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How does uncertainty in clean-
technology learning shape the 
cost, timing, and emissions of 
decarbonization pathways?



Not if, when



CKI Solar-250426_updateBOS

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.
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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
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Deregulated Texas energy market boon for solar, surpassing 
California in 2024

Total installed utility-scale solar capacity in Texas and California (GW) Observations
• Texas surpassed California as leading solar PV 

state after adding 1.6 GW in Q2 of 2024 (ACP). 

• 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

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).

Case study: Texas vs. California
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Texas solar capacity 
annual growth started 
outpacing California in 
2014

Texas solar capacity 
annual growth started 
outpacing California in 
2014
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https://cleanpower.org/resources/clean-power-annual-market-report-2024-snapshot/
https://www.eia.gov/todayinenergy/detail.php?id=64586
https://www.eia.gov/todayinenergy/detail.php?id=64586
https://www.eia.gov/todayinenergy/detail.php?id=64586
https://www.eia.gov/todayinenergy/detail.php?id=64586
https://www.eia.gov/todayinenergy/detail.php?id=64586
https://www.eia.gov/todayinenergy/detail.php?id=64586
https://www.eia.gov/todayinenergy/detail.php?id=64586
https://www.eia.gov/todayinenergy/detail.php?id=64586
https://www.eia.gov/todayinenergy/detail.php?id=64586
https://business.columbia.edu/faculty/people/gernot-wagner
https://business.columbia.edu/insights/climate/cki
https://business.columbia.edu/insights/climate/solar


Wagner (16 May 2025), gwagner.com/german-recovery



Wagner, “The Climate Policy Pendulum” (16 January 2025)

https://gwagner.com/policy-pendulum
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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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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%
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IPCC SSP2-4.5 and 
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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


 Power sector ‘solved’

 ‘Missing profits’

 Cost of ‘costless’ mitigation

 Transition matters

Economist “Sun Machines” (20 June 2024)

https://www.economist.com/interactive/essay/2024/06/20/solar-power-is-going-to-be-huge




Source: Economist “Sun Machines” (20 June 2024)

https://www.economist.com/interactive/essay/2024/06/20/solar-power-is-going-to-be-huge


 Power sector ‘solved’

 ‘Missing profits’

 Cost of ‘costless’ mitigation

 Transition matters

Christophers, “The Price is Wrong: Why Capitalism Won't Save the Planet” (Verso, 2024)



Source: Economist (26 May 2026)

https://www.economist.com/china/2026/05/26/chinas-world-beating-solar-industry-is-in-turmoil


Source: Financial Times (11 February 2025)



 Power sector ‘solved’

 ‘Missing profits’

 Cost of ‘costless’ mitigation

 Transition matters

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

https://gwagner.com/costless


Large abatement opportunities available at low or no cost
McKinsey Global v2.0 effort in 2009 identified 38 GtCO2e abatement potential in 2030 
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Capital intensity varies widely across sectors
Transport and buildings with largest up-front capital expenditure requirements 
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McKinsey & Company

Clean electrons & electrification

10 % of techs in the money today – steep cost-down to 2030
Estimated abatement costs, USD/tCO2e   

Clean 
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Source: McKinsey Global MACC with regional/product estimations
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McKinsey & Company

Clean electrons & electrification

100$/tCO2 carbon tax would make most techs competitive
Estimated abatement costs, USD/tCO2e   

Source: McKinsey Global MACC with regional/product estimations
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Source: Kotchen, Rising & Wagner. “The costs of “costless” climate mitigation.” Science (30 November 2023). 

https://gwagner.com/costless


Moers, Fioriti & Wagner, “Innovation uncertainty shapes divergent pathways toward decarbonization,” Mimeo (31 May 2026)

 Power sector ‘solved’

 ‘Missing profits’

 Cost of ‘costless’ mitigation

 Transition matters



Source: Economist “Sun Machines” (20 June 2024)

https://www.economist.com/interactive/essay/2024/06/20/solar-power-is-going-to-be-huge


How does uncertainty in clean-
technology learning shape the 
cost, timing, and emissions of 
decarbonization pathways?



BOS
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• Mainstream energy-economy models often treat 
technological change as exogenous or deterministic 
(e.g. Way et al., 2022)

• Scenario tools have repeatedly underestimated 
renewable cost declines and diffusion speeds (e.g. 
IEA WEO; Creutzig et al 2017)

• Empirical work shows large heterogeneity, 
uncertainty, and structural breaks in learning rates 
(e.g. Goksin et al 2017, 2025; Trancik 2021)

• Vast endogenous learning literature (e.g. Acemoglu 
et al 2012; Coppens, Dietz & Venmans 2025)

• Probabilistic forecasting increasingly used for 
energy & climate outcomes, but rarely coupled to 
high-resolution models (e.g. Trancik et al 2025)

Literature: Technology dynamics in transition models

Energy-economy models Empirical learning and forecasting

 Combine empirically disciplined innovation uncertainty 
with high-resolution energy system model (PyPSA-Earth)

Moers, Fioriti & Wagner, “Innovation uncertainty shapes divergent pathways toward decarbonization,” Mimeo (31 May 2026)



BOS
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Forecast error is an economic problem

• Solar, wind & batteries have 
repeatedly become cheaper 
faster than expected

• Cost assumptions shape 
investments, policy trade-
offs, and perceived feasibility 
(Trancik et al., 2025)

• Too pessimistic: mitigation 
looks unnecessarily slow & 
expensive

• Too optimistic: institutional, 
grid, and deployment frictions 
disappear by assumption

Historical PV cost projections

Source: Way et al., (2022)
Moers, Fioriti & Wagner, “Innovation uncertainty shapes divergent pathways toward decarbonization,” Mimeo (31 May 2026)



BOS
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Methodology: Empirical calibration

Shared-State Bayesian Regime-learning Wright model hindcasts

Moers, Fioriti & Wagner, “Innovation uncertainty shapes divergent pathways toward decarbonization,” Mimeo (31 May 2026)



BOS
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Methodology: Empirical calibration + Stochastic learning model

Shared-State Bayesian Regime-learning Wright model hindcasts

Moers, Fioriti & Wagner, “Innovation uncertainty shapes divergent pathways toward decarbonization,” Mimeo (31 May 2026)

Learning Model



BOS
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Global PyPSA-Earth Power Sector model

Moers, Fioriti & Wagner, “Innovation uncertainty shapes divergent pathways toward decarbonization,” Mimeo (31 May 2026)

Energy System Model

• High-resolution, open-
source, linear model that 
minimizes system costs

• 200 regions, 10 typical days, 
5-year steps

• Sector-coupled model; our 
focus on power sector

• No emissions constraint in 
baseline
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Global PyPSA-Earth Power Sector model

Moers, Fioriti & Wagner, “Innovation uncertainty shapes divergent pathways toward decarbonization,” Mimeo (31 May 2026)

Energy System Model Learning Model



BOS

31 of 42

Large pathway uncertainty(?!)

Distribution of feasible energy-system states

Moers, Fioriti & Wagner, “Innovation uncertainty shapes divergent pathways toward decarbonization,” Mimeo (31 May 2026)
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Large spread of solar, wind, and grid storage pathways…

Moers, Fioriti & Wagner, “Innovation uncertainty shapes divergent pathways toward decarbonization,” Mimeo (31 May 2026)
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Consistently high (>80%) renewables share by 2050

Correspondingly low fossil electricity share (<20%)

Moers, Fioriti & Wagner, “Innovation uncertainty shapes divergent pathways toward decarbonization,” Mimeo (31 May 2026)
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Power systems sort into distinct renewables architectures

2035 wind versus solar shares

Moers, Fioriti & Wagner, “Innovation uncertainty shapes divergent pathways toward decarbonization,” Mimeo (31 May 2026)

Large path dependencies between 2035 & 2050
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High 2035 solar share  high solar (+ battery) share by 2050 

Moers, Fioriti & Wagner, “Innovation uncertainty shapes divergent pathways toward decarbonization,” Mimeo (31 May 2026)

• By 2035, runs sort into 
distinctive renewables 
architectures

• High solar share = high grid 
storage share

• Fossil shares remain similar 
across high and low solar 
deployment, with wind as 
‘substitute’

• 2035 fossil share less 
indicative of architecture than 
solar and wind shares
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Early high renewable systems save significant emissions…

Partition runs by when 
they cross 80% 

renewables threshold
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… without increasing system costs significantly

Net value of early investment 
= avoided emissions 
x carbon value 
– change in system costs

Moers, Fioriti & Wagner, “Innovation uncertainty shapes divergent pathways toward decarbonization,” Mimeo (31 May 2026)
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• Lower clean-technology costs

• Expand feasible transition pathways

• Create self-reinforcing deployment dynamics

• Reduce expected transition spending

• Retire some residual coal and gas

• Resolve grid and permitting frictions

• Guarantee full decarbonization (by 2050)

• Manage distributional and political constraints

What innovation can and cannot do

Innovation can Innovation may not be able to

Moers, Fioriti & Wagner, “Innovation uncertainty shapes divergent pathways toward decarbonization,” Mimeo (31 May 2026)
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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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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%
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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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