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indəˈspyo͞odəb(ə)l: 
Five indisputable facts on modern power systems  



• Fact one: The grid can handle more renewable generation than 
previously thought. 

• Fact two: Geographic and resource diversity provide additional 
reliability to the system.  

• Fact three: Wind and solar forecasting provide significant value. 

• Fact four: Our electric power markets were not originally 
designed for  variable renewables—but they could be adapted. 

• Fact five: Modern power electronics are creating new sources 
of essential reliability services. 
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FACT ONE: THE GRID CAN HANDLE MORE 
RENEWABLE GENERATION THAN PREVIOUSLY 
THOUGHT.  

3 



• Wind and solar didn’t 
become a big thing until 
recently. 

• Issue 1 Power and 
Energy Magazine 
worked to define 
renewable energy 

• Installed capacity of 
non-hydro renewables 
in 2000 was very low. 
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Region Other/Renewable (GW) 

North America 18 

Western Europe 10 

Asia and Oceania 4 

Rest of world 3 

Global 35 

Fact One: The grid can handle more renewable 
generation than previously thought.  

H. B. Puttgen, et al , "Distributed generation: 
Semantic hype or the dawn of a new era?," 
in IEEE Power and Energy Magazine, vol. 1, no. 
1, pp. 22-29, Jan-Feb 2003 
 
S. Rahman, "Green power: what is it and where 
can we find it?," in IEEE Power and Energy 
Magazine, vol. 1, no. 1, pp. 30-37, Jan/Feb 2003 
 

 



Fact One: The grid can handle more renewable 
generation than previously thought.  

Region Country 

Instantaneous 
Penetration of 
Asynchronous 

Generation as a 
Percentage of Load 

Annual Penetration 
of Asynchronous 
Generation as a 

Percentage of Load 

 
 

Peak Load (MW) 

CAISO United States 49% (2017) 27% (2016) 46,232 (2016) 

Denmark Denmark 140% (2015) 42% (2015) 6,000 (2013) 

EirGrid Ireland 60% (2017) 22% (2016) 4,700 (2016) 

ERCOT United States 50% (2017) 15% (2016) 71,000 (2016) 

MISO United States 22% (2016) 8% (2016) 120,700 (2016)  

Portugal Portugal 104% (2015) 23% (2015) 8,300 (2015) 

South Australia 
Grid 

Australia 
 119% (2016) 

35% (2016) 
2,895 (2016) 

Southwest 
Power Pool 

United States 52% (2017) 14% (2015) 
50,083 (2016) 
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FACT TWO: GEOGRAPHIC AND RESOURCE 
DIVERSITY PROVIDE ADDITIONAL RELIABILITY TO 
THE SYSTEM. 
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Fact Two: Geographic and resource diversity provide 
additional reliability to the system. 

• Joining together power 
systems to take 
advantage of diversity is 
not a new idea. 

 
• But the of value of and 

opportunity to access  
diversity has never been 
greater 
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Chicago Tribune Power Plan 1927 

 



Fact Two: Geographic and resource diversity provide 
additional reliability to the system. 

• Temporal and Spatial 
diversity occur across 
time 

• Optimized transmission 
network operation 
enables nearly all 
services to be shared:  
– Capacity,  
– Energy,  
– Ancillary Services. 
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Spatial variability of DNI in India 

 



Fact Two: Geographic and resource diversity provide 
additional reliability to the system. 

• MISO covers the most 
geographic territory of 
any single system 

• MISO North has 
experienced very high 
regional penetrations, 
80% instantaneous. 

• Leverages large network 
to balance needs across 
space and time 
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FACT THREE: WIND AND SOLAR FORECASTING 
PROVIDE SIGNIFICANT VALUE. 
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Fact Three: Wind and solar forecasting provide 
significant value. 

• Wind and solar are not 
totally unpredictable 

• Aggregate forecast 
errors impact 
commitment and 
dispatch 

• Day ahead forecasts are 
more valuable 

• Real time forecasts are 
more accurate 
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Forecast error for aggregated wind 
power production due to spatial 

smoothing.  
Milligan et al Wind Power Myths Debunked (2003) 

http://ieeexplore.ieee.org/stamp/stamp.jsp?tp=&arnu
mber=5233741&isnumber=5233728 

 

http://ieeexplore.ieee.org/stamp/stamp.jsp?tp=&arnumber=5233741&isnumber=5233728
http://ieeexplore.ieee.org/stamp/stamp.jsp?tp=&arnumber=5233741&isnumber=5233728


Fact Three: Wind and solar forecasting provide 
significant value. 

• Two approaches to 
solar forecasting 
– Irradiance forecasts 
– Statistical models 

• Significant 
improvements are 
being developed in 
ramp forecasts 
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Distribution of forecast errors at different geographic locations 
Zhang et al. (2013) http://www.nrel.gov/docs/fy14osti/60142.pdf 

 

http://www.nrel.gov/docs/fy14osti/60142.pdf
http://www.nrel.gov/docs/fy14osti/60142.pdf
http://www.nrel.gov/docs/fy14osti/60142.pdf
http://www.nrel.gov/docs/fy14osti/60142.pdf
http://www.nrel.gov/docs/fy14osti/60142.pdf
http://www.nrel.gov/docs/fy14osti/60142.pdf


FACT FOUR: OUR ELECTRIC POWER MARKETS WERE 
NOT ORIGINALLY DESIGNED FOR  VARIABLE 
RENEWABLES—BUT THEY COULD BE ADAPTED. 
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Fact Four: Our electric power markets were not originally 
designed for  variable renewables—but they could be 

adapted. 
• Competitive Markets 

were designed to: 
– Incentivize efficient 

investment  
– Manage market power 
– Eliminate rate pancaking 
– Improve Unit 

Commitment 
– Price congestion 
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Fact Four: Our electric power markets were not originally 
designed for  variable renewables—but they could be 

adapted. 
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FACT FIVE: MODERN POWER ELECTRONICS ARE 
CREATING NEW SOURCES OF ESSENTIAL 
RELIABILITY SERVICES. 
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Fact Five: Modern power electronics are creating new 
sources of essential reliability services. 

• Reliability falls into two categories 
– Adequacy: ability to supply aggregate demand 
– Operating Reliability: ability to withstand 

disturbances 

• Essential Reliability Services 
– Load and Resource Balancing 
– Voltage Support 
– Frequency Support 
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Fact Five: Modern power electronics are creating new 
sources of essential reliability services. 

• Both wind and solar can 
provide a range of 
reliability services 

• New market and 
reliability rules are 
needed to ensure 
resources can offer full 
capabilities to market 
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Loutan et al. (2017) http://www.nrel.gov/docs/fy17osti/67799.pdf 

 

http://www.nrel.gov/docs/fy17osti/67799.pdf


WHERE DO THESE FACTS LEAD US? 
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Cleaner Energy Futures 
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https://www.youtube.com/playlist?list=PLmIn8Hncs7bEl4P8z6-KCliwbYrwANv4p 
 

https://www.youtube.com/playlist?list=PLmIn8Hncs7bEl4P8z6-KCliwbYrwANv4p


WHAT DO WE NEED TO GET HERE? 
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WHAT DO WE NEED TO GO EVEN 
FARTHER? 
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Comprehensive reliability modeling 
23 



Enabling Comprehensive Modeling 
• Papers 

– We need to clearly define Resource Adequacy, Balancing, and Stability  
– P. Kundur et al. (2003) is an excellent example of the path we need to 

follow 
• http://ieeexplore.ieee.org/stamp/stamp.jsp?tp=&arnumber=1318675&isnumber=2

9221 

• Models 
– RTS-GMLC: https://github.com/GridMod/RTS-GMLC 

• Data 
– Generation data is pretty good nationally: wind, solar, gas, coal, hydro 
– Load data is terrible 

• No good nodal load datasets  
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http://ieeexplore.ieee.org/stamp/stamp.jsp?tp=&arnumber=1318675&isnumber=29221
http://ieeexplore.ieee.org/stamp/stamp.jsp?tp=&arnumber=1318675&isnumber=29221
https://github.com/GridMod/RTS-GMLC


India Greening the Grid 

http://www.nrel.gov/analysis/india-renewable-integration-study.html 
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http://www.nrel.gov/analysis/india-renewable-integration-study.html
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Identifying cost-effective 
options for strengthened 
interconnections between 
the eastern and western grids 
of the U.S. electricity system 

Analyzing pathways to a 
modernized power 
system for North America 
through efficient infrastructure 
planning and system operations 

Exploring a more electrified 
U.S. economy and its 
implications for the energy system, 
electricity supply and demand, and 
infrastructure needs 

SEAMS NARIS EFS 
Interconnections 

Seam Study 
North American Renewable 

Integration Study 
Electrification 
Futures Study 

http://www.nrel.gov/analysis/seams.html http://www.nrel.gov/analysis/naris.html  http://www.nrel.gov/analysis/electrification_futures.html 

http://www.nrel.gov/analysis/seams.html
http://www.nrel.gov/analysis/naris.html
http://www.nrel.gov/analysis/power-up.html

	indəˈspyo͞odəb(ə)l:�Five indisputable facts on modern power systems 
	Fact one: The grid can handle more renewable generation than previously thought. 
	Fact One: The grid can handle more renewable generation than previously thought. 
	Fact One: The grid can handle more renewable generation than previously thought. 
	Fact two: Geographic and resource diversity provide additional reliability to the system.
	Fact Two: Geographic and resource diversity provide additional reliability to the system.
	Fact Two: Geographic and resource diversity provide additional reliability to the system.
	Fact Two: Geographic and resource diversity provide additional reliability to the system.
	Fact three: Wind and solar forecasting provide significant value.
	Fact Three: Wind and solar forecasting provide significant value.
	Fact Three: Wind and solar forecasting provide significant value.
	Fact four: Our electric power markets were not originally designed for  variable renewables—but they could be adapted.
	Fact Four: Our electric power markets were not originally designed for  variable renewables—but they could be adapted.
	Fact Four: Our electric power markets were not originally designed for  variable renewables—but they could be adapted.
	Fact five: Modern power electronics are creating new sources of essential reliability services.
	Fact Five: Modern power electronics are creating new sources of essential reliability services.
	Fact Five: Modern power electronics are creating new sources of essential reliability services.
	Where do these facts lead us?
	Cleaner Energy Futures
	What do we need to get here?
	What do we need to go even farther?
	Comprehensive reliability modeling
	Enabling Comprehensive Modeling
	India Greening the Grid


<<
  /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 [720.000 540.000]
>> setpagedevice


