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Capacity value assessments of
wind power

Michael Milligan,' Bethany Frew,’ Eduardo Ibanez,” Juha Kiviluoma,*
Hannele Holttinen® and Lennart Séder®

This article describes some of the recent research into the capacity value of wind
power. With the worldwide increase in wind power during the past several
years, there is increasing interest and significance regarding its capacity value
because this has a direct influence on the amount of other (nonwind) capacity
that is needed. We build on previous reviews from IEEE and TEA Wind Task 25°
and examine recent work that evaluates the impact of multiple-year data sets
and the impact of interconnected systems on resource adequacy. We also pro-
vide examples that explore the wse of altemative reliability metrics for wind
capacity value caleulations. We show how multiple-year data sets significantly
increase the robustness of results to single-year Assump-
tions regarding the s play a significant role. To date,
results regarding which relisbility metrie to use for probabilistic capacity vahia
tion show little sensitivity to the metric. ©2016 John Wiley & Sons, Ltd
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INTRODUCTION

During the past several years, there has been a
significant increase in the level of installed wind
and solar power on electric power systems around
the world. As the capacity and energy share of gener-
ation from these power sources has beacome more sig-
nificant, the question of how to mke varable
generation into account in resource (power] ade-
quacy assessment has received more attention.! How
much of the installed capacity of wind and solar
should count toward planning reserve margins (firm
capadty that can be counted on during peak demand
or other high-risk periods) is a critical issue—if these
resources can deliver a high fracion of installed
capadty during high-risk time periods, then the
required level of cpacity from other sources would
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be less than if wind or solar provided little capaciry
value.

In the literature, there are many ways to esti-
mate capacity value. The preferred method for asses-
sing the capacity value of wind and solar generation
is a probabilistic approach grounded in the well-
known loss of load probability (LOLP) and related
reliahility metrics. This recommendation has emerged
from the IEEE Wind Power Coordinating Committee
Task Force paper for wind power’ and Duignan
et al.? for solar power. The North American Electric
Reliability Corporation (NERC) approved this
method in a msk force paper,” and it was induded in
the Recommended Practices for Wind Inwegraton
Studies.” Other studies have echoed the preference
for these probabilistic methods, spedfically highlight-
ing the cffective load-carrying capability (ELCC)
method > Other standard, but less commonly
used, reiability metrics mcmd.c equivalent conven-
tional power (ECP), equivalent firm power (EFP),
and secured cpacity.®”

The objective of this arricle is W summarize
recent work on wind @pacity valuation methods
that has helped o answer some of the questions
raised in Ref 2 and NERC.** We find that some of
the interesting questions regarding multiple years of
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CV: contribution to system resource.adeguacy
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Loss of Load Expectation (days/year)
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Declining CV with wind penetration.level
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Key topics in wind capacity.valuation

o Choice of CV metric/method
— Probabilistic-based reliability metrics
— Simplified CV methods

o Impact of multiple-year data sets

o Impact of transmission assumptions
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CV insensitive to probabilistic-based.reliability metrics
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Simplifications for calculating.CV

e 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)

e Capacity factor proxy

o Applied to “high risk” hours (e.g., Milligan and Parsons 1999
for wind, Madaeni et al. 2013 for solar)

o Ad-hoc rule of thumbs
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Rule of thumb CV methods. are.inconsistently inaccurate
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Achieve more robust CV results.with.multiple-year data sets
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Studies suggest 8-9 years to converge on long-term value, which is key for planning decisions
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Transmission assumptions.impact.resource adequacy level
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Summary and future research.needs

e LOLP-based CV methods are most accurate, and results
are relatively insensitive to choice of LOLE, LOLH, and
EUE

e CV rule of thumb methods are often inconsistent and
unreliable

 Multiple-year data sets significantly increase the
robustness of results compared to single-year
assessments

* Transmission interconnection assumptions have
significant impact on resource adequacy and associated
contribution needed by wind

* Future research needs: continued improvements in
multi-area methods, simplified methods, flexibility
valuation, and capacity market structures

NATIONAL RENEWABLE ENERGY LABORATORY



References and select additional.sources

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.

Zachary, S.; Dent, C.J.; Brayshaw, D.J. (2011) “Challenges in quantifying wind generation’s contribution to securing peak demand.“2011 IEEE Power and Energy Society
General Meeting, San Diego, CA, 2011, pp. 1-8.

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.; Bottger, 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.

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/fy120sti/56219.pdf

Keane, A.; Milligan, M.; Dent, C.J.; Hasche, B.; D'Annunzio, C.; Dragoon, K.; Holttinen, H.; Samaan, N.; Séder, 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.

NATIONAL RENEWABLE ENERGY LABORATORY


http://dx.doi.org/10.1109/PESGM.2012.6345429
http://www.nrel.gov/docs/fy12osti/56219.pdf

bethany.frew@nrel.gov

www.nrel.gov

iiNREL

NATIOMAL RENEWABLE ENERGY LABORATORY

partment of Energy, Office of Energy Efficiency and Renewable Energy, operated by the Alliance for Sustainable Energy, LLC.



	Assessing Capacity Value of Wind Power
	Full team and paper
	CV: contribution to system resource adequacy
	ELCC
	Declining CV with wind penetration level
	Key topics in wind capacity valuation
	CV insensitive to probabilistic-based reliability metrics
	Simplifications for calculating CV
	Rule of thumb CV methods are inconsistently inaccurate
	Achieve more robust CV results with multiple-year data sets
	Transmission assumptions impact resource adequacy level
	Summary and future research needs
	References and select additional sources
	bethany.frew@nrel.gov


<<

  /ASCII85EncodePages false

  /AllowTransparency false

  /AutoPositionEPSFiles true

  /AutoRotatePages /PageByPage

  /Binding /Left

  /CalGrayProfile (Gray Gamma 2.2)

  /CalRGBProfile (sRGB IEC61966-2.1)

  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)

  /sRGBProfile (sRGB IEC61966-2.1)

  /CannotEmbedFontPolicy /Warning

  /CompatibilityLevel 1.6

  /CompressObjects /Tags

  /CompressPages true

  /ConvertImagesToIndexed true

  /PassThroughJPEGImages true

  /CreateJobTicket false

  /DefaultRenderingIntent /Default

  /DetectBlends true

  /DetectCurves 0.1000

  /ColorConversionStrategy /LeaveColorUnchanged

  /DoThumbnails false

  /EmbedAllFonts true

  /EmbedOpenType false

  /ParseICCProfilesInComments true

  /EmbedJobOptions true

  /DSCReportingLevel 0

  /EmitDSCWarnings false

  /EndPage -1

  /ImageMemory 1048576

  /LockDistillerParams false

  /MaxSubsetPct 100

  /Optimize true

  /OPM 1

  /ParseDSCComments true

  /ParseDSCCommentsForDocInfo true

  /PreserveCopyPage true

  /PreserveDICMYKValues true

  /PreserveEPSInfo false

  /PreserveFlatness false

  /PreserveHalftoneInfo false

  /PreserveOPIComments false

  /PreserveOverprintSettings true

  /StartPage 1

  /SubsetFonts true

  /TransferFunctionInfo /Apply

  /UCRandBGInfo /Remove

  /UsePrologue false

  /ColorSettingsFile ()

  /AlwaysEmbed [ true

  ]

  /NeverEmbed [ true

  ]

  /AntiAliasColorImages false

  /CropColorImages false

  /ColorImageMinResolution 150

  /ColorImageMinResolutionPolicy /OK

  /DownsampleColorImages true

  /ColorImageDownsampleType /Bicubic

  /ColorImageResolution 150

  /ColorImageDepth -1

  /ColorImageMinDownsampleDepth 1

  /ColorImageDownsampleThreshold 1.50000

  /EncodeColorImages true

  /ColorImageFilter /DCTEncode

  /AutoFilterColorImages true

  /ColorImageAutoFilterStrategy /JPEG

  /ColorACSImageDict <<

    /QFactor 0.76

    /HSamples [2 1 1 2] /VSamples [2 1 1 2]

  >>

  /ColorImageDict <<

    /QFactor 0.76

    /HSamples [2 1 1 2] /VSamples [2 1 1 2]

  >>

  /JPEG2000ColorACSImageDict <<

    /TileWidth 256

    /TileHeight 256

    /Quality 15

  >>

  /JPEG2000ColorImageDict <<

    /TileWidth 256

    /TileHeight 256

    /Quality 15

  >>

  /AntiAliasGrayImages false

  /CropGrayImages false

  /GrayImageMinResolution 150

  /GrayImageMinResolutionPolicy /OK

  /DownsampleGrayImages true

  /GrayImageDownsampleType /Bicubic

  /GrayImageResolution 150

  /GrayImageDepth -1

  /GrayImageMinDownsampleDepth 2

  /GrayImageDownsampleThreshold 1.50000

  /EncodeGrayImages true

  /GrayImageFilter /DCTEncode

  /AutoFilterGrayImages true

  /GrayImageAutoFilterStrategy /JPEG

  /GrayACSImageDict <<

    /QFactor 0.76

    /HSamples [2 1 1 2] /VSamples [2 1 1 2]

  >>

  /GrayImageDict <<

    /QFactor 0.76

    /HSamples [2 1 1 2] /VSamples [2 1 1 2]

  >>

  /JPEG2000GrayACSImageDict <<

    /TileWidth 256

    /TileHeight 256

    /Quality 15

  >>

  /JPEG2000GrayImageDict <<

    /TileWidth 256

    /TileHeight 256

    /Quality 15

  >>

  /AntiAliasMonoImages false

  /CropMonoImages false

  /MonoImageMinResolution 1200

  /MonoImageMinResolutionPolicy /OK

  /DownsampleMonoImages true

  /MonoImageDownsampleType /Bicubic

  /MonoImageResolution 1200

  /MonoImageDepth -1

  /MonoImageDownsampleThreshold 1.50000

  /EncodeMonoImages true

  /MonoImageFilter /CCITTFaxEncode

  /MonoImageDict <<

    /K -1

  >>

  /AllowPSXObjects true

  /CheckCompliance [

    /None

  ]

  /PDFX1aCheck false

  /PDFX3Check false

  /PDFXCompliantPDFOnly false

  /PDFXNoTrimBoxError true

  /PDFXTrimBoxToMediaBoxOffset [

    0.00000

    0.00000

    0.00000

    0.00000

  ]

  /PDFXSetBleedBoxToMediaBox true

  /PDFXBleedBoxToTrimBoxOffset [

    0.00000

    0.00000

    0.00000

    0.00000

  ]

  /PDFXOutputIntentProfile (U.S. Web Coated \050SWOP\051 v2)

  /PDFXOutputConditionIdentifier (CGATS TR 001)

  /PDFXOutputCondition ()

  /PDFXRegistryName (http://www.color.org)

  /PDFXTrapped /False



  /CreateJDFFile false

  /Description <<

    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>

    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>

    /DAN <>

    /DEU <>

    /ESP <>

    /FRA <>

    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)

    /JPN <>

    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>

    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)

    /NOR <>

    /PTB <>

    /SUO <>

    /SVE <>

    /ENU (Use these settings to create Adobe PDF documents suitable for reliable viewing and printing of business documents.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)

  >>

  /Namespace [

    (Adobe)

    (Common)

    (1.0)

  ]

  /OtherNamespaces [

    <<

      /AsReaderSpreads false

      /CropImagesToFrames true

      /ErrorControl /WarnAndContinue

      /FlattenerIgnoreSpreadOverrides false

      /IncludeGuidesGrids false

      /IncludeNonPrinting false

      /IncludeSlug false

      /Namespace [

        (Adobe)

        (InDesign)

        (4.0)

      ]

      /OmitPlacedBitmaps false

      /OmitPlacedEPS false

      /OmitPlacedPDF false

      /SimulateOverprint /Legacy

    >>

    <<

      /AllowImageBreaks true

      /AllowTableBreaks true

      /ExpandPage false

      /HonorBaseURL true

      /HonorRolloverEffect false

      /IgnoreHTMLPageBreaks false

      /IncludeHeaderFooter false

      /MarginOffset [

        0

        0

        0

        0

      ]

      /MetadataAuthor ()

      /MetadataKeywords ()

      /MetadataSubject ()

      /MetadataTitle ()

      /MetricPageSize [

        0

        0

      ]

      /MetricUnit /inch

      /MobileCompatible 0

      /Namespace [

        (Adobe)

        (GoLive)

        (8.0)

      ]

      /OpenZoomToHTMLFontSize false

      /PageOrientation /Portrait

      /RemoveBackground false

      /ShrinkContent true

      /TreatColorsAs /MainMonitorColors

      /UseEmbeddedProfiles false

      /UseHTMLTitleAsMetadata true

    >>

    <<

      /AddBleedMarks false

      /AddColorBars false

      /AddCropMarks false

      /AddPageInfo false

      /AddRegMarks false

      /BleedOffset [

        0

        0

        0

        0

      ]

      /ConvertColors /NoConversion

      /DestinationProfileName (U.S. Web Coated \(SWOP\) v2)

      /DestinationProfileSelector /UseName

      /Downsample16BitImages true

      /FlattenerPreset <<

        /PresetSelector /MediumResolution

      >>

      /FormElements true

      /GenerateStructure true

      /IncludeBookmarks false

      /IncludeHyperlinks true

      /IncludeInteractive false

      /IncludeLayers false

      /IncludeProfiles true

      /MarksOffset 6

      /MarksWeight 0.250000

      /MultimediaHandling /UseObjectSettings

      /Namespace [

        (Adobe)

        (CreativeSuite)

        (2.0)

      ]

      /PDFXOutputIntentProfileSelector /UseName

      /PageMarksFile /RomanDefault

      /PreserveEditing true

      /UntaggedCMYKHandling /LeaveUntagged

      /UntaggedRGBHandling /LeaveUntagged

      /UseDocumentBleed false

    >>

  ]

>> setdistillerparams

<<

  /HWResolution [600 600]

  /PageSize [612.000 792.000]

>> setpagedevice



