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Early decarbonization investments are key to keeping temperatures 
within livable range and saving trillions in climate costs

1 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 
misleading (2020); BNEF, Energy Transition Investment Trends (2026).
Credit: Anika Behrndt, Zacharia Thurston, Isabel Hoyos, Hyae Ryung Kim, and Gernot Wagner. Share with attribution: Kim et al., “Probable Climates” (27 January 2026).
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Current investment is 
aligned with the Shell 
Archipelagos scenario

IEA Net Zero by 2050 
requires a rapid increase
in early investments

Even the least-ambitious Shell scenario reaches near-zero emissions by 2100, but speed 
is essential to avoid the worst climate impacts and runaway economic costs

Low-carbon investment has risen rapidly 
recently, though ~2.5-3.5x gap remains

~3-5%

~15%

!?2
IPCC SSP2-4.5 and 
Shell Archipelagos 
most ‘probable’3

IPCC SSP2-4.5 and 
Shell Archipelagos 
most “probable” 2.8

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
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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%.
− PV price drop primarily driven by 

improvements in module efficiency and 
economies of scale.

− Onshore wind remained the cheapest for 
the longest, now beaten by PV.

− Lithium-ion battery costs fell 20% in 2023 
alone.

• Gas combined cycle power plants 
cheaper than coal, more expensive 
than both solar and wind.
− Rapid scale-up of utility-scale batteries 

“killer app” to replace gas on grid.

− Battery prices expected to continue 
falling due to cell manufacturing 
overcapacity, economies of scale, and 
switch to lower-cost lithium-iron-phosphate 
(LFP) batteries.

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., 
Evaluating the Causes of Cost Reduction in Photovoltaic Modules (2018).
Credit: Hyae Ryung Kim, Xiaodan Zhu, and Gernot Wagner. Share with attribution: Kim et al., “Scaling Solar” (14 August 2025).
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Solar PV prices dropped 
~90% in 12 years, ~99% 
in 40 years.

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
https://www.sciencedirect.com/science/article/pii/S0301421518305196
https://www.sciencedirect.com/science/article/pii/S0301421518305196
https://www.sciencedirect.com/science/article/pii/S0301421518305196
https://business.columbia.edu/faculty/people/gernot-wagner
https://business.columbia.edu/insights/climate/cki
https://business.columbia.edu/insights/climate/solar


Nature (16 April 2026)



Large abatement opportunities available at low or no cost
McKinsey Global v2.0 effort in 2009 identified 38 GtCO2e abatement potential in 2030 



Not if, when

Barriers persist 

Public procurement helps

e.g. Wagner, “Who pays for cutting carbon out of making cement?” (Financial Times, 19 May 2025)

1

2

https://gwagner.com/ft-cement


Source: Kotchen, Rising & Wagner. “The costs of “costless” climate mitigation.” Science (30 November 2023). 

https://gwagner.com/costless


Capital intensity varies widely across sectors
Transport and buildings with largest up-front capital expenditure requirements 
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Emerging technologies like thermal batteries, alternative 
feedstock, and electrochemistry key to cement decarbonization

Abatement cost1 vs. abatement potential2 for key decarbonization pathways
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Observations

• Currently deployable measures 
can deliver up to 40% emission 
reductions through energy 
efficiency, alternative fuels, and 
blended cement (conventional 
SCMs and LC3).

• Alternative feedstock and 
electrochemical production can 
eliminate cement production 
emissions by up to ~90% but 
require step changes in 
technology, CapEx, and 
infrastructure.

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

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

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

Blended 
cement: LC33

CCUS could retrofit young, 
existing OPC plants. 

Transitional measures

1) Abatement cost of emerging technologies is based on estimates and has high uncertainty. 2) Abatement potential is calculated as unconstrained and theoretical for each approach in isolation. 3) 
Despite TRL 9, market penetration of LC3 remains low due to slow standards adoption, limited supply chain coordination, and conservative procurement practices. 4) Thermal batteries' abatement 
potential and cost are based on off-grid renewables; see slide 28 for grid power. 5) CCUS/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: Nicolas Herrera Isaza, Soraya Van Beek, Isabel Hoyos, Hyae Ryung Kim, and Gernot Wagner. Share with attribution: Kim et al., “Decarbonizing Cement” (30 April 2026).

Alternative feedstocks could be 
combined with electrochemical 
production or thermal batteries to 
enable near-zero emissions (~90%).

Combined

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


Gernot Wagner
gwagner@columbia.edu
gwagner.com
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