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https://irena.org/publications/2020/Jun/Renewable-Power-Costs-in-2019


Wind main source by 2050
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https://www.iea.org/data-and-statistics/data-product/net-zero-by-2050-scenario
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Variability

Source: Agora Energiewende

Wind generation in Germany
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Flexibility needs (Schill, 2020)

Cannibalization (López Prol et al. 2020)

Curtailment (Bird et al., 2016)

Start-up costs (Schill et al. 2017)

Source: Ueckerdt et al. 2013
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Firm wind

Reliability
Certainty

Capacity factor (CF)

Minimum CF that we 
get 99% of the time

% of hours with a CF 
within a range 
(mean ±50%)

Optimize capacity factor-volatility trade-off 
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Firm wind PDF

Capacity factor (CF)0

Unreliable and 
uncertain

Certain 
but 
unreliable

Certain and 
reliable

Reliable but 
uncertain
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Efficient frontier and optimal portfolio

Data: hourly resolution, 
111 regions, 30 years: 
29M observations
Source: renewables.ninja

https://www.renewables.ninja/
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Efficient frontier and optimal portfolio
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Portfolio with max. 

CF (Nebraska, USA)

Portfolio with min. 

volatility

Efficient frontier and optimal portfolio



11

Optimal portfolio



12

Reliability

Certainty
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Reliability

Certainty 99% of hours 
capacity factor 
 > 17% and 
 within mean ±50%

Conclusion



Limitations

• Technical optimal -> €

• Political feasibility 

• Interconnection cost vs. alternatives

• Spatial resolution
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Thank you!
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