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Introduction

WINDPOWER 2012, Atlanta, GA

When designing the layout of a wind farm, one of the main objectives is to minimize lost production due
to turbine wake losses. While effort is made to keep wake losses as small as possible, there will
inevitably be impact on the wind farm energy production and the total effect of the wake losses needs
to be quantified. Currently, there are wake loss models used in the industry to assess the overall impact
of these losses on a wind farm. While it has been shown that these models can capture the total loss
due to wakes, these models do not consider differences in the wake losses due to changes in
atmospheric stability (i.e. stable vs. neutral to unstable atmospheric conditions).

Definition of Unstable and Stable Atmospheric Conditions

Unstable Atmospheric Condition:

When the sun heats the earth’s surface, vertical mixing is
induced and lower wind shear is typically observed.

Wind Speed, m/s
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Stable Atmospheric Condition:

After the sun sets, the earth’s surface is allowed to cool and the
atmosphere reaches a buoyantly stable condition where there is
little vertical movement and higher wind shear is observed.

Results of Day and Night Average Power vs. Wind Speed comparison

During Southerly Winds
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top set of plots shows the comparison during daytime hours and the second set of plots shows
the nighttime comparison. The bottom plot presents the difference between the downwind and
upwind strings as a function of wind speed.
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The main objectives of this study were to:

Obijectives of Study

» Use power production data from an operating wind farm to quantify the difference in wake
losses that occur during stable and unstable conditions
» Determine the impact on AEP (Annual Energy Production) due to changes in diurnal wake

losses

Wind Rose

Methodology of Study and Wind Farm Description

Wind Farm Description

- 66 turbines in two rows (A — south and B — north)

- Astring — 25 turbines
- B string — 41 turbines

- Approximately 16 months of production data

Data Filtering

Removed times of icing and curtailment

Included only the 48 turbines that experience wakes (circled in red) a

44/48 are operating
Included only southerly (130 ° — 230°) and northerly (310° - 50°) wind direction sectors

Limited shear alpha to 0 — 0.2 during the day (unstable conditions) and 0.2 — 1.0 at night (stable
conditions)

Data Analysis Methodology
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» During southerly winds, the B string is in the wake of the A
string therefore the average power of the A string is expected to
be higher than the B string.

» The difference between the average power of the A and B string
is significantly larger at night (i.e. during stable conditions).

» During southerly winds, the average ratio between night and
day wake losses = 2.05. In other words, the wake losses at
night are approximately double the wake losses during the day.
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Error in AEP Estimation due to Diurnal Wake Losses

3) The percent error in AEP was then calculated for a range of average wake losses
(3.0% to 9.0%). The results of the analysis are shown in the table and plot below.

AEP,,; — (AEPpgy + AEPyignt) y
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Results from this study show that the average ratio between the wake losses experienced during stable and unstable
conditions range from 2 — 2.5. To determine the impact of diurnal wake losses on the annual energy production, wind

speed distributions from 6 different sites across the U.S. were analyzed and AEP was estimated two different ways and then

compared.

1) AEP was calculated assuming an average wake loss and using one, overall wind speed

distribution.

Wind Speed Frequency

2) Then, the AEP was estimated assuming that the ratio of night/day wake loss = 2.0 and using wind
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Free-stream wind speed across the wind farm was estimated based on the turbine sonic anemometer readings

and a sectorwise RAMWind terrain model

Average power production from A and B strings were calculated on an hourly basis
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Data was separated into day (7 AM — 6 PM) and night (7 PM — 6 AM) and into southerly and northerly wind
directions.

Average power of the A and B strings were plotted against wind speed for each data group (i.e day and night,

north and south)
Average power was binned in 1 m/s intervals and the mean average power was calculated and compared.

During Northerly Winds

(A string is waked)

The plots below show the comparison of the average power produced by A and B string
turbines during northerly winds where the A string is in the wake of the B string. gk
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» Conversely, during northerly winds, the A string is in the 10% -

wake of the B string therefore the average power of the B
string is expected to be higher than the A string.
» Similarly, the difference between the average power of the
two strings is significantly larger during stable conditions.
» During northerly winds, the average ratio between night
and day wake losses = 2.49.
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> The error in the AEP estimation increased

>

>

with average wake loss.

With an average wake loss of 3%, the error in

AEP ranged from -0.17% to 0.02%.

With an average wake loss of 9%, the error

range increased to -0.53% to 0.07%.

» The error in AEP was largest at sites with
significantly different diurnal wind speed
distributions such as the site in California

Avg Wake
Loss KS CA X OK MD1 MD?2
3.0% |-0.10%| -0.17% |-0.13% | -0.07% | 0.02%
4.5% |[-0.16%| -0.25% |-0.19% [ -0.11% | 0.03%
6.0% |-0.22%| -0.34% |-0.26% | -0.15% | 0.05%
7.5% |-0.27%| -0.44% |-0.33% | -0.19% | 0.06%
9.0% |-0.33%| -0.53% |-0.40% | -0.23% | 0.07%
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Summary and Next Steps

Power production data from an operating wind farm was analyzed to
examine the difference in wake losses that occur during stable versus
unstable atmospheric conditions.

The average power produced by the northern string was compared to
the average power produced by the southern string during northerly and
southerly wind directions and during daytime and nighttime conditions.
The average ratio between night and day wake losses ranged from 2.05
to 2.49.

The impact on AEP estimation was analyzed at 6 different sites across
the U.S.

The error in the AEP estimation increased with higher average wake
losses.

At sites with an average wake loss of 9%, the error in the AEP estimation
ranged from -0.53% to +0.07%

The next step is to determine the most appropriate way to incorporate
diurnal wake losses due to changes in atmospheric stability into our
wake loss models.




	Slide Number 1


<<

  /ASCII85EncodePages false

  /AllowTransparency false

  /AutoPositionEPSFiles true

  /AutoRotatePages /None

  /Binding /Left

  /CalGrayProfile (Dot Gain 20%)

  /CalRGBProfile (sRGB IEC61966-2.1)

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

  /sRGBProfile (sRGB IEC61966-2.1)

  /CannotEmbedFontPolicy /Error

  /CompatibilityLevel 1.4

  /CompressObjects /Tags

  /CompressPages true

  /ConvertImagesToIndexed true

  /PassThroughJPEGImages true

  /CreateJobTicket false

  /DefaultRenderingIntent /Default

  /DetectBlends true

  /DetectCurves 0.0000

  /ColorConversionStrategy /CMYK

  /DoThumbnails false

  /EmbedAllFonts true

  /EmbedOpenType false

  /ParseICCProfilesInComments true

  /EmbedJobOptions true

  /DSCReportingLevel 0

  /EmitDSCWarnings false

  /EndPage -1

  /ImageMemory 1048576

  /LockDistillerParams false

  /MaxSubsetPct 100

  /Optimize false

  /OPM 1

  /ParseDSCComments true

  /ParseDSCCommentsForDocInfo true

  /PreserveCopyPage true

  /PreserveDICMYKValues true

  /PreserveEPSInfo true

  /PreserveFlatness true

  /PreserveHalftoneInfo false

  /PreserveOPIComments true

  /PreserveOverprintSettings true

  /StartPage 1

  /SubsetFonts true

  /TransferFunctionInfo /Apply

  /UCRandBGInfo /Preserve

  /UsePrologue false

  /ColorSettingsFile ()

  /AlwaysEmbed [ true

  ]

  /NeverEmbed [ true

  ]

  /AntiAliasColorImages false

  /CropColorImages true

  /ColorImageMinResolution 300

  /ColorImageMinResolutionPolicy /OK

  /DownsampleColorImages true

  /ColorImageDownsampleType /Bicubic

  /ColorImageResolution 300

  /ColorImageDepth -1

  /ColorImageMinDownsampleDepth 1

  /ColorImageDownsampleThreshold 1.50000

  /EncodeColorImages true

  /ColorImageFilter /DCTEncode

  /AutoFilterColorImages true

  /ColorImageAutoFilterStrategy /JPEG

  /ColorACSImageDict <<

    /QFactor 0.15

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

  >>

  /ColorImageDict <<

    /QFactor 0.15

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

  >>

  /JPEG2000ColorACSImageDict <<

    /TileWidth 256

    /TileHeight 256

    /Quality 30

  >>

  /JPEG2000ColorImageDict <<

    /TileWidth 256

    /TileHeight 256

    /Quality 30

  >>

  /AntiAliasGrayImages false

  /CropGrayImages true

  /GrayImageMinResolution 300

  /GrayImageMinResolutionPolicy /OK

  /DownsampleGrayImages true

  /GrayImageDownsampleType /Bicubic

  /GrayImageResolution 300

  /GrayImageDepth -1

  /GrayImageMinDownsampleDepth 2

  /GrayImageDownsampleThreshold 1.50000

  /EncodeGrayImages true

  /GrayImageFilter /DCTEncode

  /AutoFilterGrayImages true

  /GrayImageAutoFilterStrategy /JPEG

  /GrayACSImageDict <<

    /QFactor 0.15

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

  >>

  /GrayImageDict <<

    /QFactor 0.15

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

  >>

  /JPEG2000GrayACSImageDict <<

    /TileWidth 256

    /TileHeight 256

    /Quality 30

  >>

  /JPEG2000GrayImageDict <<

    /TileWidth 256

    /TileHeight 256

    /Quality 30

  >>

  /AntiAliasMonoImages false

  /CropMonoImages true

  /MonoImageMinResolution 1200

  /MonoImageMinResolutionPolicy /OK

  /DownsampleMonoImages true

  /MonoImageDownsampleType /Bicubic

  /MonoImageResolution 1200

  /MonoImageDepth -1

  /MonoImageDownsampleThreshold 1.50000

  /EncodeMonoImages true

  /MonoImageFilter /CCITTFaxEncode

  /MonoImageDict <<

    /K -1

  >>

  /AllowPSXObjects false

  /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 ()

  /PDFXOutputConditionIdentifier ()

  /PDFXOutputCondition ()

  /PDFXRegistryName ()

  /PDFXTrapped /False



  /CreateJDFFile false

  /Description <<



    /BGR <>

    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>

    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>

    /CZE <>

    /DAN <>

    /DEU <>

    /ESP <>

    /ETI <>

    /FRA <>

    /GRE <>



    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)

    /HUN <>

    /ITA <>

    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>

    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>

    /LTH <>

    /LVI <>

    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)

    /NOR <>

    /POL <>

    /PTB <>

    /RUM <>

    /RUS <>

    /SKY <>

    /SLV <>

    /SUO <>

    /SVE <>

    /TUR <>

    /UKR <>

    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  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

    >>

    <<

      /AddBleedMarks false

      /AddColorBars false

      /AddCropMarks false

      /AddPageInfo false

      /AddRegMarks false

      /ConvertColors /ConvertToCMYK

      /DestinationProfileName ()

      /DestinationProfileSelector /DocumentCMYK

      /Downsample16BitImages true

      /FlattenerPreset <<

        /PresetSelector /MediumResolution

      >>

      /FormElements false

      /GenerateStructure false

      /IncludeBookmarks false

      /IncludeHyperlinks false

      /IncludeInteractive false

      /IncludeLayers false

      /IncludeProfiles false

      /MultimediaHandling /UseObjectSettings

      /Namespace [

        (Adobe)

        (CreativeSuite)

        (2.0)

      ]

      /PDFXOutputIntentProfileSelector /DocumentCMYK

      /PreserveEditing true

      /UntaggedCMYKHandling /LeaveUntagged

      /UntaggedRGBHandling /UseDocumentProfile

      /UseDocumentBleed false

    >>

  ]

>> setdistillerparams

<<

  /HWResolution [2400 2400]

  /PageSize [2592.000 3168.000]

>> setpagedevice



