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1. Capacity Value (CV): a metric of the firm-power 
equivalent for a given installation 

 
2.  Curtailed Energy: generated power that exceeds 

load must be curtailed 
 
3. Forecasting Error Reserve Requirement: additional 

operating reserves induced by uncertainty in supply 
from a generator 

The big 3 variability and uncertainty parameters 
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• We care about Effective Load Carrying Capability (ELCC) in 
highest Loss of Load Probability (LOLP) hours 

• See Hasche et al. (2011) for inter-annual variability 

Modeling CV in CEMs – ideal treatment 

Load − VG 



5 

• ELCC estimations 
o Approximate the relationship between capacity 

additions and LOLP  
o e.g., Z-method (Dragoon and Dvortsov 2006), Garver’s 

method (Garver 1966), and Garver’s method extended to 
multistate generators (D’Annunzio and Santoso 2008) 

• Capacity factor proxy 
o Applied to “high risk” hours (e.g., Milligan and Parsons 1999 

for wind, Madaeni et al. 2013 for solar) 

o Applied to top load hours in load duration curve (LDC) 
– RPM and future ReEDS (Hale et al. 2016) 

Modeling CV in CEMs – simplifications  
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RPM and future ReEDS LDC approach: CV 
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Modeling curtailment (surplus) in CEMs – ideal 

Curtailed VG 

Mingen 
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• Implicit integration cost function 
o e.g., WITCH 

• Step-wise marginal curtailment function 
o e.g., MESSAGE 

• Statistical parameterization 
o e.g., current ReEDS 

• LDC approach 
o REMIND-D (Ueckerdt et al. 2015) 

o RPM (Hale et al. 2016) 

• Simplified 8760 dispatch 
o Future ReEDS  

Modeling curtailment – simplifications  
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• Curtailment based on interplay of NLDC and mingen 

RPM LDC approach: curtailments 
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Future ReEDS curtailment and storage via dispatcher 

Initial mingen 

Final mingen 

Curtailment reduction from storage 

Curtailment reduction from 
thermal unit shutdown 

Final curtailment 

Netload 

Approximated 
netload 

In
iti

al
 c

ur
ta

ilm
en

t 



12 

• Improving the representation of VG variability and 
uncertainty in CEMs is increasingly important as VG 
penetration levels grow 

• There are different ways to model CV and 
curtailment, with varying computational and data 
requirements 

• RPM and ReEDS are working toward 8760 exogenous 
methods 

Summary 



13 

ReEDS team 
David Bielen 
Ph.D. Economics 
Duke University 

Jonathan Ho 
M.S. Engineering Science  
Johns Hopkins University 
 

Nate Blair 
M.S./M.B.A. 
University of Wisconsin, Madison 

Venkat Krishnan 
Ph.D. Electrical Engineering 
Iowa State University 

Stuart Cohen 
Ph.D. Mechanical Engineering 
University of Texas, Austin 

Trieu Mai 
Ph.D. Theoretical Physics 
University of California, Santa Cruz 

Wesley Cole 
Ph.D. Chemical Engineering 
University of Texas, Austin 

Benjamin Sigrin 
M.S. Energy & Earth Resources, M.P. Aff 
University of Texas, Austin 

Kelly Eurek  
M.S. Engineering & Technology Management 
Colorado School of Mines 

Daniel Steinberg 
M.E.Sc. Environmental Economics & Energy 
Analysis 
Yale School of Forestry & Environmental Studies 

Bethany Frew 
Ph.D. Civil & Environmental Engineering 
Stanford University 

Thanks also: James Richards, Brady Stoll, Elaine Hale, 
Paul Denholm 
 

Funding provided by: DOE Office of Energy Efficiency and 
Renewable Energy, Solar Energy Technologies Office, and 
Energy Policy and Systems Analysis  



14 

D’Annunzio, C.; Santoso, S. (2008). “Noniterative Method to Approximate the Effective Load Carrying Capability of a Wind Plant.” IEEE Transactions on Energy Conversion, Vol. 23, No. 2, pp. 544-550, June 
2008. 

 
Denholm, P.; O'Connell, M.; Brinkman, G.; Jorgenson, J. (2015). Overgeneration from Solar Energy in California: A Field Guide to the Duck Chart . NREL/PR-6A20-65453. Golden, CO: National Renewable Energy 

Laboratory. 
 
Dragoon, K. and Dvortsov, V. (2006). Z-method for power system resource adequacy applications. Power Systems, IEEE Transactions on, 21(2), pp.982-988.  
 
Duignan, R.; Dent, C. J.; Mills, A.; Samaan, N.; Milligan, M.; Keane, A.; O’Malley, M. (2012). “Capacity Value of Solar Power.” Proceedings of the 2012 IEEE Power and Energy Society General Meeting; July 22–26 

2012, San Diego, California. Piscataway, NJ: Institute of Electrical and Electronics Engineers, 6 pp. NREL/CP-5500-54832. Golden, CO: National Renewable Energy Laboratory. 
http://dx.doi.org/10.1109/PESGM.2012.6345429  

 
Ueckerdt, F.; Brecha, R.; Luderer, G.; Sullivan, P.; Schmid, E.; Bauer, N.; Böttger, D.; Pietzcker, R. (2015). “Representing power sector variability and the integration of variable renewables in long-term energy-

economy models using residual load duration curves.” Energy, 90, Part 2, 1799-1814.  
 
Garver, L. L. (1966). "Effective load carrying capability of generating units." IEEE Trans. Power Appl. Syst., vol. PAS-85, no. 8, pp. 910-919. 
 
Hale, E.; Stoll, B.; Mai, T. (2016). Capturing the Impact of Storage and Other Flexible Technologies on Electric System Planning. NREL/TP-6A20-65726. Golden, CO: National Renewable Energy Laboratory. 

http://www.nrel.gov/docs/fy16osti/65726.pdf  
 
Hasche, B.; Keane, A.; O’Malley, M. (2011). “Capacity Value of Wind Power, Calculation, and Data Requirements: The Irish Power System Case.” IEEE Transactions on Power Systems, Vol. 26, No. 1, Feb.; pp. 

420–430. 
 
Huang, D.; Billinton, R. (2009). “Effects of Wind Power on Bulk System Adequacy Evaluation Using the Well-Being Analysis Framework.” IEEE Transactions on Power Systems, Vol, 24, No. 3, Aug. 2009. 
 
Ibanez, E.; Milligan, M. (September 2012). “A Probabilistic Approach to Quantifying the Contribution of Variable Generation and Transmission to System Reliability.” NREL/CP-5500- 56219. Golden, CO: 

National Renewable Energy Laboratory. http://www.nrel.gov/docs/fy12osti/56219.pdf 
 
Keane, A.; Milligan, M.; Dent, C.J.; Hasche, B.; D'Annunzio, C.; Dragoon, K.; Holttinen, H.; Samaan, N.; Söder, L.; O'Malley, M. (2011). Capacity value of wind power. Power Systems, IEEE Transactions on, 26(2), 

pp.564-572. 
 
Madaeni, S.H.; Sioshansi, R.; Denholm, P. (2013). Comparing capacity value estimation techniques for photovoltaic solar power. IEEE Journal of Photovoltaics, 3(1), pp.407-415.  
 
Milligan, M. and B. Parsons (1999), “A Comparison and Case Study of Capacity Credit Algorithms for Wind Power Plants.” Journal of Wind Engineering. Multi-Science Publishing Co. LTD. Brentwood, Essex, 

United Kingdom. Vol 23, No. 3, 1999. 
 
Milligan, M. (2001). “A Sliding Window Technique for Calculating System LOLP Contributions of Wind Power Plants.” NREL/CP-500-30363.  Golden, CO: National Renewable Energy Laboratory. Available at 

http://www.nrel.gov/docs/fy01osti/30363.pdf 
 
Munoz, F. D.; Mills, A.D. (2015). “Endogenous Assessment of the Capacity Value of Solar PV in Generation Investment Planning Studies.” IEEE Transactions on Sustainable Energy, Vol. 6, No. 4, Oct.; pp. 1574-

1585. 
 
Sigrin, B., Sullivan, P., Ibanez, E. and Margolis, R., 2014. Representation of the solar capacity value in the ReEDS capacity expansion model. NREL/TP-6A20-61182. Golden, CO: National Renewable Energy 

Laboratory. http://www.nrel.gov/docs/fy14osti/61182.pdf 
 
Sullivan, P., Eurek, K. and Margolis, R., 2014. Advanced methods for incorporating solar energy technologies into electric sector capacity-expansion models: literature review and analysis. NREL/TP-6A20-61185. 

National Renewable Energy Laboratory (NREL), Golden, CO. http://www.nrel.gov/docs/fy14osti/61185.pdf 

References and additional sources 




	Parameterizing the variability and uncertainty of wind and solar in CEMs
	The big 3 variability and uncertainty parameters
	The big 3 variability and uncertainty parameters
	Modeling CV in CEMs – ideal treatment
	Modeling CV in CEMs – simplifications 
	RPM and future ReEDS LDC approach: CV
	The big 3 variability and uncertainty parameters
	Modeling curtailment (surplus) in CEMs – ideal
	Modeling curtailment – simplifications 
	RPM LDC approach: curtailments
	Future ReEDS curtailment and storage via dispatcher
	Summary
	ReEDS team
	References and additional sources



