
Moers, Fioriti & Wagner, “Innovation uncertainty shapes divergent pathways toward decarbonization,” Mimeo (31 May 2026) Climate Knowledge Initiative
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Early decarbonization investments are key to keeping temperatures
within livable range and saving trillions in climate costs

Even the least-ambitious Shell scenario reaches near-zero emissions by 2100, but speed Low-carbon investment has risen rapidly

3,000 -

is essential to avoid the worst climate impacts and runaway economic costs recently, though ~2.5-3.5x gap remains
IPCC SSP1-2.6 — — IEA Net Zero by 2050 Shell Archipelagos ® Median
== |PCC SSP2-4.5 IEA Announced Pledges —— Shell Horizon “Likely” ranges Actual
—— IPCC SSP3-7.0 IEA Stated Policies Shell Surge “Probable” outcomes I [EA Net Zero by 2050 scenario
Annual global CO, emissions, GtCO, Projected average Climate Annual investments, US$B q@
global warming?, °C impacts, %
90 1 - 50 GDP loss 8,000 - 7,800
- IEA Net Zero by 2050 ~
75 - =" - 4.5 7,000 - requires a rapid increase < 2.5x
= in early investments
- r 40 6,000 - 5 600
60 A i IPCC SSP2-4.5 and 35 ’
< | 500 1
45 - = - 3,0
C. ° 4,000 - ) ,
| NN 2,3 L 25 Current investment is
30 N o o ’ aligned with the Shell
\ N\ 1,8 | '

| Archipelagos scenario
15 - N 022 20 2,300
AN . e 2,000 -

0 T T T A\ T . 1 1’000 u

15 T T L 0,5 0
2000 2020 2040 2060 2080 2100 2015 2020 2025 2030 2050

" Global warming by 2100 above 1850-1900 average, with 66% “likely” ranges. “Probable” ranges are based on own best estimate of current trends.

2 Global warming of >2°C is expected to trigger tipping points with large, highly uncertain costs — e.g., Moore et al., PNAS (2024); Dietz et al., PNAS (2021).

Sources: IPCC, Climate Change Synthesis Report (2023); Shell, The Energy Security Scenarios (2025); IEA, World Energy Outlook (2024); Nature, Emissions — the ‘business as usual’ story is Columbia Business Schoo|
misleading (2020); BNEF, Energy Transition Investment Trends (2026). . T

Credit: Anika Behrndt, Zacharia Thurston, Isabel Hoyos, Hyae Ryung Kim, and Gernot Wagner. Share with attribution: Wagner et al., “Probable Climates” (27 January 2026). Climate Knowledge Initiative



https://www.pnas.org/doi/10.1073/pnas.2410733121
https://www.pnas.org/doi/10.1073/pnas.2103081118
https://www.ipcc.ch/report/ar6/syr/downloads/report/IPCC_AR6_SYR_FullVolume.pdf
https://www.shell.com/news-and-insights/scenarios/the-2025-energy-security-scenarios.html
https://www.iea.org/reports/world-energy-outlook-2024
https://www.nature.com/articles/d41586-020-00177-3
https://www.nature.com/articles/d41586-020-00177-3
https://www.nature.com/articles/d41586-020-00177-3
https://www.nature.com/articles/d41586-020-00177-3
https://about.bnef.com/insights/finance/energy-transition-investment-trends/#download-report-summary
https://business.columbia.edu/faculty/people/gernot-wagner
https://business.columbia.edu/insights/climate/cki

Passenger Vehicles
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Combustion engines account for >60% global oil consumption,
with ~50% of those vehicles electrifiable in the short term

Oil is the largest fossil fuel due to transportation, where only passenger vehicles (~50%
demand) have a clear electrification path; shipping and aviation lack ready alternatives

Global annual oil
demand, barrels

Global annual fossil fuel
consumption, EJ

Global oil demand by
transportation modes, %

As road transport
electrifies, its emissions
shift from the Transport

504 EJ 38 barrels 100%

sector (direct
combustion; scope 1) to

Oil Passenger cars Power and Heat

0 Short-term (indirect electricity use;
40% 39% PN PN gl ] scope 2). If electricity
Transportation potential demand outpaces the

64% grid's transition to clean
energy, this could

Light commercial vehicles
12%

Medium & heavy-duty trucks
12%

temporarily increase
_ power-sector
emissions.

Medium-term

Long-haul trucks — electrification

16% potential
Rail, 3% _J
Marine shipping, 11% Uncertain
— electrification

potential

Aviation, 8%

Sources: IEA, World — IEA Oil (2024); Visual Capitalist, Charted: What Powered the World in 20237 (2024);
Credit: Anika Behrndt, Soraya van Beek, Paul Greitemann, Isabel Hoyos, and Gernot Wagner , Share with attribution: Wagner et al. “Decarbonizing Transport” (8 May 2026).

Observations

+ Transportation is still the major
off-taker of current oil production
— with over 64% of around 38
billion barrels of oil being
consumed

* Smaller engines, making up
around 60% of the transportation
sector and used in passenger
and light commercial vehicles,
are easier to electrify

» Direct electrification faces
structural constraints in high
energy-density applications, as
used in shipping, trucking and
aviation. Decarbonization
pathways likely rely on synthetic
fuels, biofuels, hydrogen
derivatives, and efficiency
improvements rather than direct
electrification

% Columbia Business School
Climate Knowledge Initiative


https://www.iea.org/world/oil
https://www.iea.org/world/oil
https://www.iea.org/world/oil
https://www.visualcapitalist.com/visualizing-global-energy-production-in-2023/?utm_source=chatgpt.com
https://business.columbia.edu/faculty/people/gernot-wagner
https://business.columbia.edu/insights/climate/cki

Road (freight)
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Battery prices are falling, strengthening the case for electrified
medium trucks, though input costs remain volatile

Price of select battery materials relation with battery cost of medium trucks, USD between 2015 and 2024

450 - Spike in nickel sulfate and lithium carbonate
Cobalt sulfat prices results from a combination of post-
400 - obalt sultate Covid demand surge in EV, supply chain
—— Lithium carbonate constraints (battery-grade lithium and
350 - Nickel sulphat nickel), and speculative stockpiling
— NICKel sulpnate
300 A Manganese flake
250 - — Phosphoric acid
200 - —@— Battery cost MHD
150 - 100
100 st L= 57—= -
I y ——/—— o —
——o—
50 A
0 I I I I I I I I 1
2016 2017 2018 2019 2020 2021 2022 2023 2024

Global battery prices are projected to fall to ~ $80/kWh by 2026, nearly a 50% drop from 2023 levels, and mainly driven by technological advancements such as 30% higher
energy density cells. While innovations like that reduce the TCO of LDV and smallest medium-duty trucks (class 3-6), this doesn’t extend to heavy-duty trucks (class 7-8)
immediately, whose battery cost is projected to remain above $100/kWh by 2026 in the U.S., even under an aggressive technological progress.

Sources: Energy Innovation, Price of Batteries (2024); IEA, Price of Select ltems of Lithium Batteries (2023); Goldman Sachs, Electric Vehicle Prices (2024), Argonne, Cost Analysis and Projections for

U.S.-Manufactured Automotive Lithium-ion Batteries (2024). % Columbia Business School
Credit: Claire Graham, Brenda Rain, Hyae Ryung Kim, and Gernot Wagner, Share with attribution: Jin et al., "Trucks" (1 December 2025). Climate Knowledge Initiative



https://energyinnovation.org/wp-content/uploads/Fast-Falling-Battery-Prices-Boost-Economic-Benefits-Expected-from-Heavy-Duty-Vehicle-Electrification.pdf
https://www.iea.org/data-and-statistics/charts/price-of-selected-battery-materials-and-lithium-ion-batteries-2015-2024
https://www.goldmansachs.com/insights/articles/electric-vehicle-battery-prices-are-expected-to-fall-almost-50-percent-by-2025
https://publications.anl.gov/anlpubs/2024/01/187177.pdf
https://publications.anl.gov/anlpubs/2024/01/187177.pdf
https://publications.anl.gov/anlpubs/2024/01/187177.pdf
https://publications.anl.gov/anlpubs/2024/01/187177.pdf
https://publications.anl.gov/anlpubs/2024/01/187177.pdf
https://publications.anl.gov/anlpubs/2024/01/187177.pdf
https://business.columbia.edu/faculty/people/gernot-wagner
https://business.columbia.edu/insights/climate/cki
https://business.columbia.edu/insights/climate/trucks

Biofuels
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Biofuels rapidly expanding in heavy trucking, with long-term
growth in power, industry, aviation, and maritime

Global biofuels demand projectionin NZE scenario, EJ Observations

Focus of this document [l Transport [l Industry [ Building Il Power Power generation will account for a major share of biofuel
production toward net-zero emissions, mainly from
biomethane and advanced fuels from biomass feedstock,

Transport: Biofuel use will decline post-2035 due to which will comprise ~60% of total bioenergy.

electrification in road transport, especially for passenger cars,

87 though aviation will still have a significant share of biofuels. Hard to abate industries (e.g., cement) will gradually shift to
Shipping will mainly be dominated by ammonia as the primary bioenergy, in addition to increasing efficiency and expanding
@ —| low-emission fuel uses. electrification and carbon capture efforts.
L ) . . Transport: Biofuel growth in the transport sector is significantly
Industry: Solid bioenergy-based' fuels will replace fossil influenced by the expansion of electric vehicles in road
| fuels (fuel oil and natural gas) to run high-temperature transport and the cost competitiveness of hydrogen.

processing units.
Road transport: Biofuels remain the dominant pathway for

o Buildings: Will mainly use biomethane and modern solid ay0|d|ng_0|l demand_ln 1D el segments. 2% outpgce
biofuels in the gasoline segment, leading to the potential

bioenergy-based fuel.’ : .
Note: Buildings’ demand for biofuel excludes traditional biomass. CealiD @F SEUE] posi-AlE.

Aviation: Biofuel and hydrogen-based (synfuel) sustainable
aviation fuel will have the majority share. Synfuel share is
expected to pick up by 2035, as the technology is maturing.

Shipping: Biodiesel currently holds a small share in the
bunker market but is expected to reach ~20% by 2050, with
hydrogen and ammonia accounting for the remainder.

—— Power: The share of bioenergy to power sector for biomethane
and modern solid bioenergy will increase.! Countries with the
biggest bioenergy-based power generation are Brazil, China, the
U.S., and Canada.

2022 2030 2035 2050

1) Includes charcoal, fuelwood, dung, agricultural residues, wood waste, and other solid biogenic wastes — except the traditional use of biomass.

Sources: IEA, Net Zero Roadmap (2023); IEA, Transport biofuels (2023); Boston University, \WWhat Countries Have the Greatest Bioenergy Power Capacity? (2023). . .

Credit: Birru Lucha, Hyae Ryung Kim, and Gernot Wagner. Share with attribution: Lucha et al., "Biofueling Transport” (19 November 2025). quumbla Bu3|n93$ SChOOI
Climate Knowledge Initiative



https://www.iea.org/reports/net-zero-roadmap-a-global-pathway-to-keep-the-15-0c-goal-in-reach
https://www.iea.org/reports/renewables-2023/transport-biofuels
https://visualizingenergy.org/what-countries-have-the-greatest-bioenergy-power-capacity/
https://business.columbia.edu/faculty/people/gernot-wagner
https://business.columbia.edu/insights/climate/cki
https://business.columbia.edu/insights/climate/biofuels
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SAF is the only near-term option for aviation emissions abatement,
but production capacity remains insufficient and uncompetitive

Types of SAF

O R&D / pilot scale

O Ready for commercialization

. Mature and commercialized

Fuel products

Fischer-Tropsch (FT)

HEFA?

Alcohol to Jet (AtJ)

o

Power to Liquid (PtL)

Use in o , Aviation (drop-in o , r ,
Aviation Aviation (drop-in SAF) SAF) Aviation (drop-in SAF)  Aviation (drop-in SAF)
Power-to-Liquid (DAC
Technology Gasification Hydrotreating Alcohol to Jet and Renewable
Electricity)
Technology
maturity O ‘ O O
Max Blend % o o o o
(ASTM) Up to 50% Up to 50% Up to 50% Up to 50%
Est. Cost
(USD/gal) $5.00-9.00 $4.00-6.00 $3.00-8.00 $6.00-12.00
i >90% (if powered with
co, ~60-80% ~60-80% 00-85% (depends on 4440, renewable
Reduction feedstock & tech) -
electricity)
Challenges Depends on renewable Feedstock availability Tech complexity, Cost, electricity need,

feedstock

feedstock scale

carbon source purity

' Sustainable Aviation Fuel (SAF) refers to non-fossil-derived aviation fuels that meet strict technical and sustainability criteria; 2HEFA: Hydrotreated Esters and Fatty Acids.
SAF can be "drop-in," meaning it can be used in existing aircraft engines and infrastructure with no modifications, while reducing lifecycle CO, emissions by up to 90% compared to conventional Jet-A.

3Carbon Offsetting and Reduction Scheme for International Aviation.
Sources: IEA, Net Zero Roadmap (2023); IEA, Transport Biofuel (2023); ICCT, Fact Policies (2024).
Credit: Augusto Agazzi, Andrea Castro, and Gernot Wagner. Share with attribution: Wagner et al. “Decarbonizing Transport” (8 May 2026).

Observations

HEFA is leading SAF deployment due to technical
maturity, wide feedstock base (e.g., UCO, animal
fats), and ASTM certification (Annex A2). However,
feedstock scarcity may limit scale

Advanced SAF and FT, offers diverse feedstocks
and higher potential CO, reductions, but technologies
face complex scale-up and cost challenges

Power-to-Liquid (PtL) has the highest climate
benefit, but is currently cost-prohibitive, highly
energy-intensive, and depends on availability of
green electricity and pure CO, streams

Policy frameworks like CORSIA3, ReFuelEU, and
the U.S. SAF Grand Challenge are accelerating
commercialization, but infrastructure, incentives,
and mandates are still needed to bridge the cost gap

— Columbia Business School
Climate Knowledge Initiative



https://www.iea.org/reports/net-zero-roadmap-a-global-pathway-to-keep-the-15-0c-goal-in-reach
https://www.iea.org/reports/renewables-2023/transport-biofuels
https://theicct.org/wp-content/uploads/2024/11/ID-225-%E2%80%93-SAF-scorecard-fact-sheet_final.pdf
https://business.columbia.edu/insights/climate/cki

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



Large abatement opportunities available at low or no cost
McKinsey Global v2.0 effort identified 38 GtCO,e abatement potential in 2030
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Cow penenanon g —— Coal LLS new pund

Power plant biomass

co-firing

|— Waste recycling
| o

T 1 1 ]
JJ,UL—I 10 15 L [ 20 i B
Organic soil restoration

Geothermal

Grassland management
Reduced pastureland conversion
i — Reduced slash and burn agriculfure conversion
— Small hydro
— 1% generation bicfuels
L Rice management
— Efficiency improvements other industry
- — Electricity from landfill gas
— Clinker substitution by fly ash
Cropland nutrient management
L Motor systems efficiency
L Insulation retrofit {commercial)

- Lighting — switch incandescent to LED (residential)

SCC =>$100/tCO,

30

Coal CCS retrc:ﬁt—l —‘
38

35

Abatement potential

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: Glohal GHG Abatement Cost Curve v2.0

GtCO,e per year
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10 % of techs in the money today — steep cost-down to 2030
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Estimated abatement costs, USDICO.e
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100$/tCO, carbon tax would make most techs comi:;etitive =
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Despite its dependence on critical minerals, energy transition’s
material footprint lower than that of the fossil-fuel economy

Fossil fuels have higher material intensity and, unlike
renewables, require continuous mining & extraction

The energy transition will increase mineral demand, but
decrease total material footprint, despite growing energy supply

Mining requirements for energy sources, tonnes of material/GWh

~1,200
1,200 - I Mined materials
1,100 - I Oil & gas extracted
1,000 -~
600 ~

Internal combustion engines
500 A ~20-40% efficient, compared
to EVs’ 80-90%

400 A
300 A
200 A
0 Il = == =
Coal Oil Gas Wind  Solar PV Battery Wind  Nuclear
(onshore) storage (offshore)

" Based on the |IEA scenario keeping temperature rise to 1.75°C by 2100.

Sources: Wurmsdobler, Mineral Resource Usage for the Energy Transition (2025); Sustainable Energy Transitions Require Enhanced Resource Governance (Journal of Cleaner Production, 2021);

Material requirements of the energy transition (electricity and transport) v.
growing global energy supply', 2015-2050, Gt/year v. EJ/ year

I Vetals M Fossil fuels — Energy Supply

o o Yo}
(a2] < <t
o o o
N N N

(e} o Yo}
oy AN AN
o o o
N N N

Energy Outlook 2025 (IEA, 2024).; Mining for Electricity (Our World in Data, 2022).

Credit: Leo Gordon, Isabel Hoyos, Ariela Farchi, Hyae Ryung Kim, and Gernot Wagner. Share with attribution: Wagner et al., "Mining for the Energy Transition" (10 April 2026). Climate Knowledge Initiative
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https://peter-wurmsdobler.medium.com/mineral-resource-usage-for-the-renewable-energy-transition-829a4dd85d6d
https://www.sciencedirect.com/science/article/pii/S0959652621019168
https://iea.blob.core.windows.net/assets/9753df19-0a71-422a-b725-012c555763b3/WorldEnergyOutlook2025.pdf
https://business.columbia.edu/faculty/people/gernot-wagner
https://business.columbia.edu/insights/climate/cki

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.

200 ey & .. .
How costly, or costless, is climate — PAGE © PAGE 25-75th
emissions mitigation? p. 1001 150 ~ U FUNDZ9 750
McKinsey
& IPCC

i |PCC baseline range
k4 |[PCC uncertainty range

Cost in USD/tCOz-eq
o
o

eviacid tor The acean could Molecular mavery of levion g How cony, or coatiens, i clmle
sk plabal warming Ofik phalolyase |

. —

- + 1 T
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. “The costs of “costless” climate mitigation.” Science (30 November 2023).



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
Transporto € pertCO.e

Cement

Buildings

Source: Global GHG Abatement Cost Curve v2.0



Transition results in net economic gain
Estimated cumulative GDP impact of transition, 2020-40
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Cost-effective, deployable solutions can partially abate cement
emissions; full decarbonization requires emerging technologies

Energy efficiency

Heat optimization

Alternative fuels:

biomass/waste

O R&D/Lab stage

Clinker substitution

Blended cement:
Traditional SCMs

Blended cement:
| ox}

Alternative production technologies

‘ Thermal batteries®

Alternative
feedstock

Electrochemical
production

O Pilot plant stage 0 Ready for commercialization . Mature and commercialized

Carbon capture
CCus/CCs

Description Levers include: » Using biomass + Supplementary * Limestone » High-temperature * Non-carbonate * Electrochemistry * Retrofitting plants
+ Vertical mills or and waste as heat cementitious calcined clay thermal batteries, rocks can replace can break down with carbon
high-pressure sources can lower materials (SCMs) cement (LC3) powered by cheap limestone as limestone instead capture can
grinding rolls thermal emissions. < Can partially * Blended cement electricity, can feedstock. of high-heat kilns. remove CO,
« Kiln preheaters and —  Currentkiln heat replace clinker in that uses replace fossil- + Can avoid the + Combined with released during
improved insulation z‘;‘r’rf’i'ri’;tsego(s;g;/z“e' blended cements. limestone and fueled rotary kilns. chemical non-carbonate clinker production.
» Waste heat use coal, 25% oil and » SCMs include calcined clay » Can be connected emissions of feedstock, it can » Captured CO; can
* Digital process gas). CCR, steel + Can replace more to the grid or limestone fully decarbonize serve as
control furnace slag, and clinker than powered by off- calcination. cement feedstock, fuels, or
natural pozzolans. traditional SCMs. grid renewables. production. building materials.
Addressed Thermal Thermal Thermal and chemical ~ Thermal and chemical = Thermal Chemical Thermal Thermal and chemical
emissions
Limiting CapEx Feedstock availability Material availability Retrofit and CapEx New tech, CapEx, New tech, CapEx New tech, CapEx, High CapEXx,
factor and cost and depletion energy cost energy cost infrastructure
TRL °
® @ @ @ D D D ®
Abatement ~9% (2030) ~4% (2030) ~12% (2030) ~8% (2030) ~4% (2030)? ~4% (2030) ~15-20% (2030)? ~19% (2030)
potential ~19% (2050) ~27% (2050) ~39% (2050) ~32% (2050) ~12% (2050) ~11% (2050) ~70-80% (2050) ~69% (2050)*
Abatement -46.3 / 39 (2030) -80 / -40 (2030) -97.7 / - 35 (2030) -82.7 / - 32.2 (2030) 159/ 414 (2030)3 -44.2 /9 (2030)3 287 /593.4 (2030)3 167 / 364 (2030)2

cost, $/tCO,e

-26.9/ 14 (2050)

-25.4 / -8 (2050)

-48.2 /- 19 (2030)

-33.2/-11.5 (2050)

37/ 132 (2050)

-15.4 / 2 (2050)

74 / 152 (2050)

46.3 /101 (2050)

"Unconstrained theoretical abatement potential for a given tonne of cement produced for each approach in isolation. 2Assumes clean energy source. 3Abatement cost of emerging technologies is based on

estimates and has high uncertainty. “Reflects the approximate emissions gap after other measures, not a fixed technical limit. 5Despite TRL9, market penetration remains minimal due to slow standards
adoption, limited supply chain coordination, and conservative procurement practices. 6Thermal batteries abatement potential and cost are based on off-grid renewables.

Sources: DOE, Liftoff Report (2023); Mission Possible, Net-zero concrete and cement (2023); CATF, Recasting the Future (2025); ACA, Roadmap to Carbon Neutrality (2021); GCCA, Concrete Future
(2022); ClimateWorks Foundation, Low-carbon cement (2023); Energies, Alternative Fuels and Energy Efficiency in Cement (2023); International Journal of Greenhouse Gas Control, BioCCS in cement
(2023); IEA, Bioenergy Annual Report (2022); RMI, The Business Case for LC3 (2024); Energy Innovation, Industrial Thermal Batteries (2023).

Credit: Camilo Avilés, Nicolas Herrera Isaza, Soraya Van Beek, Isabel Hoyos, Hyae Ryung Kim, and Gernot Wagner. Share with attribution: Wagner et al., “Decarbonizing Cement” (20 July 2026).

Columbia Business School
Climate Knowledge Initiative



https://climateprogramportal.org/resource/pathways-to-commercial-liftoff/
https://www.missionpossiblepartnership.org/cc-report-get-the-report/
https://www.missionpossiblepartnership.org/cc-report-get-the-report/
https://www.missionpossiblepartnership.org/cc-report-get-the-report/
https://www.catf.us/resource/recasting-future-policy-approaches-drive-cement-decarbonization/
https://www.cement.org/a-sustainable-future/roadmap-to-carbon-neutrality/
https://gccassociation.org/concretefuture/
https://www.climateworks.org/blog/how-low-carbon-cement-can-benefit-emerging-economies-and-the-planet/#:%7E:text=LC3%20can%20reduce%20CO,with%20calcined%20clay%20and%20limestone.
https://www.climateworks.org/blog/how-low-carbon-cement-can-benefit-emerging-economies-and-the-planet/#:%7E:text=LC3%20can%20reduce%20CO,with%20calcined%20clay%20and%20limestone.
https://www.climateworks.org/blog/how-low-carbon-cement-can-benefit-emerging-economies-and-the-planet/#:%7E:text=LC3%20can%20reduce%20CO,with%20calcined%20clay%20and%20limestone.
https://doi.org/10.3390/en16083533
https://doi.org/10.1016/j.ijggc.2023.103864
https://doi.org/10.1016/j.ijggc.2023.103864
https://www.ieabioenergy.com/blog/publications/iea-bioenergy-annual-report-2023/
https://rmi.org/wp-content/uploads/dlm_uploads/2024/12/the_business_case_for_LC3_report.pdf
https://energyinnovation.org/wp-content/uploads/2023/07/2023-07-13-Industrial-Thermal-Batteries-Report-v133.pdf
https://business.columbia.edu/faculty/people/gernot-wagner
https://business.columbia.edu/insights/climate/cki
https://business.columbia.edu/insights/climate/cement
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Emerging technologies like thermal batteries, alternative feedstock,
and electrochemistry are key to achieving full decarbonization

Abatement cost! vs. potential? for key decarbonization pathways by 2030 vs. 2050

2030 Electrochemical
600 A
500 1 Thermal
< batteries*
o 400 1 CCUSICCS®
Q
S 300 - )
- 10% 1 209
7]
S 200 A
5
qE, 100 1 LC33 Alt. feedstock
-ﬁ 10% Abatement Potential (%)
100 I 10% £neray
SCMs efficiency
-200 59,
Alt. fuels

Electrochemical
production
CCUS/CCS® 70%
70%

2050
600
500
400
300
200 Thermal
batteries*
Energy
100 LC33 efficiency
30% 20%
0 *—
30% 10%
100 4 9% Alt.fuels Alt. feedstock
-200

Abatement Potential (%)

TAbatement cost of emerging technologies is based on estimates and has high uncertainty. 2Abatement potential is calculated as unconstrained and theoretical for each approach in isolation.
3Despite TRL 9, market penetration of LC3 remains low due to slow standards adoption, limited supply chain coordination, and conservative procurement practices. “Thermal batteries' abatement
potential and cost are based on off-grid renewables; see slide 28 for grid power. SCCUS/CCS calculations reflect the approximate emissions gap after other measures, not a fixed technical limit.

Sources: DOE, Liftoff Report (2023); Mission Possible, Net-zero concrete and cement (2023); CATF, Recasting the Future (2025); ACA, Roadmap to Carbon Neutrality (2021); GCCA, Concrete Future

(2022); ClimateWorks Foundation, Low-carbon cement (2023); Energies, Alternative Fuels and Energy Efficiency in Cement (2023); International Journal of Greenhouse Gas Control, BioCCS in
cement (2023); IEA, Bioenergy Annual Report (2022); RMI, The Business Case for LC3 (2024); Energy Innovation, Industrial Thermal Batteries (2023).

Credit: Camilo Avilés, Nicolas Herrera Isaza, Soraya Van Beek, Isabel Hoyos, Hyae Ryung Kim, and Gernot Wagner. Share with attribution: Wagner et al., “Decarbonizing Cement” (20 July 2026).

Observations

Currently deployable measures can
deliver up to 30% emission
reductions through energy
efficiency, alternative fuels, and
blended cement (conventional
SCMs and LC3).

Alternative feedstock and
electrochemical production can
virtually eliminate cement
production emissions, but require
significant technological
advancements and transformational
changes to production process.

Thermal batteries' successful
deployment depends heavily on
low-cost and low-carbon
electricity.

Electrochemistry faces challenges
including high energy demand and
competition for feedstock.

CCS costs vary widely depending
on carbon transportation and
storage infrastructure.

Columbia Business School
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https://liftoff.energy.gov/industrial-decarbonization/low-carbon-cement/
https://www.missionpossiblepartnership.org/cc-report-get-the-report/
https://www.missionpossiblepartnership.org/cc-report-get-the-report/
https://www.missionpossiblepartnership.org/cc-report-get-the-report/
http:///
https://www.cement.org/a-sustainable-future/roadmap-to-carbon-neutrality/
https://gccassociation.org/concretefuture/
https://www.climateworks.org/blog/how-low-carbon-cement-can-benefit-emerging-economies-and-the-planet/#:%7E:text=LC3%20can%20reduce%20CO,with%20calcined%20clay%20and%20limestone.
https://www.climateworks.org/blog/how-low-carbon-cement-can-benefit-emerging-economies-and-the-planet/#:%7E:text=LC3%20can%20reduce%20CO,with%20calcined%20clay%20and%20limestone.
https://www.climateworks.org/blog/how-low-carbon-cement-can-benefit-emerging-economies-and-the-planet/#:%7E:text=LC3%20can%20reduce%20CO,with%20calcined%20clay%20and%20limestone.
https://doi.org/10.3390/en16083533
https://doi.org/10.1016/j.ijggc.2023.103864
https://doi.org/10.1016/j.ijggc.2023.103864
https://www.ieabioenergy.com/blog/publications/iea-bioenergy-annual-report-2023/
https://rmi.org/wp-content/uploads/dlm_uploads/2024/12/the_business_case_for_LC3_report.pdf
https://energyinnovation.org/wp-content/uploads/2023/07/2023-07-13-Industrial-Thermal-Batteries-Report-v133.pdf
https://business.columbia.edu/faculty/people/gernot-wagner
https://business.columbia.edu/insights/climate/cki
https://business.columbia.edu/insights/climate/cement
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Clinker production ~85% of cement emissions;
dry kiln adoption has led to significant efficiency gains

Clinker production is the first step in concrete
production? Dry kilns have replaced wet kilns for clinker production

Kilns energy efficiency, GJ/ton clinker

CaCO; + heat = CaO + CO, m m
Raw meal Clinker i £ L% Concrete
\’_‘\\‘ —~ .

B g

Wet kiln Avg. dry kiln Optimized dry kiln

0 Preheat e Precalcining @ Melting clinker Observations
» Calcination of limestone and combustion of fuels used to bring limestone to the

required temperature account for ~90% of clinked production emissions.

* Vertical cyclones » Limestone is partially * Precalcined meal

with exhaust gases decomposed into enters the rotary kiln » The industry is rapidly shifting to adopt dry kilns, with over 80% of global and

from the kiln are lime in a combustion heated to 1,450°C 90% of European clinker production now using dry kilns. This shift reflects a clear

heated at ~900°C. chamber before with fossil fuels willingness and capacity to change best practices to favor efficiency.

entering the kiln. combustion. — In dry kilns, raw materials are ground into a fine powder to form a raw meal; in

* Raw meql of ) ] wet kilns, raw materials are mixed with water to form a slurry.

crushed limestone » Clinker is produced.

and other minerals — The wet process is relatively less energy efficient and more resource

goin. intensive, with more energy required to evaporate the water in the slurry.

" The production process shown assumes dry-kiln processing, which has widely replaced wet-kiln processing globally.
Sources: Environmental Development, Energy conservation and emission reduction for cement (2022); Portland Cement Association (2024); CEMBUREAU, Cement manufacture fact sheet (202";

Mission Possible, Making net-zero concrete and cement possible (2023). % . .
Credit: Nicolas Herrera Isaza, Jessica Cong, Hyae Ryung Kim, and Gernot Wagner. Share with attribution: Wagner et al., “Decarbonizing Cement” (20 July 2026). g?lUl;“l;la BlI.ISc;neISStStChOOI
Imate Anowieage Initative



https://www.sciencedirect.com/science/article/abs/pii/S2211464522000690?
https://www.cement.org/docs/default-source/default-document-library/roadmap_jan2024.pdf?sfvrsn=f189febf_2
https://cembureau.eu/media/drylkjo0/manufacturing-process-factsheet_update-jan2021.pdf
https://3stepsolutions.s3-accelerate.amazonaws.com/assets/custom/010856/downloads/Making-Net-Zero-Concrete-and-Cement-Possible-Executive-Summary.pdf
https://3stepsolutions.s3-accelerate.amazonaws.com/assets/custom/010856/downloads/Making-Net-Zero-Concrete-and-Cement-Possible-Executive-Summary.pdf
https://3stepsolutions.s3-accelerate.amazonaws.com/assets/custom/010856/downloads/Making-Net-Zero-Concrete-and-Cement-Possible-Executive-Summary.pdf
https://business.columbia.edu/faculty/people/gernot-wagner
https://business.columbia.edu/insights/climate/cki
https://business.columbia.edu/insights/climate/cement

Blended cements
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u u o u n u
Clinker production ~85% of cement emissions; lower clinker-to-
cement ratio can drive marginal emissions reductions
Clinker-to-cement production process! Clinker-to-cement ratios vary considerably by region
0.89 0.86
Concrete 0.77
A
/
Canada Europe China
» Energy emissions from cement grinding account for ~5% of the sector’s
, , Cli N . 0 emissions.
' HOt, clinker is * Clinker is mixed with 4-5% gypsum. » The higher clinker-to-cement ratio in the U.S. (0.88 versus 0.76 world average) is
rap'fj”y C,OOIe,d to G . due to the U.S.’s use of a lower proportion of SCMs than other countries.
100°C with air * Insome cases, itis mlx.e.d with othgr + Ordinary Portland cement (OPC) can contain up to 95% clinker.
blowers powered supplementary cementitious materials (SCMs) « Blended cements, which partially replace clinker with SCMs, are a deployable and
by electricity. (e.g., slag, CCR, clay). cost-effective technology, though they have struggled to gain market share.

* The mixture is ground and blended into
cement.

"The production process shown assumes dry-kiln processing, which has widely replaced wet-kiln processing globally.
Sources: CEMBUREAU, Net-zero roadmap (2024); Portland Cement Association (2024); CEMBUREAU, Cement manufacture fact sheet (2021); Mission Possible, Making net-zero concrete and

cement possible (2023).
Credit: Nicolas Herrera Isaza, Jessica Cong, Isabel Hoyos, Hyae Ryung Kim, and Gernot Wagner. Share with attribution: Wagner et al., “Decarbonizing Cement” (20 July 2026). Columbia Business SChOOl

Climate Knowledge Initiative



https://cembureau.eu/media/ulxj5lyh/cembureau-net-zero-roadmap.pdf
https://cembureau.eu/media/ulxj5lyh/cembureau-net-zero-roadmap.pdf
https://cembureau.eu/media/ulxj5lyh/cembureau-net-zero-roadmap.pdf
https://www.cement.org/docs/default-source/default-document-library/roadmap_jan2024.pdf?sfvrsn=f189febf_2
https://cembureau.eu/media/drylkjo0/manufacturing-process-factsheet_update-jan2021.pdf
https://3stepsolutions.s3-accelerate.amazonaws.com/assets/custom/010856/downloads/Making-Net-Zero-Concrete-and-Cement-Possible-Executive-Summary.pdf
https://3stepsolutions.s3-accelerate.amazonaws.com/assets/custom/010856/downloads/Making-Net-Zero-Concrete-and-Cement-Possible-Executive-Summary.pdf
https://3stepsolutions.s3-accelerate.amazonaws.com/assets/custom/010856/downloads/Making-Net-Zero-Concrete-and-Cement-Possible-Executive-Summary.pdf
https://3stepsolutions.s3-accelerate.amazonaws.com/assets/custom/010856/downloads/Making-Net-Zero-Concrete-and-Cement-Possible-Executive-Summary.pdf
https://business.columbia.edu/faculty/people/gernot-wagner
https://business.columbia.edu/insights/climate/cki
https://business.columbia.edu/insights/climate/cement

Blended cements
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Blended cements partially replace clinker, reducing emissions with
minor changes to production process or added costs

Coal combustion

Clinker Furnace slag (GGBFS) . Calcined clay (LC3) Observations
residuals (CCR) * Global clinker production is ~3.8
Gt/year. Replacing 50% of global
sl NIA 30-50%! 30-35% 30-40% dlinker would require SGM
supply far above today’s ~500-
Availability 3.8 billion Mtpa 520-680 Mtpa 500-800 Mtpa 3.5-5 Mtpa 600 Mt/year of usable materials;
. ] only LC3 offers long-term
Avallablllty-adjusted_ N/A ~10-18% ~10-20% 1-2% scalable supply.
replacement potential + At the product level, furnace slag
o : has the potential to replace up to
Emissions reduction ~15-30% ~15-30% ~30-40% 50% of clinker, but global
potential T
availability limits slag-based
Price $/ton ~65-75 ~51 ~45 ~20-35 substitution.
* coal combustion residuals
(CCR) cements can substitute
30-35% at the plant level but
Abatement cost? ($/tCO,e) vs. emission abatement potential (% tCO.e) globally only ~10-20% due to
limited supplies of high-quality
0 CCR as coal plants retire.
5 + LC3 can deliver 30-40% clinker
30% reduction, but current industrial
-10 A 30% 31.6% capacity is small (~1-2% of
global cement), and significant
-15 7 -14 new calcination and production
20 infrastructure is required.
-20
25 -22

1 30-50% replacement in CEM 1I/B-S or CEM III/A; up to 60-70% in CEM III/B. 2 The % CO, reduction achieved if the full technical replacement potential is used. 3 Cost relative to clinker. . .
Source: CKI analysis; DOE, Liftoff Report (2023); RMI, The business case for LC3 (2024); IEA, Net Zero by 2050 (2023); GCCA, Concrete Future Roadmap (2021). Columbia Business School
Credit: Nicolas Herrera Isaza, Isabel Hoyos, Hyae Ryung Kim, and Gernot Wagner. Share with attribution: Wagner et al., “Decarbonizing Cement” (20 July 2026). Climate Knowledge Initiative



https://climateprogramportal.org/resource/pathways-to-commercial-liftoff/
https://rmi.org/wp-content/uploads/dlm_uploads/2024/12/the_business_case_for_LC3_report.pdf
https://iea.blob.core.windows.net/assets/deebef5d-0c34-4539-9d0c-10b13d840027/NetZeroby2050-ARoadmapfortheGlobalEnergySector_CORR.pdf
https://gccassociation.org/concretefuture/
https://business.columbia.edu/faculty/people/gernot-wagner
https://business.columbia.edu/insights/climate/cki
https://business.columbia.edu/insights/climate/cement
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Emerging technologies like thermal batteries, alternative feedstock,
and electrochemistry are key to achieving full decarbonization

Abatement cost! vs. potential? for key decarbonization pathways by 2030 vs. 2050

2030 Electrochemical
600 A
500 1 Thermal
< batteries*
o 400 1 CCUSICCS®
Q
S 300 - )
- 10% 1 209
7]
S 200 A
5
qE, 100 1 LC33 Alt. feedstock
-ﬁ 10% Abatement Potential (%)
100 I 10% £neray
SCMs efficiency
-200 59,
Alt. fuels

Electrochemical
production
CCUS/CCS® 70%
70%

2050
600
500
400
300
200 Thermal
batteries*
Energy
100 LC33 efficiency
30% 20%
0 *—
30% 10%
100 4 9% Alt.fuels Alt. feedstock
-200

Abatement Potential (%)

TAbatement cost of emerging technologies is based on estimates and has high uncertainty. 2Abatement potential is calculated as unconstrained and theoretical for each approach in isolation.
3Despite TRL 9, market penetration of LC3 remains low due to slow standards adoption, limited supply chain coordination, and conservative procurement practices. “Thermal batteries' abatement
potential and cost are based on off-grid renewables; see slide 28 for grid power. SCCUS/CCS calculations reflect the approximate emissions gap after other measures, not a fixed technical limit.

Sources: DOE, Liftoff Report (2023); Mission Possible, Net-zero concrete and cement (2023); CATF, Recasting the Future (2025); ACA, Roadmap to Carbon Neutrality (2021); GCCA, Concrete Future

(2022); ClimateWorks Foundation, Low-carbon cement (2023); Energies, Alternative Fuels and Energy Efficiency in Cement (2023); International Journal of Greenhouse Gas Control, BioCCS in
cement (2023); IEA, Bioenergy Annual Report (2022); RMI, The Business Case for LC3 (2024); Energy Innovation, Industrial Thermal Batteries (2023).

Credit: Camilo Avilés, Nicolas Herrera Isaza, Soraya Van Beek, Isabel Hoyos, Hyae Ryung Kim, and Gernot Wagner. Share with attribution: Wagner et al., “Decarbonizing Cement” (20 July 2026).

Observations

Currently deployable measures can
deliver up to 30% emission
reductions through energy
efficiency, alternative fuels, and
blended cement (conventional
SCMs and LC3).

Alternative feedstock and
electrochemical production can
virtually eliminate cement
production emissions, but require
significant technological
advancements and transformational
changes to production process.

Thermal batteries' successful
deployment depends heavily on
low-cost and low-carbon
electricity.

Electrochemistry faces challenges
including high energy demand and
competition for feedstock.

CCS costs vary widely depending
on carbon transportation and
storage infrastructure.
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https://liftoff.energy.gov/industrial-decarbonization/low-carbon-cement/
https://www.missionpossiblepartnership.org/cc-report-get-the-report/
https://www.missionpossiblepartnership.org/cc-report-get-the-report/
https://www.missionpossiblepartnership.org/cc-report-get-the-report/
http:///
https://www.cement.org/a-sustainable-future/roadmap-to-carbon-neutrality/
https://gccassociation.org/concretefuture/
https://www.climateworks.org/blog/how-low-carbon-cement-can-benefit-emerging-economies-and-the-planet/#:%7E:text=LC3%20can%20reduce%20CO,with%20calcined%20clay%20and%20limestone.
https://www.climateworks.org/blog/how-low-carbon-cement-can-benefit-emerging-economies-and-the-planet/#:%7E:text=LC3%20can%20reduce%20CO,with%20calcined%20clay%20and%20limestone.
https://www.climateworks.org/blog/how-low-carbon-cement-can-benefit-emerging-economies-and-the-planet/#:%7E:text=LC3%20can%20reduce%20CO,with%20calcined%20clay%20and%20limestone.
https://doi.org/10.3390/en16083533
https://doi.org/10.1016/j.ijggc.2023.103864
https://doi.org/10.1016/j.ijggc.2023.103864
https://www.ieabioenergy.com/blog/publications/iea-bioenergy-annual-report-2023/
https://rmi.org/wp-content/uploads/dlm_uploads/2024/12/the_business_case_for_LC3_report.pdf
https://energyinnovation.org/wp-content/uploads/2023/07/2023-07-13-Industrial-Thermal-Batteries-Report-v133.pdf
https://business.columbia.edu/faculty/people/gernot-wagner
https://business.columbia.edu/insights/climate/cki
https://business.columbia.edu/insights/climate/cement
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Capital efficiency key to overcoming technological “Valley of
Death”; risk transfer across value chain key for commercial one

Climate-tech startups must de-risk demand and often leverage public, concessional, or
philanthropic capital to finance FOAK* commercial plants

Technological Commercial
Valley of Death Valley of Death

2

Pilot factory FOAK* plant

* Reducing capital needs by keeping + Offtake agreements, to proof demand
team light and using existing equipment to secure potential project finance
and materials (not re-inventing every

: * Tailored niche product instead of
step in process)

diversification (e.g., high quality iron

» Partnerships without equity, to instead of high-volume steel)
develop pilot scale and establish first
relationships for offtake agreements
(hyper-scalers often have the capital
and risk appetite)

* Integration in established value chain
with experienced partners for supply and
construction

+ G t ts/l
- Government grants/loans, which R e

Observations

The Technological valley
solutions are primarily about
capital efficiency: reducing what
you need to spend; the
Commercial valley solutions are
about risk transfer: shifting risk
onto counterparties (offtakers,
value chain)

Government grants are equally
critical at the Commercial valley:
DOE/EU funding has been an
enabler of FOAK project debt in
recent cases (e.g. Stegra,
Lanzadet)

"Tailored niche product" is a
highest-risk commercial strategy:
it narrows the customer base,
but protects margin if it works
High-risk construction often
leads to companies turning to in-
house development

The two solution sets are
sequentially dependent

should be political agnostic (e.g., Climate-tech start-ups are forced to self-develop and build their own plants because unproven
independence rather than climate) technology and high construction risk make it impossible to find a licensing partner; only once commercial
viability is demonstrated can they transition to the higher-margin role of equipment provider or licensor.

TFOAK = First Of A Kind; SOAK = Second Of A Kind; 2Capital costs refer to construction CAPEX only; excludes OPEX, financing costs, and pre-FID development expenditure

Sources: DOE, Learning from Case Studies: Financing and Development Approaches from Recent First-of-a-Kind Projects (2024); Sightline Climate, Meet the FOAK folks (2025); Extantia Capital,
The FOAK Question: Essential Insights for Financing and Planning First-Of-A-Kind plants (2023).

Credit: Soraya van Beek, Isabel Hoyos, and Gernot Wagner. Share with attribution: Wagner et al., “Decarbonizing Cement” (20 July 2026).
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https://www.energy.gov/sites/default/files/2024-11/FOAK%20Financing%20and%20Development%20Approaches_112024_vf.pdf
https://www.energy.gov/sites/default/files/2024-11/FOAK%20Financing%20and%20Development%20Approaches_112024_vf.pdf
https://www.energy.gov/sites/default/files/2024-11/FOAK%20Financing%20and%20Development%20Approaches_112024_vf.pdf
https://www.energy.gov/sites/default/files/2024-11/FOAK%20Financing%20and%20Development%20Approaches_112024_vf.pdf
https://www.energy.gov/sites/default/files/2024-11/FOAK%20Financing%20and%20Development%20Approaches_112024_vf.pdf
https://www.energy.gov/sites/default/files/2024-11/FOAK%20Financing%20and%20Development%20Approaches_112024_vf.pdf
https://www.energy.gov/sites/default/files/2024-11/FOAK%20Financing%20and%20Development%20Approaches_112024_vf.pdf
https://www.sightlineclimate.com/research/meet-the-foak-folks
https://medium.com/extantia-capital/breaking-new-ground-all-you-need-to-know-about-foaks-7c536c347960
https://medium.com/extantia-capital/breaking-new-ground-all-you-need-to-know-about-foaks-7c536c347960
https://medium.com/extantia-capital/breaking-new-ground-all-you-need-to-know-about-foaks-7c536c347960
https://medium.com/extantia-capital/breaking-new-ground-all-you-need-to-know-about-foaks-7c536c347960
https://medium.com/extantia-capital/breaking-new-ground-all-you-need-to-know-about-foaks-7c536c347960
https://medium.com/extantia-capital/breaking-new-ground-all-you-need-to-know-about-foaks-7c536c347960
https://medium.com/extantia-capital/breaking-new-ground-all-you-need-to-know-about-foaks-7c536c347960
https://business.columbia.edu/faculty/people/gernot-wagner
https://business.columbia.edu/insights/climate/cki
https://business.columbia.edu/insights/climate/cement
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Battery prices are falling, strengthening the case for electrified
medium trucks, though input costs remain volatile

Price of select battery materials relation with battery cost of medium trucks, USD between 2015 and 2024

450 - Spike in nickel sulfate and lithium carbonate
Cobalt sulfat prices results from a combination of post-
400 - obalt sultate Covid demand surge in EV, supply chain
—— Lithium carbonate constraints (battery-grade lithium and
350 - Nickel sulphat nickel), and speculative stockpiling
— NICKel sulpnate
300 A Manganese flake
250 - — Phosphoric acid
200 - —@— Battery cost MHD
150 - 100
100 st L= 57—= -
I y ——/—— o —
——o—
50 A
0 I I I I I I I I 1
2016 2017 2018 2019 2020 2021 2022 2023 2024

Global battery prices are projected to fall to ~ $80/kWh by 2026, nearly a 50% drop from 2023 levels, and mainly driven by technological advancements such as 30% higher
energy density cells. While innovations like that reduce the TCO of LDV and smallest medium-duty trucks (class 3-6), this doesn’t extend to heavy-duty trucks (class 7-8)
immediately, whose battery cost is projected to remain above $100/kWh by 2026 in the U.S., even under an aggressive technological progress.

Sources: Energy Innovation, Price of Batteries (2024); IEA, Price of Select ltems of Lithium Batteries (2023); Goldman Sachs, Electric Vehicle Prices (2024), Argonne, Cost Analysis and Projections for

U.S.-Manufactured Automotive Lithium-ion Batteries (2024). % Columbia Business School
Credit: Claire Graham, Brenda Rain, Hyae Ryung Kim, and Gernot Wagner, Share with attribution: Jin et al., "Trucks" (1 December 2025). C|imate Knowledge Initiative



https://energyinnovation.org/wp-content/uploads/Fast-Falling-Battery-Prices-Boost-Economic-Benefits-Expected-from-Heavy-Duty-Vehicle-Electrification.pdf
https://www.iea.org/data-and-statistics/charts/price-of-selected-battery-materials-and-lithium-ion-batteries-2015-2024
https://www.goldmansachs.com/insights/articles/electric-vehicle-battery-prices-are-expected-to-fall-almost-50-percent-by-2025
https://publications.anl.gov/anlpubs/2024/01/187177.pdf
https://publications.anl.gov/anlpubs/2024/01/187177.pdf
https://publications.anl.gov/anlpubs/2024/01/187177.pdf
https://publications.anl.gov/anlpubs/2024/01/187177.pdf
https://publications.anl.gov/anlpubs/2024/01/187177.pdf
https://publications.anl.gov/anlpubs/2024/01/187177.pdf
https://business.columbia.edu/faculty/people/gernot-wagner
https://business.columbia.edu/insights/climate/cki
https://business.columbia.edu/insights/climate/trucks

Wagner, © " (Financial Times, 19 May 2025)
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https://gwagner.com/ft-cement
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Investment capacity and infrastructure drive CCUS in Global
North; clay reserves and capital constraints drive LC3 in South

<1%

1-3%

3-5%
B 5-10%
Bl 10-15%

B 15-20%

* North America and the EU account for 92% of stated capacity from announced cement CCUS
projects.

» High capital needs and strong policy support (e.g., U.S. 45Q tax credit) drive CCUS deployment
in high-income countries.

» Existing oil and gas infrastructure in developed markets (e.g., pipelines, storage facilities,
geological data) enable faster rollout. For example, Norway’s Northern Lights project uses existing
North Sea oil infrastructure to store CO, .

1 Expected at full operation based on stated disclosed carbon capture capacity for CCUS and stated disclosed installed capacity for clay calciner

Source: GCCA and LeadIT, Green Cement Technology Tracker (2024).

Credit: Adele Teh, Isabel Hoyos, and Gernot Wagner. Share with attribution: Wagner et al., “Decarbonizing Cement” (20 July 2026).

Clay calciner capacity’, global distribution, Dec. 2024

<1%
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B 15-20%

» Africa accounts for 44% of stated capacity from announced clay calciner projects.

» Clay calcination kilns are less capital-intensive and easily integrated into existing cement plants
than CCUS installations, making them a more attractive option for countries with limited industrial
investment capacity.

* Many developing countries have abundant clay reserves but rely on imported clinker due to the
scarcity of high-grade limestone. Clay-based alternatives offer a cost-effective solution to meet
rising cement demand amid rapid urbanization in developing countries.

$ Columbia Business School
Climate Knowledge Initiative


https://www.energy.gov/eere/solar/federal-solar-tax-credits-businesses#:%7E:text=Solar%20systems%20that%20are%20placed,)%5B5%5D%20in%20size.
https://www.industrytransition.org/green-cement-technology-tracker/
https://business.columbia.edu/faculty/people/gernot-wagner
https://business.columbia.edu/insights/climate/cki
https://business.columbia.edu/insights/climate/cement
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WSJ: "Big Tech Is Rushing to Find Clean
Power to Fuel Al's Insatiable Appetite"

by Jennifer Hill and Amrith Ramkumar

ATl News WSJ

Over time, tech companies say Al could help them limit emissions by, for example,
helping utilities more efficiently deploy renewable power. But it isn't clear such

benefits would come close to making up for the soaring emissions.

“It's a massive increase that may not be justified by the productivity gains from Al,’
sald Gernot Wagner, a climate economist at Columbia Business School.


https://gwagner.com/wsj-ai
https://gwagner.com/wsj-ai
https://gwagner.com/wsj-ai
https://gwagner.com/wsj-ai

(Somehow the most popular page on my personal site: my Al policy)

% Columbia Business School


https://gwagner.com/ai

9 June 2026

The Al Revolution Mirrors the Green
Transition

The need for massive upfront investments and the likelihood of significant job displacement
imply remarkable parallels between the Al buildout and the green transition. In both cases, the
state has an important role to play in guiding market forces on behalf of the public good.

AI Climate tech Green Growth Columns Project Syndicate

By Adam Michael Bauer and Gernot Wagner

CHICAGO/NEW YORK—The Al race is already generating forces that are
transforming the global economy. That makes it surprisingly similar to the green
transition, given the potential of both to upend traditional industries, labor markets,
and geopolitical balances. Both call for trillions of dollars in upfront investments in

exchange for significant benefits over the medium and long term.


https://gwagner.com/ai-twin
https://gwagner.com/ai-twin
https://gwagner.com/ai-twin

% Columbia Business School
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Electrification and data centers are among primary drivers

accelerating electricity demand across the US, EU, and China

By 2030, data centers projected to account for ~50% of U.S. demand growth, building

and transport electrification lead in the EU, and industrial electrification in China Observations

* Building and transportation
Electricity demand total growth by sector and end-use in the US, EU, and China, 2015-2030, TWh electrification, industry, and

. _— data centers are leading to
¥ industry I Cooling M Heat pumps M Data centers [ Rest of building Transport Other B A S N,
growth in the 2020s

BE= United States European Union & China
— n P - *  While data center electricity
500 - 500 - 2,600 - demand represents a small
portion of all growth, its average
2,400 A .
annual growth rate is expected
400 - 400 - 2,200 to double again in the years
2,000 ahead under base scenarios
I and is the leading electricity
300 1 300 1 1,800 1 demand growth driver in the U.S.
1,600 1 + Electricity demand
1,400 - characteristics from each of
200 - 200 A 1200 4 these drivers pose distinct
’ challenges to grids; each can
1,000 - q R . -
drive significant increases in
100 A 100 + 800 - peak as well as average
demand, with different levels of
600 - . o
predictability and control
0 - 0 400 -
200 -
-100 - -100 0 -
2015-2020 2020-2025 2025-2030 2015-2020 2020-2025 2025-2030 2015-2020 2020-2025 2025-2030

Sources: Electricity 2026 (IEA, 2026); World Energy Investment 2026 (IEA, 2026).
Credit: llayda Tezcan, Dominica Wambold, Ariela Farchi, and Gernot Wagner. Share with attribution: Wagner et al. “Powering Grids,” Columbia Business School Climate Knowledge Initiative (28 COlumbia Business SChOOI

September 2026). . -
eptember 2026) Climate Knowledge Initiative



https://www.iea.org/reports/electricity-2026/executive-summary
https://iea.blob.core.windows.net/assets/64594543-cf6e-4fd9-8238-d3cae35daf48/WorldEnergyInvestment2026.pdf
https://business.columbia.edu/faculty/people/gernot-wagner
https://business.columbia.edu/insights/climate/cki
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Global grids face the critical need to adapt due to demand growth,
a changing energy landscape, aging assets and extreme weather

Rapid growth in electricity demand

» Driven by intensive load growth from
Al/Data centers and the rapid
electrification of transport and heating

|/

Critical aging infrastructure

Drivers of
Grid Modernization
and Expansion

» Over 40% of global grid assets (up to
70% in the U.S.) are reaching the end of
their 50-year design life, necessitating
urgent replacement

B

Sources: World Energy Investment (IEA, 2026); Global Landscape of Energy Transition Finance (IRENA, 2025).

Credit: Christy Wong, Ariela Farchi, and Gernot Wagner. Share with attribution: Wagner et al. “Powering Grids,” Columbia Business School Climate Knowledge Initiative (28 September 2026).

Structural shift in the electricity system

» Transitioning from centralized fossil-fuel
generation to a decentralized, multi-
directional energy network with more
distributed abundant energy resources

W

Escalating climate & weather events

* Increased frequency and severity of
extreme weather events require
immediate and large-scale grid
hardening

=20
)

% Columbia Business School
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https://www.iea.org/reports/world-energy-investment-2026
https://www.irena.org/-/media/Files/IRENA/Agency/Publication/2025/Nov/IRENA_CPI_FIN_Global_landscape_energy_transition_finance_2025.pdf
https://business.columbia.edu/faculty/people/gernot-wagner
https://business.columbia.edu/insights/climate/cki
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Global grid investment is expected to rise to +$500B in 2026 and

increase through 2030, driven by infrastructure, materials, and labor

Investment grew ~85% over 5 years,
targeted to reach $600B by 2030 in NZE*

2040-2050, 80% of investment needs to
be used to modernize and 20% to expand

Investment in power grid infrastructure, 2016-2026e USD
Billions

I rOow [ Central and South America [ Europe

Il Africa [ APAC ex. China B North America

I China

670

550

+11% p.a.

355

310 310 300 95 95 310 320

2026e 2030

2022 2024

2016 2018 2020

1In line with Net Zero by 2050, as per IEA scenarios.

Breakdown of global annual investment required,
2040-2050

$800-900B

New Asset Grid 2040-2050

connections replacement Reinforcement

Sources: World energy investment (IEA, 2026); Global landscape of energy finance (IRENA, 2025); Building grids faster: the backbone of energy transmission (ETC, 2024)

Credit: Ariela Farchi, Brenda Rain, and Gernot \WWagner. Share with attribution: Wagner et al. “Powering Grids,” Columbia Business School Climate Knowledge Initiative (28 September 2026).

Observations

Grid investment needs to be
spread across physical grid
infrastructure, and grid
enhancing technologies

Investing in robust supply
chains and a prepared work
force, alongside infrastructure
and technology, will be critical to
achieving global targets

— Increasing costs of equipment divest
grid investments away from potential
new infrastructure

Venture capital investments
into grids has increased
significantly in 10 years

— Investment in grid hardware rose 4x

from ~$200M in 2015 to ~$800M in
2025

— Investment into optimization
(reinforcements) rose from ~$50M
to ~$400M

— Largest rise was in VPPs and
DERMS, from ~$50M to ~$650M

% Columbia Business School
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https://iea.blob.core.windows.net/assets/64594543-cf6e-4fd9-8238-d3cae35daf48/WorldEnergyInvestment2026.pdf
https://www.irena.org/-/media/Files/IRENA/Agency/Publication/2025/Nov/IRENA_CPI_FIN_Global_landscape_energy_transition_finance_2025.pdf
https://www.energy-transitions.org/wp-content/uploads/2024/09/Grids-briefing-note_DIGITAL.pdf
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https://business.columbia.edu/insights/climate/cki
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Optimizing, modernizing, and expanding will upgrade insufficient
and aging infrastructure into a resilient, intelligent grid ecosystem

Optimize £ Modernize Expand
* grid assets £ and harden the core grid networks
. Maximize the value of the grid through Upgrade and modernize the core with capital Structurally extend the grid's network to

Definition o : e : : : . : : :

digital intelligence and demand management efficient physical and technical augmentation integrate available and emerging generation
Physical and » Digital intelligence & demand-side solutions » Hardware solutions at existing grid nodes * Net new and upgraded grid transmission
Capital Profile' '« Asset-light » Capital efficient » Capital intensive

» Load Shifting Technologies * Grid-Forming Inverters (GFM)

C + Distributed Energy Resource Management » Grid-Scale Battery Storage . e

;I:)g:ﬂ::g:tsed Systems (DERMS) » Flexible AC Transmission Systems (FACTS) :\e/vl:v)(t:ransmlssmn e ISRl

» Virtual Power Plants (VPPs) » Advanced Metering Infrastructure (AMI)

+ Bi-directional charging + Digital Twins
Time to Deploy | ¢ 1-2+ years * 1-4+ years + 5-15+ years
Investment  Estimated $50-$150B+/yr from 2030-2035" , :
Opportunity? . Systems savings potential of $150B+ by 2035 Estimated $200B-$400B+/yr from 2030-2035 Estimated $200B+/yr from 2030-2035
Key Policy » Performance based regulation reform » Smart grid grants and incentive programs * Regional/interregional transmission planning
Levers * DER aggregation reform, NWA incentives » Cap and floor and depreciation schemes » Permitting, siting, and queue reform

"The capital profile indicated is relative (e.g., battery system capital efficiency vs. new transmission) and intended to reflect the grid capital investment (e.g., excludes consumer EV batteries).

2Investment opportunity is global and based on projected investments for highlighted solutions as defined in each solution area, supplemented by World Energy Investment 2025-2026 reports aligned to

STEPS 2030 and BNEF NZE and ETS scenarios. Grid expansion is driven significantly by net-new wires (transmission & distribution); modernize & harden the core includes IEA’s Power segment of battery

storage; the optimize range includes grid orchestration software and a subset of end-use related charging infrastructure, with savings potential reflecting estimated grid value from demand flexibility.

Sources: Building the future transmission grid (IEA, 2025); World Energy Investment (IEA, 2026); World Energy Investment (IEA, 2025); Electricity 2026 (IEA, 2026); Energy storage enters the 100 gigawatt

era (BNEF, 2026); Electric Vehicle Outlook (BNEF, 2026); The Value of Demand Flexibility (IEA, 2025); Building grids faster (Energy Transitions Commission, 2024); Electricity Grids and Secure Electricity . .

Transitions (IEA, 2023). Columbia Business School

Credit: Dominica Wambold, Ariela Farchi, and Gernot Wagner. Share with attribution: Wagner et al. “Powering Grids,” Columbia Business School Climate Knowledge Initiative (28 September 2026). Climate Knowledge Initiative



https://www.iea.org/reports/building-the-future-transmission-grid
https://iea.blob.core.windows.net/assets/64594543-cf6e-4fd9-8238-d3cae35daf48/WorldEnergyInvestment2026.pdf
https://www.iea.org/reports/world-energy-investment-2025?__cf_chl_f_tk=z0xwrnoNzhsI0DFwn4Uz2VKkli4aXlY1djbfUyHyBPA-1782936386-1.0.1.1-4VaY2Zy3qJTeQV_iJxe6tfjjcw0_RrXRHf6sRnVYh8k
https://www.iea.org/reports/electricity-2026
https://about.bnef.com/insights/clean-energy/energy-storage-enters-the-100-gigawatt-era-three-things-to-know/
https://about.bnef.com/insights/clean-energy/energy-storage-enters-the-100-gigawatt-era-three-things-to-know/
https://about.bnef.com/insights/clean-transport/electric-vehicle-outlook/
https://iea.blob.core.windows.net/assets/4f11d63f-ebb0-44a4-9a53-ed98f264dc38/TheValueofDemandFlexibility.pdf
https://www.energy-transitions.org/wp-content/uploads/2024/09/Grids-briefing-note_DIGITAL.pdf
https://www.iea.org/reports/electricity-grids-and-secure-energy-transitions
https://www.iea.org/reports/electricity-grids-and-secure-energy-transitions
https://business.columbia.edu/faculty/people/gernot-wagner
https://business.columbia.edu/insights/climate/cki
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Optimizing existing assets unlocks the lowest-cost grid capacity,
while expansion offers unlimited investment opportunity astrative

————
| i
I Ceilin .
L———| 9 Observations
% Expand Floor * Al could turn turn large loads into
=: Al is both driving grid demand and 5-15+ yrs, capital intensive MEEEE gl e, nleeidig

existing capacity while catalyzing
investment in grid optimization and
modernization

— ~100 GW of latent capacity: Flexible

|
| |
. . S |
grid optimization and modernization | @ : data center demand could unlock
| |
I |
| |
[ |

== mitigating grid constraints HVDC, new transmission

Al-enabled data center flexibility could unlock
~100 GW of dormant capacity while accelerating

substantial capacity from
infrastructure that already exists

— Faster interconnection: By reducing
or shifting demand during constrained
hours, large loads could connect
without waiting for equivalent
amounts of new grid build-out

1-4+ vrs. capital efficient — Investment catalyst: Data center

yrs, cap . . investment flows can help deploy grid
GFM, storage, FACTS, AMI, digital twins optimization and modernization

OO | technologies, including for storage,
. [ | DERMS, and grid-forming inverters

k Optlmlz.e. : : — Untapped capacity: Al-enabled
1-2+ yrs, load shifting, | demand flexibility is estimated to be
DERMS, VPPs, V2G able to raise system efficiency up to

30% more broadly
+ Globally, storage and flexibility
offer a major potential source of
bridge power to meet growing
demand while deferring as much
as $1.8T in global grid
% 20% of capacity % investment through 2050

Uncapped upside

c? Modernize

Price per unit capacity ($/MW, illustrative)

Capacity (GW, illustrative)

Sources: Powering Intelligence (EPRI, 2026); The Value of Demand Flexibility (IEA, 2026); The Untapped Grid (Brattle, 2026); Rethinking Load Growth (Duke University, 2025); Unlocking Smart Grid
Opportunities in Emerging Markets and Developing Economies (IEA, 2023). % COlumbia Business SChOOI

Credit: Pia Doris Morrow, Dominica Wambold, llayda Tezcan, Ariela Farchi, and Gernot Wagner. Share with attribution: Wagner et al. “Powering Grids,” Columbia Business School Climate Knowledge . spe e
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https://www.brattle.com/the-untapped-grid/
https://nicholasinstitute.duke.edu/sites/default/files/publications/rethinking-load-growth.pdf
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Virtual power plants aggregate thousands of distributed assets
into a single, dispatchable, market-facing power plant
43 \ A
N~ R i I N
Eri‘set:;zuted ° Aggregate ;Vlonitor& (Cj)_ptimiz;]e& Bid Ii(nto Delilver& \?v::lgsale

How do VPPs work?

Aggregate thousands of distributed energy resources (DERSs), e.g., rooftop solar,
home and commercial batteries, EVs and smart thermostats, into one cloud-managed
portfolio

Monitor every asset in real time and forecast generation, load and market
prices

Optimize and dispatch the resources. Software decides when each asset charges,
discharges or curtails to meet grid and market needs

Bid the combined capacity into wholesale energy, capacity and ancillary
markets, or into utility programs

e Deliver the committed service and share the revenue back with participating

Why are they critical for the energy
transition?

e Turn millions of DERSs into firm,
dispatchable capacity, with no new power
plant built

» Deliver peak capacity at roughly half the
cost of a new gas peaker or grid-scale
battery, easing affordability

» Distributed batteries charging on midday
solar and discharging at peak absorb
renewable variability and displace fossil
peakers

* Among the fastest, cheapest ways to meet
near-term load growth (e.g., data centers

a Advantages

» Fast & low-cost: Deploys in months

* Cheaper than peakers: ~Half the cost

+ Pays participants: Owners earn for it

» Scales with DERs: Solar, batteries, EVs
* Boosts resilience: Peaks & emergencies

Q Disadvantages

* Market access: Patchy rules, FERC 2222 to
2028

* Interoperability: Opt-in & multi-vendor control

owners e . o * Undervalued: Operators cap & under-credit
and electrification) while transmission lags VPP
S
Source: Pathways to Commercial Liftoff: Virtual Power Plants (US DOE, 2025); 2025 North America VPP Market (Wood Mackenzie, 2025)
Credit: Vincent Sandow-Straesser, Ariela Farchi, and Gernot Wagner. Share with attribution: Wagner et al. “Powering Grids,” Columbia Business School Climate Knowledge Initiative (28 September Columbia Business SChOOI

2026).
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Solutions: Optimize Case Study
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Google and Voltus collaborate on building a virtual power plant to
unlock flexible capacity for datacenters

Demand flexibility agreements are in The Voltus-Google BYOC deal unlocks ob i
. . . servations
place for data centers across the U.S. 100MW of accredited capacity in PJM
* A Virtual Power Plant (VPP)
Google locations with flexible data center agreements Supply mix cleared in PJM 28-"29 auction, MW eases the need for asset-
@ Flexibility @ Potential flexibility Average electricity bill change _heavy _somtlons to meet
arrangement arrangement 0% 10% 20% 30% 40% 50% increasing demand
O Natural gas . L
* Engaging distributed
B8 Nuclear resources through demand
Il Coal flexibility can deliver significant
I Demand response energy benefits to households,
commercial, and industrial
o Bl Hydro consumers
o o = B Wind _ _ _
9) \eg , — Estimates in the U.S. project
[5) M oil i
up to $110- $170 B in
00 Solar savings over the next
decade

~ O ' Deal Dynamics — This presents a capital-

efficient solution to

» Voltus aggregates 100 MW annually of customer flexibility improve grid utilization

(batteries, smart thermostats, and other flexible assets) over 3
years in a Google-funded PPA-like structure * BYOC is an example of how big

+ Voltus centralizes and compensates customers who participate in tech can par.ticipate in grid
the VPP to respond to demand signals via an automated system investments; hyperscalers like

* The agreement contributes to aggregating capacity to meet Google bring in critical financing
increased demand from data centers and bridge PJM’s shortfall, — Data center investments can
increasing grid resilience expedite the flexibility

technology learning curve

Source: Large Load Customer Projects and Tariffs (EEI, 2026); A new framework for DER value in the speed to power era (The Brattle Group, 2026); How we’re making data centers more flexible to

benefit power grids (Google, 2025); Google and Voltus to deliver grid capacity and local economic benefits through bring your own capacity agreement (Voltus, 2026); PJM Capacity Auction Procures ; )
138,318 MW of Generation Resources as Work Continues To Address Growing Electricity Demand (PJM, 2026). % COlumbla BuSII‘IeSS SChO()l
Credit: Ariela Farchi, Dominica Wambold, Christy Wong, and Gernot \Wagner. Share with attribution: Wagner et al. “Powering Grids,” Columbia Business School Climate Knowledge Initiative (28 Climate Knowledge Initiative

September 2026).


https://www.eei.org/-/media/Project/EEI/Documents/Issues%20and%20Policy/List%20of%20Large%20Customer%20Projects%20and%20Tariffs
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Solutions: Modernize

AMI
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Advanced Metering enables two-way digital communication
between utilities and customers, enabling smarter grid operations

)

e Communication tower

How does Advanced Metering Infrastructure (AMI) 2.0 work?

0 Each meter communicates usage data between utilities and
customers, creating a two-way digital link — instead of a one-way, reading-
only method

The utility’s software receives the measurements, checks for errors, and
organizes the data to ensure accurate billing and reliable operational
information

The Meter Data Management System (MDMS) stores detailed consumption
e and generation data, applies validation rules, and prepares the data for
billing, forecasting, outage detection, load analysis, and customer dashboards

The AMI data feeds many utility functions: outage detection, demand
response, dynamic pricing programs, remote connect/disconnect, and
dashboards that show customers their real-time electricity use

Sources: Demand Response and Advanced Metering (FERC, 2025); Electricity Grids and Secruity Energy Transitions (IEA, 2024); What is advanced metering infrastructure (AMI) (IBM, 2026).

° Utility software

I

Why is it critical for the energy
transition?

Credit: Sevgi Helin Tilkicioglu, Hasan Alawadhi, Isabel Hoyos, Dominica Wambold, Ariela Farchi, and Gernot Wagner. Share with attribution: Wagner et al. “Powering Grids,” Columbia Business School

» Provides near- real-time visibility of
electricity use

» Enables dynamic tariffs, demand
response, smart EV charging, and
integration of rooftop solar and batteries
at scale

» Better data and price signals help shift and
reduce consumption, lowering peak
demand and allowing more renewables to
operate without curtailment

* Smarter AMI 2.0 platforms combine
metering, grid monitoring, and customer
apps into one digital layer for the grid

Climate Knowledge Initiative (28 September 2026).

Meter Data Management
System (MDMS)

a Advantages

Better visibility: Real-time data

Foundation for a smart grid: Digital layer
Supports flexible demand: Dynamic control
Faster outage detection: Instant alerts
Multi-purpose: Smart meters at customer
premises, networks & MDM with utilities

Disadvantages

Upfront cost: Major investment, utility-paid
Integration complexity: System alignment
Customer acceptance: Trust and adoption
Data utilization: Despite high AMI adoption,
deriving DER value of the analytics layer lags

% Columbia Business School
Climate Knowledge Initiative



https://www.ferc.gov/sites/default/files/2025-12/25_Annual%20Assessment%20of%20Demand%20Response_1212.pdf
https://www.iea.org/reports/electricity-grids-and-secure-energy-transitions
https://www.ibm.com/think/topics/advanced-metering-infrastructure
https://business.columbia.edu/faculty/people/gernot-wagner
https://business.columbia.edu/insights/climate/cki

Solutions: Modernize

Battery Storage
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ERCOT and CAISO have driven highest U.S. battery deployment;
CAISO'’s contracts helped achieve grid stability with renewables
CAISO leads battery deployment,

Private investment and arbitrage returns
drove high battery deployment in ERCOT

surpassing 15GW of rated power in 2025

ERCOT Battery Fleet, 2020-2026'

25 - - 65
— Energy Capacity (GWh) B Existing Rated Power (GW)

I New Rated Power (GW) 60
- 55
20 ~
- 50
ERCOT'’s pure merchant risk model with
energy arbitrage and ancillary services - 45
revenue, paired with permissive permitting, L 40
15 1 accelerated battery deployment and reduced
ratepayer bills. RTC+B should help - 35
incentivize longer duration arbitrage, helping L 30
10 increase total energy capacity in the system

2020 2021 2022 2023 2024 2025

"Modo Energy reporting cross-referenced with CAISO and ERCOT data, respectively

CAISO Battery Fleet, 2020-2026'

25

20

15

1= Energy Capacity (GWh) Bl Existing Rated Power (GW)

I New Rated Power (GW)

Mandates drove utility
capacity contracts,
unlocking institutional
capital to fund a high
energy capacity fleet.
Though market
spreads compressed,
CAISO still leads the
U.S. in deployment

2020 2021 2022 2023 2024 2025

Sources: ERCOT Annual Buildout Report (Modo Energy, 2026); CAISO battery fleet crosses 15 GW after record 4.7GW year (Modo Energy, 2026); Batteries have reshaped ERCOT’s Ancillary Services
Procurement (Waldoch, 2026); Understanding Battery Energy Storage Systems (Texas Solar + Storage Association, 2026); Battery storage is scaling up and taking on a larger system role (IEA, 2026);

r 65

60
55
50
45
40
35
30
25
20
15
10

World Energy Investment (IEA, 2026); Special report on battery storage (CAISO, 2025), Gridstatus.io (Grid Status, 2026).

Credit: Dominica Wambold, Ariela Farchi, and Gernot \Wagner. Share with attribution: Wagner et al. “Powering Grids,” Columbia Business School Climate Knowledge Initiative (28 September 2026).

Observations

Battery deployment continues to
accelerate as battery cell costs
reduce and duration is extended

The global battery storage market
is expected to exceed $100B in
2026, led by grid-connected
batteries (~80%)?

Batteries can help balance the grid,
complement renewables, and
lower customer electricity costs

Regulatory uncertainty, permitting,
interconnection delays, and
saturation are investor challenges

Merchant project finance and
ancillary markets are key financing
mechanisms

Tolling & hybrid agreements are
emerging, and some developers
are shifting towards behind-the-
meter, contract-backed deals

Contracts (capacity, resource
adequacy) offer lower risk profiles

% Columbia Business School

Climate Knowledge Initiative


https://modoenergy.com/research/en/ercot-battery-buildout-2025-annual-report
https://modoenergy.com/research/en/caiso-battery-fleet-2025-q4-15gw-interconnection-queue-standalone-colocated
https://blog.gridstatus.io/batteries-ercot-ancillary-services-2024/
https://blog.gridstatus.io/batteries-ercot-ancillary-services-2024/
https://www.ercot.com/files/docs/2026/02/02/4-Understanding-Battery-Energy-Storage-Systems-Current-and-Future.pdf
https://www.iea.org/commentaries/battery-storage-is-scaling-up-and-taking-on-a-larger-system-role
https://www.iea.org/reports/world-energy-investment-2026/executive-summary
https://www.caiso.com/documents/2024-special-report-on-battery-storage-may-29-2025.pdf
https://www.gridstatus.io/
https://business.columbia.edu/faculty/people/gernot-wagner
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Solutions: Expand

HVDC
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High Voltage Direct Current enables multi-GW power transfer over
thousands of kilometers efficiently

{
/\. ‘l\ I T T
l N — —
Power AC_: . AC to DC
. Transmission
generation Line converter

How do HVDC Transmission Lines work?

_'g_"r“‘r

A converter station transforms AC into direct current (DC), which flows
o in one steady direction, making long-distance transmission more
efficient

In HVDC lines the DC power moves through a line with lower losses,
o better controllability, and greater efficiency than an equivalent AC
line

e A second converter station changes the DC back into AC so it can be
used by the local grid

HVDC
. DC to AC
Transmission
. converter
Line

Why they are critical for the energy
transition?

HVDC can move large loads of power over
long distances with lower losses and
precise control

Makes it practical to connect remote
renewables (offshore wind, desert solar,
large hydro) to distant demand centers

By reducing losses and unlocking large-
scale renewables, HVDC cuts the need for
fossil generation and extra backup
capacity

Hgaﬁ

AC ey eL g
. Distribution and
Transmission
. end use
Line

Q Advantages

Efficient for long distance: Lower losses
Ability to connect asynchronous (different
frequencies)! systems: Grid bridging
Suitability for underwater applications:
Subsea capable

Ability to handle longer periods of overload
operations: Stable transfer

Disadvantages

High upfront cost: Major investment
Greater complexity in components:
Advanced equipment

TAC grids must stay synchronized with same frequency and timing. When two grids run at different frequencies (e.g., 50 vs 60 Hz) or aren’t in sync, a direct AC connection would be unstable and

HVDC interconnection via DC conversion would be needed
Source: Assessing HVDC Transmission for Impacts of Non-Dispatchable Generation (EIA, 2018).

Credit: Sevgi Helin Tilkicioglu, Hasan Alawadhi, Pia Doris Morrow, Vincent Sandow-Straesser and Gernot Wagner. Share with attribution: Wagner et al. “Powering Grids,” Columbia Business School

Climate Knowledge Initiative (28 September 2026).
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https://www.eia.gov/analysis/studies/electricity/hvdctransmission/pdf/transmission.pdf
https://www.eia.gov/analysis/studies/electricity/hvdctransmission/pdf/transmission.pdf
https://www.eia.gov/analysis/studies/electricity/hvdctransmission/pdf/transmission.pdf
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Deployment
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u u [ u u
U.S. grid expansion is a coordination challenge across rules,
u u u u u u u
capital, assets and siting which causes significant delays
Delay hotspot stages
e . Financing & Interconnection Siting& Procurement &
Federal rule setter: Sets interstate transmission, wholesale
FERE market, interconnection, cost-allocation rules ® ®
DOE / GDO / national labs Federal deployment enabler: Identifies national infrastructure
needs, funds and de-risks projects, and informs planning
NERC + Regional Entities Reliability authority: Sets enforceable reliability, planning,
9 operations and cybersecurity standards
RTOs, ISOs, ERCOT Regional pIanngrs / operat.ors: Ope_rate grld and mar_kets, PY PY PY
manage congestion & coordinate regional interconnection
State regulatory gatekeepers: Approve utility investment,
SIEID (FLICS fFEes, rates, cost recovery and siting where applicable ® ® ®
. State policy coordinators: Align with state energy policy,
SIED S Ciiess resilience & energy targets and federal funding opportunities
Transmission owners, IOUs, Asset owners / builders: Build, own, maintain and modernize ® ® o o

public power, co-ops transmission and distribution assets

SELEIEINERGIELBENEEESISEIC'S  Permitting and public acceptance actors: Determine whether
local gov., Tribal gov. projects can be sited, permitted & built on acceptable timelines

Interconnection customers / demand drivers: Create

Generators, DCs, industrials . o :
‘ ‘ generation and load needs, submit interconnection requests ®

OEMs / EPCs / workforce / Delivery and capital ecosystem: Provide equipment, EPC
investors services, qualified labor, grid technologies and capital

’ : . . >4 yr ~4 yr >2.5 yr?

Build & Deplo Finance Regulate Demand . e : .
90y : _ g @ Primary Decision Gate Secondary Influence median IR-t0-COD" | federal permitting | _eauipment lead mes +
"Interconnection Request to Commercial Operation Date. > Q2 2025 at ~2.5 years (128 weeks) for power transformers and ~2.8 years (144 weeks) for Generator Step-Up (GSUs). constrained EPC capacit

Sources: FERC Orders 1920 and 2023; CITAP (DOE, 2024); Long-Term Reliability Assessment (NERC 2024); 2025 Edition Characteristics of Power Plants Seeking Transmission Interconnection As of
the End of 2024 (Berkeley Lab, 2025); Wood Mackenzie Q2 2025 Survey Results. Columbia Business School

Credit: llayda Tezcan, Ariela Farchi, Pia Doris Morrow, and Gernot WWagner. Share with attribution: Wagner et al. “Powering Grids,” Columbia Business School Climate Knowledge Initiative (28 September

2026). Climate Knowledge Initiative



https://www.ferc.gov/news-events/news/fact-sheet-building-future-through-electric-regional-transmission-planning-and
https://www.ferc.gov/explainer-interconnection-final-rule-2023-A
https://www.energy.gov/oe/coordinated-interagency-transmission-authorizations-and-permits-program
https://www.nerc.com/globalassets/our-work/assessments/2024-ltra_corrected_july_2025.pdf
https://www.nerc.com/globalassets/our-work/assessments/2024-ltra_corrected_july_2025.pdf
https://www.nerc.com/globalassets/our-work/assessments/2024-ltra_corrected_july_2025.pdf
https://eta-publications.lbl.gov/sites/default/files/2025-12/queued_up_2025_edition_12.15.2025.pdf
https://eta-publications.lbl.gov/sites/default/files/2025-12/queued_up_2025_edition_12.15.2025.pdf
https://eepower.com/tech-insights/transformer-supply-chain-woes-persist-as-energy-demand-grows/
https://business.columbia.edu/faculty/people/gernot-wagner
https://business.columbia.edu/insights/climate/cki
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Solutions: Optimize Solutions: Modernize Solutions: Expand
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Optimizing existing assets unlocks the lowest-cost grid capacity,
while expansion offers unlimited investment opportunity astrative

————
| i
I Ceilin .
L———| 9 Observations
% Expand Floor * Al could turn turn large loads into
=: Al is both driving grid demand and 5-15+ yrs, capital intensive MEEEE gl e, nleeidig

existing capacity while catalyzing
investment in grid optimization and
modernization

— ~100 GW of latent capacity: Flexible

|
| |
. . S |
grid optimization and modernization | @ : data center demand could unlock
| |
I |
| |
[ |

== mitigating grid constraints HVDC, new transmission

Al-enabled data center flexibility could unlock
~100 GW of dormant capacity while accelerating

substantial capacity from
infrastructure that already exists

— Faster interconnection: By reducing
or shifting demand during constrained
hours, large loads could connect
without waiting for equivalent
amounts of new grid build-out

1-4+ vrs. capital efficient — Investment catalyst: Data center

yrs, cap . . investment flows can help deploy grid
GFM, storage, FACTS, AMI, digital twins optimization and modernization

OO | technologies, including for storage,
. [ | DERMS, and grid-forming inverters

k Optlmlz.e. : : — Untapped capacity: Al-enabled
1-2+ yrs, load shifting, | demand flexibility is estimated to be
DERMS, VPPs, V2G able to raise system efficiency up to

30% more broadly
+ Globally, storage and flexibility
offer a major potential source of
bridge power to meet growing
demand while deferring as much
as $1.8T in global grid
% 20% of capacity % investment through 2050

Uncapped upside

c? Modernize

Price per unit capacity ($/MW, illustrative)

Capacity (GW, illustrative)

Sources: Powering Intelligence (EPRI, 2026); The Value of Demand Flexibility (IEA, 2026); The Untapped Grid (Brattle, 2026); Rethinking Load Growth (Duke University, 2025); Unlocking Smart Grid
Opportunities in Emerging Markets and Developing Economies (IEA, 2023). % COlumbia Business SChOOI

Credit: Pia Doris Morrow, Dominica Wambold, llayda Tezcan, Ariela Farchi, and Gernot Wagner. Share with attribution: Wagner et al. “Powering Grids,” Columbia Business School Climate Knowledge . spe e
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https://nicholasinstitute.duke.edu/sites/default/files/publications/rethinking-load-growth.pdf
https://www.iea.org/reports/unlocking-smart-grid-opportunities-in-emerging-markets-and-developing-economies
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accelerating electricity demand across the US, EU, and China

Observations

Building and transportatio
electrification, industry, ar
data centers are leading to
compounding electricity den
growth in the 2020s
While data center electricity
demand represents a small
portion of all growth, its aver
annual growth rate is expe
to double again in the year
ahead under base scenaric
and is the leading electricity
demand growth driver in the

By 2030, data centers projected to account for ~50% of U.S. demand growth, building
and transport electrification lead in the EU, and industrial electrification in China X

Electricity demand total growth by sector and end-use in the US, EU, and China, 2015-2030, TWh
Rest of building I Transport | Other

B European Union

Industry Cooling [l Heat pumps Data centers.

B china

EE= United States

Electricity demand
characteristics from each of
these drivers pose distinct
challenges to grids; each ca
drive significant increases
peak as well as average
demand, with different level
predictability and control

ol NN NN BN
2015-2020 2020-2025 2025-2030 2015-2020  2020-2025  2025-2030 2015-2020 2020-2025 2025-2030

Columbia Business

(A, 2 26 (IEA, 2026),
S Wagner et al. ‘Powering Grids,” Columbia Business School Climate Knowledge Iniiative (28
Climate Knowledge Init

Saurces: : I
Credit:llayda Tezcan, Dominica Wambold, Ariela Farchi, and G

September 2026).

“Power Grids” (CKI, 29 September 2026)

Advanced Metering enables two-way digital communication
between utilities and customers, enabling smarter grid operations

4A

Smart meter Communication tower

How does Advanced Metering Infrastructure (AMI) 2.0 work?

Each meter communicates usage data between utilities and
customers, creating a two-way digital link — instead of a one-way, reading-
only methor

The utility’s software receives the measurements, checks for errors, and
organizes the data to ensure accurate billing and reliable operational
information

The Meter Data Management System (MDMS) stores detailed consumption
and generation data, applies validation rules, and prepares the data for
billing, forecasting, outage detection, load analysis, and customer dashboards

The AMI data feeds many utilty functions: outage detection, demand
response, dynamic pricing programs, remote connect/disconnect, and
dashboards that show customers their real-time electricity use

Utility software

Why is it critical for the energy
transition?

((H)ﬁ@_,ém];@

Meter Data Management
System (MDMS)

Utility

o Advantages

Provides near- real-time visibility of
electricity use

Enables dynamic tariffs, demand

response, smart EV charging, and

integration of rooftop solar and batteries
ale

Better data and price signals help shift and
reduce consumption, lowering peak
demand and allowing more renewables to
operate without curtailment

Smarter AMI 2.0 platforms combine
metering, grid monitoring, and customer
apps into one digital layer for the grid

(IEA, 2024),
Wagner et al

Wambold, Ariela Farch, and

Sources 0:
Credit: Sevgl Helr 1, Hasan Alawadhi, foyos a v
E

Better visibility: Real-time data
Foundation for a smart grid: Digital layer
Supports flexible demand: Dynamic control
Faster outage detection: Instant alerts
Multi-purpose: Smart meters at customer
premises, networks & MDM with utilities

° Disadvantages

Upfront cost: Major investment, utility-paid
+ Integration complexity: System alignment
+ Customer acceptance: Trust and adoption
Data utilization: Despite high AMI adoption
deriving DER value of the analytics layer lags

Columbia Business School
Climate Knowledge Initiative

iness School
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