3.0 ENERGY - Intro, modules, and step-by-step guide ¢ 159

3. WindPRO Energy

3.0 ENERGY - Intro, modules, and step-by-step guide........ccccvvrviiiiiiiiiiiieeeeiiceee e, 161
3.0.1 Introduction to WIindPRO energy calculation MOdUIES ...........ceviiiiiiiiiiiiiiiee e e e 161
3.0.1.1 Generating @ WING SEALISTIC ......uceiiiiiiiiiiiie e iicciiiiie e e e s ss e e e e e e e s s e e e e e e s ssnnraeeraeeessanrnranneeaeeeas 162
3.0.1.2 Creating a Wind RESOUICE MaAP ........uuviiiiieeiiiiiiiiieeee e e e es st e e e e e e e s saetae e e e e e e s ssanaaneeeaeeessnnsnraneeaaeeeas 162
3.0.1.3 Wind farm CalCUIALIONS .......coouueiieiiiiie ettt et e e s et e e s anbee e e e snnneee s 162
3.0.1.4 Optimization of Wind farm [QYOUL ...........coeeeiiiiiiiiiiice e e e e rr e e e e 162
3.0.2 Step-by-step guide for AEP CalCUIAtIONS .......coe e e e e e e 163
3.0.2.0 PARK calculation based on local measurements, WASP model ..........cccccoiiiiiiiiiiiiiiiiiiieeeee, 163
3.0.2.1 Based on measured on-site data WITHOUT & MOdEl...........coooiiiiiiiiiiiiiiiieeeee e 163
3.0.2.2 Based on Wind Statistic and terrain description, ATLAS model (Simple) .......ccccceveiiiiiiiiiiiennnennn. 163
3.0.2.3 Based on Wind Statistics and terrain description, WASP model...........ccccccoiiiiiiiiiiiiie, 163
3.0.2.4 Calculation of a Wind Statistic (WASP reqUIred) ..........ooiueiiiiiiieeiiiieie e 164
3.0.2.5 Calculation of a Wind Resource Map (WASP requIred) .........ccceeiiiiiieiieeeeeiiiiiieee e e e e sseinvnneeeae e 164
3.1. ENERGY — Fundamentals in CalculationsS ............ccooiiiiiiiiiiiiiiiie e 165
3.1.1 Basic data for energy CalCUIAtIONS............ooii it e e e e e e e e e e e e e eanes 165
170 V2 ViVA o To IR o T=T=To I 1511 ] o101 i o] o [F PO UUPRURP 165
3.1.2.1 Methods for establishing a wind speed distribution................ooii e, 166
3.1.3 Fitting Weibull Parameters for Wind Energy ApPlICAtiONS ..........cooiiiiiiiiiiia i 167
3.1.3.1 The WeibUIl DISTHDULION .....coiuviiiiiiiiiee ettt e e e e st e e s enb e e e s anbaee e e snneeeens 168
3.1.3.2 Estimating Moments in the Sample (Measured/Observed) Distribution ...........cccccceeeiieiiiieeneeenn. 168
3.1.3.3 The WiING POWET DENSILY ....vvviiiieeiiiiiiieiieee e e s es sttt et e e e s e st e e e e e e sssssstaaeeeeaeessnnsntanaeaaeeesansnranneeaeeeas 168
3.1.3.4 Estimating the Weibull Parameters for Wind Energy Applications...........ccccoecvvvievieeeeiicciiieeeeeeen, 168
3.1.4 The power CUrVe and the C; CUIMNVE........uuiiiiie et e e sttt e e e e e s st e e e e e e e e s st aaeeaaeesssnsnranaeeeeeessannnes 170
3.2. ENERGY - Calculation Methods and Models.........ccoooooiiiiiiiiiiiin e 171
3.2.0 Introduction to calculation methods and MOAEIS ..........ooiiiiiiiiiii e 171
3.2.1 Wind Atlas method (ATLAS, WASP and RESOUICE) ........ccvuuiiiieeeieiiciiiieeeeeeesssiiaaeesaeesssnnnnanneeeeeesnnnnnes 171
3.2.1.1 Method description — ATLAS as 0ppoSed t0 WASP ..........uuiiiiii e ereee e ee e e 171
3.2.1.2 Method description — Regional Wind StatiStiCS .........ccoviiiiiiiiee e 172
3.2.1.3 Method description — Roughness ClassifiCation ............ccccueiiirie i 173
3.2.1.4 Method description — ATLAS HillS......uuiiiiii i e e e e e e e e s eeeaeeeas 177
3.2.1.5 Method description — ATLAS LocCal OBSIACIES ......ccccceiiiiiiiiiiiee et 179
3.2.1.6 Method description — WAsSP Orography and Local Obstacles............cccceiiiiiiiiiiiiiieiieeeeeeen 179
3.2.1.7 Method description — RESOURCE ........cooi it e e eea e e 179
3.2.2 Method description — Weibull and MEASUIE ...........eiiiiiiiiiiiie et e e e e 179
3.2.3 Model description — PARK (Wake [0SS CalCulations) ...........uueiiiiiiiiiiiiiiiee e 180
3.2.3.1 More than one wind data set in a wind farm calculation ... 181
3.2.4 Generating a Wind Atlas (a set of WINd StatiStiCS) ......ccoiccvvriiiieeei it e e s s e e e e s sireee e e e e e e ennes 182
3.2.5 WAsP model — focus on changes from WASP 10.0.........cccuuiiiiieoii e et r e e e s s sinnnee e e e e e e e nnnes 182
3.3 ENERGY — Input data for AEP calculations...........cccooiiiiiiiiiiiiiiii e 187
3.3.0 Introduction to data input for AEP CaICUIALIONS .........cooiiiiiiiiiiiie e 187
3.3.1 INput fOr MODEL CalCUIALIONS.......e ittt e ettt e e e e e e e e e e e e e e e annbaeeeeeaeeeaannes 187
3.3.1.1 Siting and Setting Up Site Data ODJECES .....coicuuiiiiiiieee et ee e e 188
3.3.1.2 Tab sheet Wind Statistics (Wind Atlas) in Site Data ODbJeCt ..........cccuueiiiiieiiiiiie e 189
3.3.1.3 Tab sheet Roughness in Site Data ODJECL ...........uiviieiiiiiiiiiicc e 191
3.3.1.4 Tab sheet ATLAS Hills/Obstacles in Site Data ObJECE..........ccvveeiiiiiiiiiiee e 192
3.3.1.5 Tab sheet WASP Orography/ODSIACIES .........cuuviiiiiiieiiiceeeee e ee e e e 193
3.3.1.6 Tab sheet Map files and lIMItS.........c.uuuiiiiieiiiie e e e et reaae e 194
3.3. 1.7 INPUt OF WASP ODBSLACIES ....eeiiiieiii ittt e e e e e et e e e e e e e e eeeaeeeas 196
3.3.2 METEO object; Input of wind data, screening, analyZing........cccccevecciviiiieeeieisiiiieeee e erieee e e e e e 196
3.3.2.0 Compatibility t0 VErsion 2.5 OF OIAEN ......cccoiiiiiieee e ee e e e 197
3.3.2.1 Guide — including on-line data deSHPLION ...........uiiiiiie e e e 198
BLBL2.2 PUIMPOSE .. 200

© EMD International A/S e www.emd.dk e WindPRO 2.8 ¢ May 12


www.emd.dk

3.0 ENERGY - Intro, modules, and step-by-step guide ¢ 160

G 0 B - | - NSRS 201

TR I ] = 1 o] (o= F PRI 211

B TR I RS = L1 1 1o TR 217

R B IS 1= SRS 220

G T T A = 1o ] PSPPSR 220
3.3.3 METEOANALYSER ...ttt ettt ettt e e sttt e e ekttt e e ettt e e sttt e e e abbeeeeesbbeeeeaabbeeeesnbbeeaeane 221
3.3.3.1 Compare time series graphics for more measurement MastS.........ccccccvveeeviiiiiiireee e 222
3.3.3.2 Perform data substitutions from other measurement Signals ...........cccceveeeeiiciiiieeee e 223
3.3.3.3 Cross predict; WAsP vertical and horizontal extrapolation.............cccuveeveeeiiiiiiiiieee e 226
3.3.3.4 Time variation; Complete 1 year data from .WTI file generator............ccccccoovvvvviveeee v iicciieeeeeeen 228
3.3.4 Input for @ PARK CAICUIALION .......coiiiii et e e e e e e e eeaaaeeas 230
3.4 ENERGY — Calculations and PrintOULS .......ccoooioiiiiiiiiii s 231
3.4.1 Calculation Energy: PARK (AEP for Wind Farm + RIX €1C.) c.uuuuiiiiiiiiiiiiieiiee e a e 232
3.4.1.1 Standard PARK CAICUIALION ........ooiiiiiiiiiiie ettt e e s 232
3.4.1.2 Time varying PARK AEP CalCUIALION .......cccciiiiiiiiiiiie ettt s s sieee e e e e e s e snnranenaa e 238
3.4.1.3 PARK RIX CAICUIBLION ....eeeeieiiiie ettt ettt e et e e e st e e e nnbae e e e e 241
3.4.1.4 PARK calculation with “advanced OPtIONS ............uvieeeiiiiiiiiiiee e e e s ssrrr e e e e e e snrrreeeaee s 244
3.4.1.5 Edit WASP PArAMELEIS ...ttt e e e ettt e e e e e e e bbb e e e e e e e e e aannbbeeeeaaeesaannnnbneaaaaaeas 248
3.4.2 Calculation Energy: METEOQO (ENErgY, ONE SItE) .......ueeiiiiiaiiiiiiieitaaeee e et ie e e e e e e eaeieaeeeea e e e s sanneeeeeaaaaeas 249
3.4.3 Calculation ENErgy: MODEL ........ooii ittt e e e e et e e e e e e e e e annnreeeaaaaeas 253
R A V] e 1 (= =T = PRSP 253
N J 2 A I I N PRSP 254
e T o S @ 16 1 = RSP 254
e B O B I o o T = 1 ) USSP 254
3.4.4 Calculation Energy: STATGEN (Wind Statistics / WiNd Atlas) ........ccoveiviieiiieee i 254
3.4.5 Wind index correction level conversion to Wind SPEEQ ............uvviiiiee it e e 257
3.4.5.1 From MCP CAlCUIALIONS ......coiiiiiiieiiiie ettt ettt s bt e e et e e e s nbe e e e e nnbae e e e nnenes 258
3.4.5.2 Older or ManUal QQJUSTEA .......cceieiiiiiiiiiiie e e e e e e e s s e e e e e e s st e ereeeeesennnnnrnnneeeeeas 258
3.4.5.3 Danish “regional corrections” DK'92 — DK'07 wWind StatiStiCS.........cccuviiiiiieiiiiiiiiiieeee e 259
3.4.6 Printing and reading FEPOITS .......uiiiii it e e ettt e e e e e e e e ta et e e e e e e s aabebaeeeaaeeeaaannsreeeaaaaens 260
R G I = 11 T PRI 260
3.4.6.2 Reading reports from Energy CalCulationS.............oooiiiiiiiiiiiiiia e 261
3.4.6.3 Printing data to a file (RESUILS 10 fil@) ......coiii i 266
3.5 ENERGY — Losses, Uncertainty, and ChecKing .......ccccccceevvviiiiiiiiiiieeeeeeeeeeeee e 270
3.5.0 Introduction to Losses, Uncertainty, and CheCKiNg ..........ccooviiiiiiieee e 270
3.5.1 LOSSES @Nnd UNCEIAINTIES .......eeeeiiiiieeiiiitie it e ettt e e ettt e e e e e e s e aab et e e e e e e e e nbebaeeeaaeeesaannnseeeeaaaaeas 270
IR 70t 0t R o 11 L SO P PP P PP P PP P PPPPPPPPPPPPPPIN 270

R T 2 U L (o7 =T 5 =] =SSP TT U URPPPR 271
3.5.2 ChecKing the POWET CUINVE ...ttt e e e e e ettt e e e e e e e beb e e e e e e e e s aannnneeeeaaaaeas 272
3.5.3 Verification by USING @XISHNG WTGS ... ..ttt e e e e e e e et e e e e e e e s annneeeeeaaaaeas 274
3.5.4 Verification by using additional Wind datal............ccc.uviiiiieiiiiiiiiee e e e 275
3.5.4.1 Overview of the case studies and main SPeCifiCations ..........ccccccevviciiiiiiree i 276
3.5.4.2 Examples of wind data UNCEIAINTIES ..........ccoiiiiiiiiiiee e s e e e e e e e ennraneeaae e 276
3.5.4.3 Verification by using additional Wind Atlases for a large area .........ccccccceeeviiviieiveee e, 277
3.6 ENERGY - WIiNnd RESOUICE MaPS . .coeeiiiiiiiiieeeeieeiiiiiieaee ettt e e e e eetanani e 279
3.6.0 Introduction t0 WINd RESOUICE IMAP .....uuueiiiiiiieaiiiiitie it e ettt e e ettt e e e e e e et ae e e e e e e e s aannnneeeeaaaaaas 279
3.6.1 Background Data for the Wind RESOUICE MAP .......uueiiiiiiieiiiiiie ettt e e e e e e eeae e 279
3.6.1.1 DigitiZ€d ROUGNNESS MAP .....ueiiiieeiiiiiiiiiiiee e e s et e e e e e e s st e e e e e s s st aeeeaeessansstaaaraaeeesassanrnnneaeeess 279
3.6.1.2 Digital €1eVation Aata............uuuiiiieiiiiiiiie e e e e e e e e e e e e e e e a i —rrraaaaan 280
G0 G T Vg o IS = (] 1o SRR 280
OGP0 0 o Tox= 1 @ o 1] = Lo [ USSP 280
3.6.2 Entering data for the CalCUIAtIoN ..........cc.euiiiiiie e e e e e e reeee s 280
3.6.3 Calculating @ WiNd RESOUICE IMAP ....ccouuiiiiiiiee e i it e e e e e s es it te e e e e e s sstataeeeaaaeessssaaaeeaaaeeesannnnnneaeaaeeeas 284
3.6.3. 1 MUILE COIE / PC SEUP ettt e ettt ettt e e e oo ettt et e e e e e e e bt e ae e e e e e e s annbeeeeeaaeeeaannnbnnaaaaaess 286
3.6.4 Printout Of WiNd RESOUICE MBI ...ceiiieiiiiiiiieee ettt e e e e ettt e e e e e e e ettt e e e e e e e e s aannnnaneeaaaaaas 287
3.6.5 Analyze site with roses on Wind RESOUICE Map .......cooiiiiiiiiiiiiiiiae et a e 288
3.6.5.1 ROSES At Site at@ ODJECES ... .eeiiieiiiieiie et e e e e e et e e e e e e e e annnreeeaaae s 289

© EMD International A/S e www.emd.dk ¢ WindPRO 2.8 ¢ May 12


www.emd.dk

3.0 ENERGY - Intro, modules, and step-by-step guide ¢ 161

3.0 ENERGY - Intro, modules, and step-by-step guide

3.0.1 Introduction to WindPRO energy calculation modules

Calculating the energy production for a wind energy project is one of the most important tasks. The annual
energy production for a specific turbine can vary by several hundred percent depending on the site, even
within a small country like Denmark. Since the installation and operation costs only vary a little between sites
(expect for offshore, where the costs are much higher), the site-dependent energy production becomes crucial
for the feasibility of a wind energy project. Also, within the selected site, the micro-siting is important for the
expected Annual Energy Production (AEP), where

factors such as utilization of higher elevated locations, distance between turbines, and turbine orientation are
important in lowering the wake losses.

WindPRO offers a range of options for calculating the AEP. WindPRO is the most flexible tool of its kind when
it comes to modeling combinations of wind data in varying formats, multiple types of wind turbines, combining
new and existing WTGs, and handling different hub types and heights. A great deal of effort has been put into
developing the capabilities of intelligently checking input data as well as checking the calculation results in
order to ensure that the user is producing the most reliable results and documentation.

From version 2.7, it's possible to calculate time-dependent variations of the expected AEP within the PARK
module.

The RESOURCE calculation (part of MODEL) gives you the ability to establish a wind energy resource map.
This gives you the information you need for selecting suitable sites, either on a micro-siting level for best
positioning of the individual turbines, or for calculation of larger regions in order to determine the bestsuited
sites for wind farms. The module has unique capabilities for calculating large areas in one process and has
been used for calculating the entire Country of Denmark in a 200 m grid resolution. A wind resource map
presented on-screen as a background map is a valuable tool for manually optimizing a wind farm layout.

For optimizing a wind farm layout automatically, see Chapter 8.

For calculation utilizing CFD models, see Chapter 9, but note this part is under reconstruction.

For long term correction of short term measurements, see chapter 11, MCP module.

For Loss and uncertainty calculations, see chapter 12.

The various modules for performing AEP calculations with WindPRO are structured in the following modules:

e METEO - includes the Meteo object for wind data import/screening/analyze and the Meteo analyzer
for like cross predictions, substitutions etc. and AEP calculation direct from wind measurements.

e MODEL - includes the “simple” ATLAS model, interface to WAsSP model, RESOURCE calculation and
interface to CFD models (under reconstruction).

e MCP/Statgen — for long term correction of wind measurements and generation of wind statistics based
on the long term corrected wind data. This is documented in separate manual chapter (11).

e PARK — Wake loss calculation as well as time varying AEP calculations and turbulence calculations.
The PARK calculations can be performed on basis of METEO for “simple terrain sites” (where the wind
is assumed the same for the entire site) or MODEL, where the models extrapolate the wind to each
WTG position before the wake loss calculation.

The different modules and “sub modules” are explained further below:

METEO — With this module, you can calculate energy production based on measured wind data, where you've
taken exact measurements at the future WTG location (in flat, open terrain the data can usually be used for
larger areas). If the measurements are taken at a height other then the proposed WTG hub height, the data
can be extrapolated by giving in a wind gradient exponent, but this must be done carefully. Only in flat and
simple terrain (low roughness) can the height extrapolation be expected to follow simple rules. The module
gives access to comprehensive tools for importing/screening/analyzing measured wind data, which is a mix of
the METEO object and the Meteo analyzer. The Meteo analyzer has features for comparing more
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measurement masts, performing data substitution, and conducting a cross prediction and generation of
complete 1 year time series based on data interpolation/patching etc.

The METEO module will normally be used more for importing, analyzing, and preparing measured wind data
for generation of a Wind Statistic with the WASP Interface.

MODEL (ATLAS) - With this module, you can calculate energy production based on the simple ATLAS model
(Wind Atlas method), which is based on a terrain description (roughness, simple hills, and obstacles) and a
Wind Statistic. The roughness model is the same as in WAsP, but the hills and obstacles are calculated with
less complex flow models than in WAsP. For this reason, ATLAS should only be used for noncomplex terrain,
and should never be used in mountainous terrain. The future for the ATLAS model will only be smaller projects
(smaller turbines), where the model cost is an issue. For large modern turbine projects, the further refined and
updated WAsP model should always be used. Nevertheless, the ATLAS model has been used for calculating
more than 6.000 WTGs in Denmark, which has worked quite well.

MODEL (WAsP Interface) — With this module you can calculate the energy production using WAsP (software
from RISQ, DK) as the “calculation engine”, This means that you can perform calculations for complex terrain
using the Wind Atlas method with the advanced flow model incorporated into WAsP. The WASP Interface is
both a preprocessor to WAsP, for preparing and checking data, and a post-processor, for printing results in a
report. It is also used for performing and printing a number of analyses, which provides the user with valuable
feedback for evaluating the quality of the calculations.

3.0.1.1 Generating a Wind Statistic

STATGEN - With the METEO and WASP Interface modules, measured wind data can be converted into Wind
Statistics. The measured wind data is “cleaned” for local terrain conditions, so a regional wind climate is
established for use in calculations at locations other than where the wind measurements were taken (e.g. at
each turbine position).

3.0.1.2 Creating a Wind Resource Map

MODEL (RESOURCE) — This module can be used in a stand-alone fashion to generate a wind resource map
based on an .rsf or a .wrg file from a WASsP calculation and an optional WTG (for an energy production map).
Together with the WASP Interface module, the RESOURCE module can calculate and generate the wind
resource map for very large areas in one process. It can smoothly change the wind data used and
automatically optimize digital maps for use in the WAsP calculation(WAsP can only handle limited-sized map
files in a resource calculation). Lastly, local obstacles can be included, and calculations can be performed for
more than one hub height at a time. These capabilities are not available when using WAsP as a stand-alone
product. The RESOURCE module also provides the key input to the OPTIMIZE module based on .rsf files.

3.0.1.3 Wind farm calculations

PARK — This module is used for calculating wake losses and AEP for wind farms. The inputs for the PARK
calculation are the WTG positions, types, and hub- heights, plus the wind data delivered from one of the three
previously mentioned modules (ATLAS, METEO or WASP Interface), from an .rsf file from the RESOURCE
module, or from a CFD model. In order to utilize the PARK module, one of the four previously mentioned
modules must be available. The PARK module can also calculate time varying AEP based on METEO data.

3.0.1.4 Optimization of wind farm layout

OPTIMIZE - This module provides access to the PARK Design Object, which is a useful tool for large-scale
park design (e.g. off-shore).From version 2.4, it can run a parameter variation for auto-optimization. The other
automatic energy-optimizing algorithm is based on utilization in more complex terrain (see OPTIMIZE Chapter
8). OPTIMIZE is based on the PARK module and the MODEL (RESOURCE) module, and can only be used
when both modules are available.
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3.0.2 Step-by-step guide for AEP calculations

3.0.2.0 PARK calculation based on local measurements, WAsP model

a
a
a

Establish a map and a proposed WTG project (see BASIS Section 2.0.5)
Establish height contour lines within approximately a 5-km radius around site in a Line Object
Establish the roughness description within approximately a 20-km radius around site. There are three
methods available:

1) Roughness rose(s) (Site Data Object)

2) Roughness lines (Line Object)

3) Roughness lines exported from the Area Object.
If there are local obstacles, establish them (Obstacle Object).
Establish a Site Data Object for a WAsSP calculation and select a Wind Statistic (if not available, see
Calculation of a Wind Statistic, Section 3.0.2.4) NOTE: A correct Wind Statistic is extremely important
to calculate correct results. Check Map data connected to the Site Data Object.
Run PARK (if wind farm) or WAsP Interface (if single WTG or site analyses, e.g. wind profiles,
additional hub heights or WTG types)

3.0.2.1 Based on measured on-site data WITHOUT a Model

a
a
a

Establish a map and a proposed WTG project (see BASIS Section 2.0.5)

Establish a Meteo Object

Input measured data in the Meteo Object. The four acceptable types of input data are:

1) Raw data logger files

2) Time series from e.g. spreadsheet

3) Table data (wind speed and wind direction frequency) or WAsP .TAB file

4) Weibull parameters (or mean wind speed) versus direction sector (or just mean wind speed for
preliminary calculations).

Run PARK (if wind farm) or METEO (if single WTG or site analyses, e.g. additional hub heights or
WTG types). NOTE: Data has to be representative of long-term wind conditions. Measurements must
be at hub height or the wind shear must be known. When WTG positions are more than 50 m away
from the mast, this method should only be used if the terrain is very simple (flat, without local obstacles
or changing surface roughness), otherwise, see Section 3.0.2.4.

3.0.2.2 Based on Wind Statistic and terrain description, ATLAS model (simple)

a
a

]

Establish a map and a proposed WTG project (see BASIS)

Establish a Site Data Object for use in an ATLAS calculation and select Wind Statistics (if not
available, see Calculation of a Wind Statistics, Section 3.0.2.4).

Enter roughness rose information (20-km radius), local obstacles, and local simple hills. This is done
graphically by using the options that appear on the pop-up menu when right-clicking on the Site Data
Object.

Run PARK (if wind farm) or ATLAS (if single WTG or site analyses, e.g. additional hub heights or WTG

types)

3.0.2.3 Based on Wind Statistics and terrain description, WAsP model

a
a
a

Establish a map and a proposed WTG project (see BASIS)
Establish height contour lines within approximately a 5-km radius around site in a Line Object
Establish the roughness description within approximately a 20-km radius around site. There are three
methods available:

1) Roughness rose (Site Data Object)

2) Roughness lines (Line Object)

3) Roughness lines exported from the Area Object.
If there are local obstacles, establish them (Obstacle Object).
Establish a Site Data Object for a WAsP calculation and select a Wind Statistic (if not available, see
Calculation of a Wind Statistic, Section 3.0.2.4) NOTE: A correct Wind Statistic is extremely important
to calculate correct results. Check Map data connected to the Site Data Object.
Run PARK (if wind farm) or WAsP Interface (if single WTG or site analyses, e.g. wind profiles,
additional hub heights or WTG types)
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3.0.2.4 Calculation of a Wind Statistic (WAsP required)

a
a

a

[ Wy Wy

Establish a map for the measure mast site (see BASIS)
Establish height contour lines within approximately a 5-km radius around the measure mast in the Line
Object
Establish the roughness description within approximately a 20-km radius around measure mast. There
are three methods available:
1) Roughness rose (Site Data Object)
2) Roughness lines (Line Object)
3) Roughness lines exported from the Area Object.
If there are local obstacles, establish them (Obstacle Object).
Establish a Site Data Object for STATGEN purpose and add data.
Establish a Meteo Object (see Section 3.0.2.1)
Run STATGEN from the calculation menu (takes data from the Meteo and Site Data Objects.)
Use Wind Statistic (see Section 3.0.2.2 or 3.0.2.3).

3.0.2.5 Calculation of a Wind Resource Map (WAsP required)

a
a

]

Establish a map and a proposed WTG project (see BASIS)
Establish height contour lines within approximately a 5-km radius around the calculation map area in
the Line Object
Establish the roughness description within approximately a 20-km radius around the calculation map
area. There are two methods available:

1) Roughness lines (Line Object)

2) Roughness lines exported from the Are Object. Using the Area Object, information can be
imported from e.g. .dxf files
Establish a Site Data Object for use in a RESGEN calculation and select Wind Statistics (if not
available, see Calculation of a Wind Statistics, Section 3.0.2.4). Check MAP files and input region that
you will calculate within.
Run a RESOURCE calculation and set grid size, height(s) etc.
Establish a Result Layer Object on the map for viewing the resource map layer and for manual or
automatic optimization of the wind farm layout (OPTIMIZE module).
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3.1. ENERGY - Fundamentals in Calculations

3.1.1 Basic data for energy calculations

Two basic sets of data are needed in order to estimate the AEP for a WTG:

1) The wind speed distribution at hub height
2) The power curve(s) for the turbine(s) — air density corrected and eventually turbulence/shear corrected

If more WTGs are placed together and form a cluster or a wind farm, the directional wind speed distribution,
the precise micro-siting of the WTGs, and their C, curve(s) must also be known.

3.1.2 Wind speed distribution

The wind speed distribution describes the probability for a specific wind speed versus the wind speed. The
mathematical, two-parameter Weibull distribution is often used to describe the wind speed distribution. The
figure below shows examples of measured distributions and corresponding Weibull curve fits.
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The two Weibull distribution parameters are defined by:
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Where:
u = the wind speed
k = the Weibull form factor
A = the Weibull scale parameter (for typical distributions, A = is approx. equal to 1.126 * Umean)

A special variant of the Weibull distribution is the Raleigh distribution where k = 2. This distribution is often
assumed when only the mean wind speed is known.

3.1.2.1 Methods for establishing a wind speed distribution
The wind speed distribution can be established by one of the following methods:

A: Measurements at the WTG site

B: One or more Wind Statistics for the region and a terrain description for the WTG site (for simple terrain use
the Wind Atlas method, ATLAS or WASP)

C: One or more Wind Statistics for the region and a terrain description for the WTG site (for complex terrain
use the Wind Atlas method, WAsP)

D: Measurements for the region (or on-site, where more WTGs with different terrain conditions will be sited),
transformed to Wind Statistics for the region by WAsP (WindPRO module STATGEN). After establishment of a
Wind Statistics, go to C:

It's crucial that the wind speed distribution is long term representative. Having measurements for shorter
periods mean that a long term corrections should be performed, see chapter MCP module.

A precise wind speed distribution is crucial. One reason for this is the fact that the energy content of the wind
increases cubically with the wind speed. The wind power output from a WTG is calculated with the following
equation:

P = Yaxpru*A*Cq(u) (W)

Where:

p = the Air Density

u = the Wind Speed

A =the Area Swept by the Rotor

C(u) = the total efficiency, from wind energy to electric output of the WTG as a function of the wind speed.

An example:
At a wind speed of 10 m/s, with a 150 kW WTG with a 23-m rotor diameter that has an efficiency of 40% (@10
m/s) at an air density of 1.125 kg/m3.

Then the power is calculated as follows:

P =1 .1.125 kg/m® -10° (m/s) ®. 237 - n/4 m®. 0.4 = 93,434 W
This means that the power is 93.4 kW and the energy production is 93.4 kWh in one hour. If the wind speed
always is 10 m/s during an entire year, the AEP will be 8760h x 93.4 kWh = 818 MWh — but conditions are

never this ideal, therefore the number of hours with all the varying wind speeds must be known (the wind
speed distribution).
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At half the wind speed (5 m/s), assuming the same WTG efficiency (which, in practice, will be lower), the
power is 11.7 kW or only 12.5%.

NOTE: The formula above cannot be used to calculate annual energy production based on the annual mean
wind speed. The wind distribution and the power curve must both be known.

Method A) Measurements at the WTG site

The measurements must correspond to the long-term wind conditions. Typically, this calls for continued
measurements over a minimum period of three years. If at all possible, measurements of shorter periods must
be controlled and correlated to the long-term measurements by utilizing a station within the same region.

The data should be available in one of the following formats:

Time series from a data logger or spreadsheet, normally with records of both wind speed and direction
Table or histogram with observations per wind speed interval (and normally by direction interval)
Weibull parameters, possibly given per wind direction sector along with direction frequency

Mean wind speed, possibly given per wind direction sector along with direction frequency

Data that is available in one of the above formats can be entered or imported into a Meteo Object in WindPRO
(see also Sections 3.2.2 and 3.3.2).

Method B) One or more Wind Statistics for the region and a terrain description for the WTG site (simple
terrain)

The wind speed distribution in a relatively simple terrain can be calculated with ATLAS, e.g. as for most of
Denmark (except those areas with large hill formations or industrial areas with many dominating local
obstacles). ATLAS requires a Terrain Data Object and one or more Wind Statistics. The Wind Statistics should
be based on measurements made within a maximum radius of 200 km from the site (see also Sections 2.1.x
and 3.1.x).

Method C) One or more regional Wind Statistics and a terrain description for the WTG site (complex
terrain)

For sites in more complex terrain, i.e. with many hills, mountainous terrain, or terrain with dominating local
obstacles, the calculation of the wind speed distribution can be carried out by using the energy calculation
software WAsP. WindPRO calls WAsP (which must be purchased from RIS@ separately as the calculation
module once a Terrain Data Object has been created, WAsP has been selected as the calculation module,
and one or more Wind Statistics have been selected. The Wind Statistics should be based on measurements
made within a maximum radius of 100 km from the site. Please notice that Wind Statistics in mountainous
terrain may only be valid within a very short distance (down to as little as a few hundred meters) from the
measurement station (see also Sections 2.1.x and 3.1.x).

Method D) Measurements for the region transformed into Wind Statistics for a region by WAsP

The comments that were made under Method A are valid here too. The only difference is that the data cannot
be used directly, but instead, must be transformed into a set of regional Wind Statistics which are based on the
measured data combined with a terrain description as outlined under Method C.

In other words, first a Meteo Object must be created in WindPRO, and then a Terrain Object for the measuring
station must be created and used to generate a set of Wind Statistics for the measuring station (the regional
Wind Statistics). The regional Wind Statistics can then be used as described under Method B or C (see also
Section 3.2.1).

3.1.3 Fitting Weibull Parameters for Wind Energy Applications

A number of different methods exist for estimating the distribution parameters in an arbitrary distribution.
Among the most common methods are procedures using: 1) estimation of the statistical moments, 2) least
squares methods, 3) maximum likelihood methods or 4) Bayesian methods. An introduction to these methods
may be found in Ross []. Traditionally, it is recommended to use the maximum likelihood method for estimating
the distribution parameters because of the ability of this method to estimate not only the parameters
themselves but also a consistent estimate of any statistical uncertainty connected to the distribution
parameters. When using the methods 1) or 2), it is possible to include uncertainty estimates on the distribution
parameters using Bootstrap or Jackknife methods, see Efron and Tibshirani ["].
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3.1.3.1 The Weibull Distribution

For wind energy applications, the two-parameter Weibull distribution is used as the most common parametric
distribution of the T-minutes averaged wind speed (often T=10 minutes):

k
F(u)=1—exp{—[%} ] (1)
f(u)=F'(u)=5-[ﬂrex —Hk )
AlA A

where k is the Weibull form parameter
A is the Weibull scale parameter
f(u) is the Weibull density function
F(u) is the Weibull cumulative distribution function

The statistical moments, a,, are related to the Weibull distribution parameters as follows:

Mean value: u=a = A~F[1+1/ k] 3)
v-th order statistical moment:  a, = j f (U)u'du =AY -F[1+ v/ k] 4)

3.1.3.2 Estimating Moments in the Sample (Measured/Observed) Distribution

In the sample distribution, the statistical v-th order moments, a,, are given by [, Chapter 27]:
15 v
a, ==X (5)

where a, is the v-th order statistical moment
n is the number of samples
X; is the sample with the index i

Note: The sample moments should be determined directly from the available time series/samples. However, it
is also possible to estimate the sample moments from histograms — even if this procedure is slightly more
inaccurate.

3.1.3.3 The Wind Power Density

The available wind power density is proportional to the mean cube of the wind speed. This may be expressed
using the Weibull parameters:

E-= jo.5(pu)u2 f (u)du = 0.5pa,

(6)
= 0.50A° -T(1+3/k)
When dealing with the sample distribution, the wind power density is:
15,2
Eame =080~ U W)

3.1.3.4 Estimating the Weibull Parameters for Wind Energy Applications

This section describes how to estimate the Weibull parameters using the method described in The European
Wind Atlas []. When using the 2-parameter Weibull distribution for wind energy applications, the requirements
for the estimated ‘optimum’ distribution parameters may not be as specified in the four methods above. Indeed,
The European Wind Atlas [iv] specifies two criteria quite different from the ones specified in the ‘traditional’
methods:
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e The total wind energy in the fitted Weibull distribution and the observed distribution are equal.
e The frequency of occurrence of the wind speeds higher that the observed average speeds are the
same for the two distributions.

These two requirements lead to an equation in k only. It is important to notice, that the average wind speed in
the requirement in 2) is the sample wind speed. This leads to the required equation in k only. The equations (6)
+ (7) is used in order to determine the A parameter as a function of k:

E=Egmwe ©
1 1/3 (8)
_ ] = 3 _ /3
A= K . z u; J/r(1+ 3/ k)} [a,/T(@+3/k)f
Now, the requirement 2) is used with equation (8):
P[u > :usample]: 1- F(/”sarmle) = eXp[_(L’;me] }
©)

A standard root finding algorithm is utilized in order to determine k from eq. (9), as the probability of exceeding
the mean value, P[u>usampie] iS calculated directly from the sample distribution (time series or histograms).
Now, when k is known (calculated from (9)), A is easily determined from (8), assuming that E or a; are also
determined from the sample distribution.

Example — samples with histograms and time series data

Using time series data in a section between degrees = [255;285[ from a Danish wind farm at Torrild, then the
first and third order moments may be calculated to a,= 5.593 m/s and as= 321.88 (m/s)® (using eq. 5). The
probability of exceeding the mean wind speed is 0.45421 in the sample distribution. The k parameter may be
determined to k=2.0444 and A=6.2801 m/s using equations (9) and (8).

Estimating the moments from a histogram using a 1 m/s bin width yields a;= 5.654 m/s and as= 332.15 (m/s)°
and the probability of exceeding the mean is 0.4511. The Weibull parameters can be determined to k=2.0267
and A=6.3275, i.e. a slightly different result that the one obtained using time series. The current
implementation in WindPRO differs slightly from the specifications stated in the European Wind Atlas (using
the distribution density function instead of the distribution function), but it also uses histograms in estimating
the Weibull parameters. Here, an A=6.316 and k=2.0340 is found. WASP reports A = 6.3 and k = 2.04. The
histogram values that were used are stated below:

Wnd [ms] <1 2 3 4 5 6 7 8 91011 12 13 14 15 16 17 18 19 20
Count [o/oo] 11 62 121 155 122 120 97 84 77 734122 8 4 2 1 1 0 0 O

Please note that when calculating the mean value from the Weibull A and k parameters (see eq. (3)), then the
mean value is slightly different from the one found directly from the sample values. This is due to the fact, that
the fitting criterion assures only that the energy in the sample and fitted distributions are equal, and
furthermore that the probability of exceeding the sample mean are the same. The means calculated from the
Weibull A and k parameters are 5.564 m/s for the time series data and 5.606 m/s for the histogram data.
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3.1.4 The power curve and the C; curve

The power curve describes the electric power output from a specific WTG versus the wind speed at hub
height. The power curve is typically measured by installing wind monitoring equipment close to a WTG, and
measuring the coincident values of the wind speed and the electric power output. Alternatively, the power
curve can be calculated using aerodynamic computer models.

Power curves for a large number of the WTGs are already available in the wind turbine catalogue in the
WindPRO BASIS module (WTG catalogue). The power curves are generally based on measurements or
calculations. The reliability of the power curves may vary. Therefore, it's important to check the power curves.
Please refer to 3.5.2 Checking the Power Curve for further information on this subject.

The C; curve, which is used in PARK calculations, can just be a standard curve for either stall-regulated or
pitch-regulated WTGs, but better to have it more precise while it has a large influence on the calculated wake
losses. For large modern turbines, it is normally available for the specific turbine.

Further information about the power curves can be found in the chapter 2.6 in WindPRO BASIS. A typical
example of power curve, C, and C, curves for a stall-regulated 2-speed generator WTG are displayed in the
above figures.
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3.2. ENERGY - Calculation Methods and Models

3.2.0 Introduction to calculation methods and models

In this chapter you will find a short description of the various calculation methods that can be used from
WindPRO. The following methods/models will be described:

Wind atlas method (modules: ATLAS, WASsP Interface and RESOURCE)

Direct use of measurements (module: METEO with Weibull or measure option)
PARK model - this is used in conjunction with one of the methods mentioned above.
WASsP model — focus on changes before after Wasp 10.0.

3.2.1 Wind Atlas method (ATLAS, WAsSP and Resource)

All calculation methods are based on the Wind Atlas method.

The Wind Atlas method assumes that you use a set of Wind Statistics for a specific area (the local Wind Atlas).
Combined with a terrain assessment of the area within round 20-km radius around the site, the program
calculates the actual mean site-specific wind conditions at any specified height above the site terrain. These
wind data can then be compared with the power curve of a specific WTG, after which the expected mean
annual energy production for that WTG at the chosen site can be calculated.

Hence, three sets of information are required for an energy production calculation based on the Wind Atlas
method:

e The governing Wind Statistics for the region

e Aterrain assessment (roughness, orography and local obstacles)

e Power curves for the WTG (s) in question

3.2.1.1 Method description — ATLAS as opposed to WAsP

The WindPRO program module ATLAS complies with the algorithms that are described in the “European Wind
Atlas” with the following limitations:

e Only one obstacle per wind direction sector can be entered. Also, the obstacle model is simplified
compared to the WAsP obstacle model.

e The hill model is simplified and is not based on a flow model, as is the WAsP model. The hill model is
based on a simple mathematical model, which only calculates with the height and the length of one hill
in each directional sector.

e The stability model, which is described in the “European Wind Atlas” and which adjusts the wind profile
at sites within 10 km from a coastline, is not included in the ATLAS program. However, sensitivity
analyses carried out by EMD indicate that only marginal errors may occur if the stability model is not
included for smaller turbines up to 50m hub height.

One of the key elements in the Wind Atlas method is the terrain assessment. The terrain must be described as
follows:

e Roughness classification of the terrain - detailed within approximately a 5-km radius from the site, or
coarser within a 20-km radius from the site.
e Hills (orography) - within approximately a 5-km radius if you use digital maps.
e Local obstacles - within approximately a 1-km radius from the WTG position.
The mentioned distances are for round 50 m hub height, by larger hub heights, the distances should be
increased, and can similar be decreased at smaller hub heights.

Usually, a terrain assessment requires both good quality maps and a field survey.
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3.2.1.2 Method description — Regional Wind Statistics

The governing regional Wind Statistics (Wind Atlases) for the present EU countries (1989) are mapped in the
“European Wind Atlas” from RIS@. A number of other countries, e.g. the later EU members Sweden and
Finland, have made similar maps. It's not possible to explicitly point out exactly which Wind Atlas to use for a
specific site (in Denmark, one should generally choose DANMARK ‘07). But one should generally use a Wind
Atlas which is based on the measuring station closest to the site, and then control the result by comparing the
result with Wind Statistics from one or two adjacent measuring stations.

Another approach would be to specify a number of Wind Atlases in the same calculation, weighted by the
reciprocal distance to the site.

The regional Wind Atlas constitutes a complete description of the governing wind conditions for the region in
question, and consists of a table that contains the following default WASP setup (the parameters can be
changed manually in the WASP parameter file):

Weibull A and k parameters for:

e Each of the roughness classes: 0, 1, 2, 3 (4 in total)
e Each of the heights: 10, 25, 50, 100, 200 m above ground level (5 in total)
e Each of the directions: N, NNE, ENE, E, ..., NNW (12 in total)

This gives a total of 4 * 5 * 12 = 240 wind speed distributions.

The most critical aspect of the Wind Atlases is their quality, which may vary significantly. An error margin of
50% in the estimated energy production is easily generated simply ifa Wind Atlas of poor quality is used. It’s,
therefore, important to crosscheck the applied Wind Atlas with other neighboring Wind Atlases, and preferably
make test calculations for other WTGs in the region, which have been operating for some years.

Recommendations for Site Calculations in Denmark

When calculating the wind energy potential for sites in Denmark, the “Danmark ‘07" Wind Atlas is
recommended. It includes a set of correction curves that scales the wind speed according to the geographical
position (the correction for differences in the geostrophic wind conditions (~1000m agl.) over Denmark is
based on comprehensive studies and production validation for a large number of Danish WTGs). The map
below (EMD/InterCon I/S) shows the energy correction factors when one uses the “Danmark ‘07" Wind Atlas
(which is based on the “Beldringe” Wind Atlas included in the European Wind Atlas). Ask for detailed
documentation of the Danish '07 wind statistic (or find it at http://help.emd.dk/WindPRO/ ).
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7 ///////// Z

Recommendations for site calculations outside Denmark

In general, the data from the European Wind Atlas seems to be reliable. When other Wind Statistics are used,
it's recommended to always include at least two Wind Statistics from the region, and to make sure that the
differences between these data are acceptable, or to include the production from existing WTGs as control
elements in the calculation.

WindPRO can work simultaneously with several Wind Atlases. The program automatically calculates weighting
factors for the individual Wind Atlases proportional to their reciprocal distances to the site. These factors can, if
needed, be edited afterwards based on more detailed information. For example, if the site is placed in a
coastal area, it would often be more accurate to give coastal Wind Statistics a higher weighting, even if closer
inland statistics are available.

The use of several Wind Statistics in the same calculation can reduce the uncertainty factor (see also Chapter
3.5 regarding the quality control of data).

For larger projects (>5 MW), it is, in most cases, recommended to establish local wind measurement masts.

This pertains to all countries except Denmark and Germany, where the many existing turbines can provide
detailed knowledge of the wind regime.

3.2.1.3 Method description — Roughness classification
Roughness classification can be performed in three different ways:

A. Roughness rose: Description from site for each separate sector (one or more different roughness
classifications per sector)

B. Digitizing a roughness line map (Line Object
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C. Export of roughness lines from land-use polygons. Land-use polygons can be digitized with the Area Object
or imported into the Area Object from other information sources.

WindPRO makes it easy for the user regardless of which of the three methods is chosen. For method B, a Line
Object must be used. For method C, an Area Object must be used. For more information on how to use these
objects see Chapter 2, BASIS.

Proper classification of roughness is very important. This is illustrated below using method A, the roughness
rose.

The terrain is divided into 8, 12 or more sectors depending on the available Wind Statistics. Most of the Wind
Statistics available today are specified in 12 30-degree sectors with the following center angles:

0 degrees: (345 degrees to 15 degrees) (N)
30 degrees: (15 degrees to 45 degrees) (NNE)
60 degrees: (45 degrees to 75 degrees) (ENE)
90 degrees: (75 degrees to 105 degrees) (E)
Etc.

The roughness of the terrain should be described in each sector for a distance of at least 10 km from the site.
Depending upon the hub height and terrain conditions, a longer distance may be relevant. Whatever distance
is chosen, it's recommended to use this distance in every sector of the terrain description. You can include up
to 10 roughness changes in each sector in case the terrain changes its character with the distance from the
WTG.

Weight vs. Distance to Roughnesschange

100% T %

sl
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In the figure shown above, the impact of a roughness change at different distances from the WTG is illustrated.
The figure illustrates, for example; that with an inner roughness class = 3, an outer roughness class = 0, and a
change in 3000 meter distance; 72% of the production will be determined by the inner roughness class when
the hub height is 30 m, while only 50% of the production will be determined by the inner roughness when the
hub height is 60 m.

You can choose to use either roughness classes or roughness lengths (see next table).
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Roughness Roughness  Relative
class length energy
%%

0 0,0002 100 ‘Water areas.

0.5 0,0024 73 Mixed Water and land area or very smooth land.

1 0,03 52 Open famland with no crossing hedges and with
scattered buildings. Only smooth hills.

1,5 0,055 45 Fammland with some buildings and crogsing hedges
of 8m height and about 1250m apart.

2 0,10 39 Fammland with some buildings and crossing hedges
of 8m height and 800m apart.

2,5 0,20 31 Farmland with closed appearance and dense
vegetation - crossing hedges of 8 m height and 250
m apatt.

3 0,40 24 Villages, small towns, very closed fanmland with
many or heigh hedges, Forrest, many abrupt oro-
graphic changes, efc.

3.5 0,80 18 Large towns, cities with extended build-up areas.

4 1,6 13 Large cities with build-up areas and high buildings.

Production vs. Roughness class
(based on Bonus 150k¥V, 30m hub)
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In areas with hedges, the graphs in the following figure can be used to estimate the roughness class or length.
Notice the non-linear impact of the hedge height on the roughness class. Normal farmland is assumed to lie
between the hedges. This is incorporated into the figure by adding 0.03 m to all specified roughness lengths. A
porosity of 0.33 is assumed.
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In an area with many buildings, the roughness length can be estimated by using the following equation:
2o=05*h**b*n/A

Where:
h = height of building
b = width of building
n = number of buildings
A = total area within which the n buildings are situated

NOTE: The roughness length of the area between the buildings must be added to the roughness length which
has been determined on the basis of the above equation, e.g. add 0.03 m to the calculated roughness length
for normal farm land.

The correlation between roughness classes and roughness lengths is indicated in the next figure.
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If a sector between two roughness changes consists of more than one roughness class, a simple weighting of
the roughness classes in the area is recommended.

For example, if the area consists of 1/2 Roughness Class 2, 1/4 Roughness Class 1 and 1/4 Roughness Class
3, the resulting Roughness Class becomes: (2*2 + 1*1 + 1*3)/4 = 2.

It's important that a roughness classification covers an entire roughness area (belt), i.e. a roughness belt with a
width 1000 m with one crossing hedge of 10 m heights should be assessed to the roughness class 2. It's often
seen that such an area has been classified as roughness class 1 all the way to the hedge, with a shift to
roughness class 3 for a few meters along the width of the hedge, and with a final roughness class of 1 just
after the hedge. This is incorrect! The “European Wind Atlas” recommends doubling the width of every new
roughness belt when moving outwards from the WTG.

Another important rule: Even if an area is located at a ground level which is lower than the turbine site, the
roughness classification is not affected by this fact. The differences in terrain heights are included in the hill
model.

In practice, it's important to visit the site and take preliminary notes regarding the roughness classes and the
distances between the roughness changes. Furthermore, notes should be taken regarding local obstacles and
their dimensions. Having completed the site visit, the exact distances between the roughness changes and the
final design of the roughness classifications can be determined at your desk by using the map and the above-
mentioned tools. However, much of the measuring work can be avoided by using digital background maps in
WindPRO (see the description of this feature below).

It's important that you carry the map with you when you visit the site. It allows you to verify the map information
and to evaluate the size and porosity of the local obstacles.

3.2.1.4 Method description — ATLAS Hills

By siting the WTG on the top of a hill you will usually be able to exploit the above-mentioned increase of the
wind speed. During the visit to the site, it's necessary to judge whether or not the streamlines of the wind flow
will be compressed at hub height and result in an increase of the wind speeds there. The same theory applies
in a negative sense, if the WTG is placed on the leeward side of a hill. If the terrain is very complex, e.g.
mountainous, an analysis using WAsP should be considered (see the description of this feature in the next
chapter).
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In the ATLAS model, a simple numerical calculation of the hill influence is carried out on the basis of
information about the sector wise hill length (the length from the WTG to the hill base) and hill height. One set
of data can be entered in each of the 12 sectors.

In the above figure you can see how hills usually increase the wind speed because of the compressed
streamlines (the same amount of air per time unit passes through a reduced cross-section resulting in higher
wind speeds).

Cliffs and other abrupt orography changes should not be included when using the hill model as there is no
method available today which allows you to calculate the effects of such orography changes. Great precaution
should be taken when siting WTGs close to cliffs or other abrupt orography changes.
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To illustrate the influence of siting a WTG on a hill, the above figure shows the production increase for a WTG
situated on a hill with a circular base. Please notice that even for very small hill radius, the model changes so
that it calculates the influence from the hill as if the hub height had been increased instead. If the mathematical
model from “Vindatlas for Danmark” is used, the calculation would result in a negative change in the wind
speed.
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3.2.1.5 Method description — ATLAS Local Obstacles

Single obstacles, e.g. buildings, hedges etc. (of more than ¥ of the hub height) near the WTG (within
approximately 1000 m of the turbines) should be treated as local obstacles and not as roughness elements.

An obstacle is measured by eye during the site visit and the accuracy of this measurement is purely based on
the experience of the person. The exact distances are later on found by measuring the distances on the map.

If the obstacle is lower than ¥ of the hub height or farther than 1000 m away, it should not be included in the
calculation as an obstacle as it will have little or no influence on the calculation result. However, it must be
included as a roughness element in the roughness classification.

In addition to the dimensions of the obstacle, its porosity must also be estimated.

The following figure shows how the program handles obstacles.
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3.2.1.6 Method description — WAsP Orography and Local Obstacles

The WASsP program from RIS@ can be used as the calculation model from WindPRO’s WASP Interface
module. With this method, the effects of hills and local obstacles are calculated by means of a flow model. This
requires a much more detailed description than the less detailed ATLAS model. Hills are described through
digital height contour maps. Local obstacles are described as rectangular boxes. Any number of local
obstacles can be freely distributed in the same sector, and both the rotation and the depth of the local obstacle
can be specified (see the WASP user’'s manual for further details).

3.2.1.7 Method description — RESOURCE

The RESOURCE module is basically a series of WAsSP calculations performed automatically for a grid. The
advantage of using the RESOURCE module in WindPRO relative to using only the WAsP software alone is
that WindPRO allows you to include local obstacles and to use additional Wind Statistics in the same
calculation. This allows the wind climate to be changed smoothly from one part of the calculated grid to

another.

3.2.2 Method description — Weibull and Measure

When calculating with the METEO module, two different options (Weibull and Measure) are available. The
difference is that when choosing the Measure option, the raw measured table values in the Meteo Object are
used instead of the Weibull data (normally this is the best Weibull-fit of the METEO table values).
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If measured data for a representative period (see Section 1.1) is available for the actual site, the energy
production can be calculated by simply integrating the bin-separated products of the wind speed distribution
and the power curve.

Please notice that the program will automatically convert measurements, which have been made at a height
other than the hub height, into hub-height data based on the user-entered wind gradient exponent by means of
the following equation:

hnew
Voew = voLd( )Y
h old

Where:

vy =the wind gradient exponent (shear)
h = the height

Conversions over major height differences (more than 20-30%) are associated with large uncertainties.

The following general guidelines can be used if the wind gradient is not known. These guidelines are based on
data from “Vindatlas for Danmark”, and are not necessarily applicable worldwide (in complex terrain or even
simple hills). You should not rely on these guidelines for any conversions other than marginal height
differences.

Roughness  Roughness Wind Gradiert

. 0 oo Shear (avg), for Beldringe

0 0.0002 0.1 Class0 |Class1l |Class2 |[Class3

1 003 0.15 10-25 m 0,10 0,19 0,22 0,30

2 01 0.2 25-50m 0,10 0,20 0,22 0,26

3 04 03 50-100m 0,11 0,23 0,24 0,26
100-200m 0,12 0,28 0,27 0,27

The table to the left based on “old approach”, working at lower hub heights, where the more detailed table to
the right shows that the values when working in larger hub heights do change some. The table to the right is
basically the WAsP approach, where the shear values are a combination of terrain given shear and stability
correction model.

If only one set of Weibull parameters are available, an average wind gradient exponent should be specified.
For example, you could use a weighting based on the distribution of wind directions.

When wind data are available in the form of frequencies that have been sorted into wind speed intervals (a
histogram), you can use the data directly or you can use a Weibull curve fit of the data. The latter choice is
usually recommended, since the curve-fitting procedure will filter the measured data and the effect of outliers is
reduced or eliminated. The Weibull fit follows the procedure specified in the “European Wind Atlas”, where low
wind speed frequencies are weighted with lower values than wind speed frequencies within the normal
operation range of the WTGs.

3.2.3 Model description — PARK (Wake loss calculations)

The PARK module calculates the wake losses due to the shadowing effects between WTGs sited close to
each other (wind farms or clusters). PARK offers three different models for calculating wake losses. All are
discussed in the appendix on wake and turbulence models. The standard method recommended by EMD
follows the model that was created by N.O.Jensen from RIS@, but with small modifications that enables one to
work with different WTG types and Hub Heights in the same layout.

The basic equation for calculating the wake loss behind a rotor is:
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2, R o
= M-
v = uf 3R+ccx)]

Where:
v = the wind speed at a distance x behind of the rotor
u = the free wind speed just upstream from the rotor
R = the rotor radius
o = the wake decay constant.

2/3 is an approximation of the Ct value. In calculation model, the actual Ct value is used for each wind speed
interval.

The figure below shows the basic idea behind the simplified wake model for wake losses behind a turbine. The
wake decay constant is a measure of the down-stream widening of the “shadow cone” behind the wind
turbines. The constant is specified as widening in meters per meter downstream of the rotor. A constant of
0.075 m, corresponding to an opening angle of approximately 4 degrees is usually recommended.

i
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Measurements by RIS@ on different wind farms indicate that the wake decay constant depends on the
turbulence and therefore on the roughness class, varying from 0.04 for a roughness class of 0, to 0.1 for a
roughness class of 3. The use of the default value of 0.075 for all calculations on land is judged to have only
marginal impact on the results. For offshore applications, a value of 0.04 should always be used.

NOTE: For very large wind farms (more than 5 rows of WTGs, perpendicular to main wind direction), recent
measurements indicate that the wake model used in PARK may not predict the array losses accurately. The
wind farm itself changes the roughness, and the free wind speed inside a large wind farm might not follow the
assumptions in the N. O. Jensen wake model. This knowledge might lead to an improved PARK module in the
near future. A way to account for this in the current version is to increase the roughness inside the wind farm
area, e.g. for an offshore wind farm, to a roughness class of 1.5 (a roughness length of 0.055 m).

As of version 2.5, the PARK module is able to perform calculations based on additional wake models as well
as wake-induced turbulence. For more information on these features, please refer to the appendix on wake
and turbulence models.

3.2.3.1 More than one wind data set in a wind farm calculation

When carrying out a PARK calculation, one must always judge whether one overall wind speed distribution
represents the site conditions correctly, or if several terrain descriptions or measured sets of data are needed
for an accurate calculation of the entire park layout. No guidelines can be specified, as the choice will depend
on the complexity of the terrain, the size of the wind farm, and the accuracy required. If more than one set of
data are specified, PARK will always use the data set closest to the individual WTG in the calculation.
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Another way to get an individually calculated wind distribution for each WTG in a wind farm is by using a link to
digitized roughness and height contour lines.

3.2.4 Generating a Wind Atlas (a set of Wind Statistics)

If measured wind data is available for the site or for the region in question you can choose to generate a
regional Wind Atlas that can be used for both ATLAS and WASP calculations as described in Section 3.2.1.2
The maximum distance where the wind statistics can be used is approximately 100 km from the measurement
site depending on the complexity of the terrain — and possible meso scale wind variations (e.g. costal regions).
If the wind climate or the meso scale wind varies in the region, the distance where a regional wind statistics
can be used from the measurement point can be below 1 km. To generate a wind statistics requires the WAsP
program, and that you are familiar with processing wind data. The METEO module and MODEL module
provide automatic access to the STATGEN module for generating Wind Statistics. But the “natural place” for
generating wind statistics is the MCP/Statgen module, where the basis is the long term corrected wind data, as
it should be. The detailed information on the data used for generating a Wind statistics by WindPRO will be
saved in the wind statistics file and can be printed as part of the energy calculation reports.

In addition to generating Wind Atlases, WindPRO can also import Wind Atlases that have been generated in
WASP (.lib files; see the WAsP manual for further information).

3.2.5 WAsP model — focus on changes from WAsP 10.0

The WAsP model itself will not be explained here (see Risg/DTU manual), only the changes of high
importance for the user in the more recent model versions. From the very first versions until and including ver.
9, the model itself only has changed marginally, and the calculation results thereby so. The major
improvements during the WAsP model versions are capability to handle more map file points. But from version
10.0, model modifications are seen. These mainly relates to stability correction handling, and especially
offshore and near shore. But also roughness map interpretation. The corrections were partly included in ver.
10.0, but first fully implemented in ver. 10.1 - 10.2. We therefore do not recommend using ver. 10.0 in offshore
or coastal regions. The corrections relate to as well the default heat flux parameters, the way roughness in
coastal zone is interpreted, as formula modifications. The result of the corrections is a more smooth change
between on shore and offshore stability correction. But it is also a some different wind statistic for the offshore
part, if it is generated from WAsP 9 or 10.2.

This mean that an offshore or near shore wind statistic made from WAsP 9 SHOULD NOT be used from
WASP 10.2 or the other way round.

This can best be illustrated by an example: 4 wind statistics are generated from same time series data:

Mean wind speed [m/s]

Roughness class/Length
Height 0 1 2 3
[m] 000m 0,03m 0,10m 040m
10,0 74 5,2 4.5 3,6
250 8.1 6,2 5,6 47
50,0 8,7 7.1 6,5 56

Mean wind speed [m/s]

Roughness class/Length
Height 0 1 2 3
[ml 000m 0,03m 0,70m 0,40m
10,0 9,0 6,4 5,6 4.4
25,0 9.8 7.5 6,8 57
50,0 10,5 8,6 7.8 6,8

100,0 94 84 77 6,7 1000 11,3 98 91 8,1
2000 103 103 9.4 8,2 2000 122 117 108 95
Mean wind speed [m/s] Mean wind speed [m/s]
Roughness class/Length Roughness class/Length
Height 0 1 2 3 4 Height 0 1 2 3 4
[m] 000m 0,03m 010m 040m 1,50 m [m] 000m 0,03m 0,10m 040m 1,50m
100 74 54 47 37 25 100 87 64 56 44 2,9
250 81 64 58 48 37 250 95 75 68 57 4.4
500 87 74 67 58 47 500 102 86 78 68 56
1000 94 86 79 70 59 1000 109 98 9,1 8,1 6,8
2000 102 103 95 85 73 2000 118 115 107 96 83
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Upper WASsP 9, lower WASP 10.2
Left roughness class 0 based site, right, class 1 based site.

In the left part, the offshore site, the class 0 data are almost the same with the two WASP versions. The
highest level, 200m although slightly lower with WAsP 10.2 — a part of the formula modification. BUT, for the
onshore classes, the wind speeds are essentially higher, round 0.2 m/s. This mean that a WAsP 10.2
calculation could calculate up to round 10% higher AEP then WASP 9 at an onshore site, if the data
basis were offshore.

In the right part, the onshore site, the onshore class data 1, 2 and 3 are almost identical from the two versions,
again 200m slightly lower with WAsP 10.2 — a part of the formula modification. BUT the class 0 data is round
0.3 m/s lower when calculated with 10.2. This mean that a WAsP 10.2 calculation would calculate up to
round 10% lower AEP at an offshore site, if the data basis were onshore.

The changes are of cause not serious, as long data just is used where they belong. But it shall be noticed that
in the coastal region, where there partly are water and partly land, quite unpredictable changes can be seen
and here it will especially be important to use same WASP version for generation of wind statistic and later use.

From the tables are also seen that with large hub heights, >100m, WAsP 10.2 calculates slightly lower wind
speeds than WAsP 9 — this is so both on and offshore and a result of a general modification of the stability
correction model. Based on good test data offshore from tall mast this correction seems to give a better
reproduction of the measurements.
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The example above illustrates the improvement regarding smoothing stability model shift. Two turbines just
200m apart, both round 4 km offshore are calculated. In sector 5, there is a roughness change from class 0 to
class 0.4 in 10 km distance. The graphs show the ratio of the calculated AEP between WAsP9/WAsP10.2.
Looking at the rose, it is seen that in sector 5 it is very different what happen for the two turbines. This is where
the distance to roughness change in sector 5 is just around 10 km, a change from 0 to a higher class decides
that W9 shall change between on and offshore stability in that direction. The parameter: “Width of coastal
zone” decides this — can be changed but is default 10 km. It's an obvious inconsistence, which is in WAsP 9,
but not in WAsP 10.2. But the graph also show how the calculation results are smaller in general with WAsP 9,
when the wind come from land, while the 9 and 10.2 results are the same when wind comes from the open
sea.
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A test on reproducing measured profiles in large heights is shown above. It is seen that WAsP 10.2 does
predict the vertical profile slightly better than W9. (Here WAsP 10.1i is the same as WASP 10.2).

Finally we will report tests of calculation in coastal region with different hub heights. The calculation setup:

FAAANAAIARAIAAA N LA A LA LA AL H .

13.500 m; 89,4 ° (3)

Map with the orography in focus — elevation is seen below.
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o

Elevation for the 75 test turbine pos.
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Based on met mast 1800m from west coast, a row of turbines are calculated based on the two different WAsP
versions, where the wind statistics are generated with same version as in calculation. The turbine row starts

13,5 km offshore and ends 23.5 km onshore.
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Distance to shoreline (negative is offshore)

For 15 m hub height there is two variants, one calculated without orography, one with. For all other heights
orography is included, and for all calculations digital roughness maps are included.

It is seen that there are quite some differences in the WAsP 10.2 and WASsP 9 results, but not that easy to
describe in a clear conclusion. Starting with the 150m hub height, WAsP 10.2 results are round 1% lower first 3
km offshore, but then getting up to 3% higher at round 10 km offshore. Onshore the results are lower the first
15 km, up to 3%, but get then slightly higher. A “reversed” pattern is seen for very low hub heights, but with up
to 8% higher results onshore. Two dramatic peaks are seen. These have been investigated further. The
leftmost peak is due to differences in roughness interpretation in the two models, the rightmost is due to
different orography modeling.

Concluding on WAsP 10.2 vs WASP 9. There are obvious improvements, and especially offshore as in coastal
regions we recommend using WAsP 10.2, due to better reproduction of the measured shear. For fully onshore
sites (when measurements also are fully on shore) there seem only to be differences when hub heights are >
100m. But if measurements are in coastal regions, the changes in calculation results can be quite large. We
cannot yet say based on actual turbines if the one or the other model performs better. But the most important
conclusion is: Do not use different WAsP versions in future in coastal regions to generate and use wind
statistics! By this follow for DK especially: Do not use WAsP 10.2 (or higher) together with Wind
statistic DENMARK’Q7 in costal regions!
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3.3 ENERGY - Input data for AEP calculations

3.3.0 Introduction to data input for AEP calculations

In this section, the procedures for entering the necessary information for performing AEP calculations in
WindPRO are described (see also step-by-step guide, Section 3.0.2).

Please, refer first to the WindPRO BASIS description on how to create the basic project before entering the
specific data for energy calculations.

The objects which can be entered specifically for AEP calculations are listed below:

2

Site Data Object — “the basket” that holds all information on the terrain data and wind statistics to be used in a
MODEL or PARK calculation. Also used for STATGEN (generating of wind statistic), where only terrain data
then is specified.

Meteo Object — measured wind data as Time series, Tables and/or Weibull distributions.

A Wind Statistics (Wind Atlas or .lib file) can be generated when you have both a Site Data Object (purpose
STATGEN) and a Meteo Object along with WASP.

A PARK calculation (array loss calculation) can be performed based on a Site Data Object, a Meteo Object, or
a wind resource file (.rsf file).

&

WASP Local Obstacles - NOTE: This object has no effect in an ATLAS Calculation.

The other relevant objects (described in Chapter 2, BASIS) are:

L New WTG
: I : Existing WTG

@ Line Object (for height contour lines and roughness lines)
ot

== | Elevation grid Object (for elevation data, can be used as alternative to line object)

b
e

Area Object (for polygon roughness)

3.3.1 Input for MODEL calculations

Using a model to extrapolate the wind data from one position (measurement mast) to the planned turbine
position(s) is the most common way to calculate the wind speed distribution at the turbine. The most common
model for this is the WAsP model. After the WAsP model has calculated the wind speed distribution at each
turbine, a wake loss model (PARK model) is used to find the reduction in wind speed distributions at each
turbine (if more turbines). Finally, the wind speed distributions and the power curves multiplied including air
density correction for calculation the AEP. Other models than WAsP can be handled for extrapolation of the
wind speed distribution. The “simplified” version of WAsP is the ATLAS model that is a “built in” model in
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WindPRO. Finally, any model, like CFD, can be used, which requires this model deliver the extrapolation
output as a wind resource map (.rsf or .wrg file).

In case a wind resource map is being used for input, no further terrain or wind data input is required, go directly
to chapter 3.6. (Although you should include elevation data for helping giving the right air density correction).

3.3.1.1 Siting and Setting Up Site Data Objects

A Site Data Object can be created by:
e Selecting the object from the toolbar
e Positioning it on the map at the location of the terrain assessment
e With a mouse-click, it is established and the input form appears

Normally, the Site Data Object will be located in the middle of the wind farm. But, please read the following
carefully:

If a roughness rose is used as the roughness description method, all WTGs in a wind farm will be calculated
with the exact same roughness description. To compensate for this, you can add additional Site Data Objects
and thereby specify different roughness roses.

Each WTG in the wind farm will then use the nearest roughness description. The same applies to obstacles
and hills when the simple ATLAS model is used.

If you use roughness lines or areas (only when using WAsP), all WTGs in a wind farm will be assigned a
unigue roughness description. (For more detail on roughness lines, see Section 3.6.1.1, Digitized Roughness
Map. For more details on roughness areas, see Section 2.9.4, Area objects).

When using height contour lines (only when using WAsP), the energy production for each WTG in a wind farm
is calculated individually with respect to orography.

Once the Site Data Object has been created, a window appears as shown below, where the use for the object
is defined.

%4 Site data (Local wind data) . (=[5 [
Position and Setup ILayers1 Wind Statistics I Raughness} WAsP Orography/Obstacles | Map files and limits -
Ok
|F‘osman Userdefined j Cancel

X (East): [184210
¥ (North): (423908

Z (Offset): !v v Automatically from DHM (160)

Description: |Lm:a\ wind data

Label: |

[~ Position locked B
Symbol label
Next
* MNone " Userlabel " Coordinate
" Description " System label " Result

Use of Object

" Foruse in ATLAS Calculation (Simple energy calculation model for non-complex terrain)
& Foruse in WAsP Calculation (Advanced model, requires WAsP from RIS® on hard disk)
" For use in bath ATLAS and WAsP calculations

" Foruse in STATGEN (Generation of Wind Statistics)

" Foruse in RESGEN and CFD-export (Calculation of Wind Energy Resources)

For more information about coordinates, description, labels, layers etc., see Section 2.5 in BASIS.
NOTE: The Z-coordinate of site data object has no influence on the calculations.

If WASP is installed and linked to WindPRO, you can choose to use the Site Data Object in the ATLAS module
or in the WAsP module exclusively, or in both modules. In the latter case, you have to select which to use
when setting up the calculation. Another option is to use the site data object to generate a Wind Statistic (see
Section 3.3.4) or to calculate a wind resource map (see Section 3.6).
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The selection of the above purposes determines which data you can enter on the following tab sheets. ATLAS
and WAsP have a simple and a detailed terrain description of the hill and local obstacles conditions
respectively. STATGEN and RESGEN can only work with the more detailed WAsP data formats.

Depending of the use, the object will change color on the map. The different colors are:

BB B

Black — for Atlas

Blue — for WAsP

Cyan — for both Atlas and WAsP
Orange — for STATGEN

Green — for RESGEN

3.3.1.2 Tab sheet Wind Statistics (Wind Atlas) in Site Data Object

M8 Site data (Local wind data) B
Position and Setup 1 Layers Wind Statistics l Roughness ] WASP OrographyiObstacles ] Map files and limits 1
Type of wind statistics
& i Selectwind statistics | Cancel
 Mean value of more wind statistics Edit wind statistics |

Wind statistics Convertwind statistic |

CAUsers\per EMD\DocumentsWindPRO Data\SamplesiCronalaght_lrelandE Cronalaght m

[~ Save current wind statistics as default

Prev

Iiegarding “Convert wind statistic”, see chapter 3.4.5 - Wind index correction level conversion to wind speed

The “Edit wind statistics” button leads to a maintenance window, where, for example,.lib files can be imported
and assigned coordinates, so that that they will appear on the map shown in the selection window.

Selecting wind statistics

One (select “Single”) or more (select “Mean..”) Wind Statistics can be selected for the same calculation.
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Max_ distance

[ Show map

[V Show graphs

[Wind energy

Gancel |

Search path |

W4 Wind statistics — — — i - e - - - — e u::

1 wind statistics selected ~Select Glob
Country |Source |Name Distance |Energy |\WTG ener|€ | & Giope —
ireland  |[EU-WA | Valentia, 1970-79 3735 1706 1415 oy
ireland  |EU-WA | Shannon, 1970-79 53] 1093 ogg] | |G Goode Maps (Requires Intetiet connesion) [Vh/m2]
ireland |[EU-WA |Roches Point, 197073 ;2| 106 wer o
ireland |[EU-WA | Mullingar, 1974-83 (LCE I BT B o
ireland |EU-WA | Malin Head, 1970-79 82 1736 1438 [+ Show WTG energy level
ireland |EU-WA | Kilkenny, 1970-79 2738 635 579 P
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<
‘ ol
Fifter
Sectors

Qs

Old met mast,Gillespie (Regression MGP using Malin Head)

When “Select wind statistics” is chosen, there are several optional search filters available. If no country or
source has been marked, then all Wind Statistics will be shown. You can also click on additional countries,
sources etc.

NOTE: For calculations in Denmark the “Danmark ‘07” Wind Atlas should always be selected due to its special
status. Regional correction curves have been linked to the Wind Atlas based on comprehensive investigations
of a large number of Danish WTGs. Therefore, this Wind Atlas is judged to be significantly more accurate than
other available Wind Atlases for Denmark.

NOTE: One of the most important things in an energy calculation is to evaluate the energy level of the Wind
Statistic. There are so many possibilities for mistakes that a final evaluation of the energy level by comparison
with the level for other Wind Statistics in the region may be a good way to discover fatal mistakes. From the
Wind Statistics selection window, both the absolute as well as the power-curve-filtered power curve level is

shown as a percentage compared to the Bel

dringe Wind Statistics (in the middle of Denmark).
L T — T e S —

'ww o T— - T — £ =) g‘
ind statistics e A - - .- -
1 wind statistics selected ~Select Globy
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Also Google maps are available as backgrouna_.
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3.3.1.3 Tab sheet Roughness in Site Data Object

W& Site data (W9 - rcl 1) - - (S
Position and Setup] Layers ] Wind Statistics Roughness ]WASF' OrographyﬁObstacles] Map files and Iimits]
Typ{g of roughness = Import from | —
® Roughness rose (WAsP 6-10.0 only} T
%~ Link to file(s) o

{© Link to line abjects
[4F " Link to roughness Area object (WAsP 6-10.0 only) Convert to length |

(@ Roughness Class (" Roughness Length
View WindPRO Documentation: Roughness in WindPRO

Sector Roughness Distance | Roughness | Distance | Roughness |Distance | Roughness | Distance | Rou + |
at WTG to 1. after 1. to 2. after 2. to 3. after 3. tod. aft
change | change | change | change change | change change | ch Prey
O-N 0.0 0 '
1NNE | 0.0 0 e
2ENE | 0.0 0
3E 0.0 0|
4ESE | 0,0 0|
5-SSE 0.0 0
6-5 0,0 0
‘| 78w | 0,0 0
BWSW 0.0 0
9w ' 0,0 0l |
I [1ownw | 0.0 0 ' ' ' ' '
N | 0o 0 ' ' ' ' | =
o | o

2

Note: From WAsP versions >10.0, roughness lines must be used. The reason is that the roughness file map is
included in the way WASsP handles the stability correction calculation.

The roughness classification can be entered directly if you don't have a digital map or, if you've already
received the roughness classification from another source.

The input tab sheet shows the input fields for the roughness classification i.e. enter the information for one
sector at a time and shift to a new sector either by double-clicking or pressing the <Enter> key.

In addition, you can import and edit digital roughness maps (from a WAsP .map file) or read .rds files (WAsP
roughness description) from previous WASsP calculations (see the explanation below).

One of the very powerful features in WindPRO is the ability to create and edit a roughness classification
directly on the digital map.

Three other ways to define the roughness are:

Link to file(s) — define the roughness line file(s) in the tab sheet “Map files and limits”.
Link to line objects — automatically use line objects in your project with roughness lines.
Link to area objects — automatically use area objects in your project with roughness areas.

Each of these three methods has the advantage that each WTG in a wind farm will get its own unique
roughness classification. For more details on roughness lines, see Section 3.6.1.1, Digitized Roughness Map.
For more details on roughness areas, see Section 2.9.4, Area objects.

NOTE: When changing between Roughness Class and Roughness Length, the values previously entered are
not converted automatically. To convert Roughness Class values to Roughness Lengths, use the “Convert to
length” button.

On screen roughness classification by roughness rose
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Maps and Objects - [Immenhausen. Topogr. Karte 1:25000 Zoom: 100 %3]
! Wiew  indow

&EE: Ilmmenhauseﬂ, Topogr. Karte [1:25000]

// I{! SFM

Esit roughness

Create change
Delete change

Propetties
Delete

Options

Deactivate
ATLAS hills and ohstacles

vl

GK 3 East: 3534207 Morth: BE37811 |2:328.3 m [Roughness rose sector: 10 fA) 2 segment Radius: 718 m Roughne

When the map has been rendered on the screen, you can drag the map around by moving the hand icon while
holding down the left mouse button.

When the roughness rose is activated you gain access to the features listed below by clicking on the right
mouse button:

Roughness - the roughness class is selected from the table for the area where the cursor was placed
at the time you right-clicked.

Edit roughness - option for entering actual roughness classes.

Create change - creates roughness changes in the area that was activated by the cursor at the time
you right-clicked.

Delete change - erases the roughness change closest to the cursor in the direction of the roughness
rose center.

Properties - activates the input window for the Terrain Data Object.

Delete - erases the Site Data Object.

Options - changes the setup for the size of the automatic roughness step size when they are moved.
Deactivate/Activate - changes the status for the actual Terrain Data Object so that only its position is
marked. This option is useful when entering other objects, including other Terrain Data Objects.
ATLAS hills and obstacles - shifts the object status from input of roughness to input of hills and local
obstacles (see the next section).

NOTE: The roughness-change lines can be dragged around by holding down the left mouse button when the
cursor is positioned on a line.

3.3.1.4 Tab sheet ATLAS Hills/Obstacles in Site Data Object

Regarding the roughness classification, both hills and local obstacles can be entered either via the object list or
directly on a digital background map. Please refer to the previous section for information on how to activate the
graphic input menu.

For each sector you can create one hill and one local obstacle.
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!l Wiew  Mincow

EE: Ilmmenhausen, Topodr. Karte [1:25000]

o

*K%@?@I*»p

)

S ELSOC

ol 3} _ﬁr""'

GK. 3 East 3534401 Morth: 5EI7761

=5 |Z:321 .0 m |ATLAS rose sectar: Q(WSWJ

The program automatically calculates the distance from the center of the Site Data Object to the hill base or
local obstacle and the obstacle width or width in the sector. The objects can be dragged to desired positions
with the mouse when it's activated. The hill height (the distance from the base to the top) and the obstacle
height and porosity must be entered in a table (select this option by right-clicking under “Properties”).

NOTE: Entering the elevation of the hill base can also be used to enter the hill height. To use this method it's
necessary to enter the Z-coordinate for the Terrain Data Object under the tab sheet “Position”.

3.3.1.5 Tab sheet WAsP Orography/ObstacIes

-
VY Site data (W9 - rcl 1) (=], -
Paosition and Setup] Layers} Wind Statlstlcs] Roughness WAsP Orography/Obstacles ]Map files and Ilmlts]

| Orography
(" No orography (For flat terrain) Cancel
[® ¢ Link map file(s) FiE s ‘
E'j {Use line or elevation grid object set to use in energy calculation;
Ej @ Prefer line @ " Prefer elevation grid
Obstacles
(" No obstacles
(" Obstacle objects Prev |
d acles —
|
(% All obstacles

If WASP is chosen as the calculation module, you can use digital maps with height contours (digital orography

maps) and local obstacles in WAsP format.

Having both line and elevation grid data objects in the project (set for use in energy calculations), a choice

must be made, which set to be preferred.
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If you select “Use line or elevation grid objects”, then one or more line or elevation grid objects marked “Use to
link Site data in energy calculations” will be used automatically (see the check box in the bottom of line object

properties shown below).

Line Object (11}

F’nsitimnl Layers Data |TIN I Presentatmnl Line cn\nrsl

Furpose:

IHeightcnntnurlmes b JE-Animator properies |

wpo (EMD) file properties |

Filename: Loadiimport file
Ciny Documentsiind PRO DataiSamplesimmenna
Add fles)
Limit
Convert
Mew filenarne
Auta Fil i
Lo Fllename setp EMD editor
WWAsE editar
[~ Loadthe "EMD Editor on exit

v Usetn linkin Site data in energy calculatinns

Cancel

i

Help

If digitized height contour line maps exist only in files (not loaded into line objects), they can be linked as files

(see next section).

Once a series of local obstacles has been created (see Section 3.3.1.7), you can define which local obstacles
are to be included in the calculations via the Site Data Object menu. Then, only those obstacles which are
situated within a certain radius of the individual WTGs will be included in the calculation.

3.3.1.6 Tab sheet Map files and limits

If there are no height or roughness data assigned to Line Objects, but the data exists in files, these files must
be added to the Site Data Object map list before they will be included in the energy calculation.

'ﬂf Site data (Local wind data- MCP with Malin Head)

RE™x")

< |

Position and Setup] Layers ] Wind Statistics Roughness] WASsP Orography/Obstacles Map files and limits l Ok
Name [ xMin |
(B) E:\Users\Per EMD\Documents\WindPRO Data\PROJECTS\reland\Cronalagth\rou-line-donegal wpo B3 | Cancel

(D) E-\Users\Per EMD\Documents\WindPRO Data\PROJECTS\reland\Cronalagth\Heightcontour_trim n._. 578, !

i

~Limits for resource calculation

Prev

MNext

I 1 0 | 0
] 0 |
|
Il —Limit mapﬁ'les | Points in map files for WAsP calculation-
Radius read from map files in each Press calculator to see file sizes. Press ? to see
I calculation. Checked means no radius limit. current WAsP Version and [imits.

Roughness points

Roughness 20.0003: B :
Orography points
Orograph ?.0003:
e L Sum (WAsP 10.2 -5)

Maximum (WAsP 6-10)

68.921 2|

67.713
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The list shows the .map and .wpo files to be used in calculation. If it shows some files (from line objects) that
are not intended files, you must deselect “Use this object for energy calculation” on the line objects.

Once the .map files have been selected, you can define the area of the .map files to be included in the
calculations, or you can define a radius around each of the WTGs to be included in the calculations. The
indicator “Maximum points” shows the number of digital points which are included in the boundary file and
calculated. Press the ? symbol for further information, and the following screen will show up:

Site data - - e &J

Your current WAsP version is: WAsP 6-9

Map files are handled differently depending on WASP version and calculation.

Resource calculation:
If no limits all the map files are used without reduction as calculated with the size calculator. When a limit is typed a map file will be created for
each tile. This file will cover a square given by the tile size increased with the limitation radius. In this case the size calculation will not be correct.

||
a All other calculations:
A common map file for the area will be used. The file will cover a rectangle surrounding the selected WTGs or Meteo objects increased with the
limitation radius if selected, otherwise the entire file is used. i
|
WAsP 6-9 + 10 i

[
|
||
I Roughness files and orography files are used separately meaning that the limit is the maximum number of points.
. Limit: App. 1,000,000 points

WASsP 10.2 and later
Roughness files and orography files are combined meaning that the limit is the total number of points.

Limit: App. 2,000,000 points {(Sum of contour points and roughness line points)

] - —

NOTE: The “Map limits” window in the lower right part of screen shown above indicates the position and size of
the maps relatively to the project. This is an important check to make sure that the maps cover the appropriate
area and that they are in the right coordinate system. If they are not, it will be easily seen in the “Map limits”
window, see below.

" Map limits &J
237 km
Hrh
- 4 ity

T
E s .
= - e +
5 ks ! e, ﬁ'&

® e
S +
™
.

=>Puoint here to show more info<<
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Pointing at the bottom part gives more precise information on the distances from relevant objects to map
borders, see below.

Distances in used maps from "outmost point” to closest WTG or calculation point:

Distances used for walidation:

Narth 6.0 km Orography: 5.0 km [recommended value: 7 km)
East 6.7 km Roughness: 20,0 km [recommendead valus: 20 km)
South 6,0 km Red values indicates too low distances
‘Wast 48 km

NOTE: Test is performed based on highest/lowest point in map files. The test does not verify if terrain is
described properly within these points. For some sites, if there e.g. is a mountain 8 km from site, or a
roughness change from land to sea at 21 km. recommended distances might be too low. For ather
sites, where the terrain only changes slightly at distance, less distance is needed. Note also that larger
hub heights requires larger distanses, recommendations are for round 100m

3.3.1.7 Input of WAsSP Obstacles

&

Local Obstacles are created on a background map with the WAsP Obstacles icon.

Dimensions are defined by dragging the corners of the object to the desired size.

Once the object has been positioned, the following window appears where you can specify the height and
porosity:

Obstacle Data (42) m
Position' Layers Qbstacle I _
Ok
Height: ID.1 m Canal

Forasity: |D - Massive (Mall, buildings etc.)

- Close groups oftrees or several rows of T

Width: 1 3 . close hedges (evergreen

DS 0.4 - Mormal hedges

Angle: 0.5- E.g. a row of buildings, where separation—

0.7 - Open {scattered hedges) %

The porosity determines how much wind will pass through the obstacle and is seen as an average throughout
the seasons.

3.3.2 METEO object; Input of wind data, screening, analyzing

The Meteo object is the input object for wind data. Input can be from the very simplest form;

e input manually one wind speed (annual mean) in one sector together with Weibull k=2, and you can
calculate.

To the very advanced form:

e You import measurements from a Sodar or Lidar export file with 25 different heights for a long
measurement period with high time resolution. The data files might even have changed format or units
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during the measurement period, which also are handled efficient. The Meteo object importer can also
read from compressed files, like .zip are read direct.

The measurements can be used “direct” (without use of models) for AEP calculations in the calculation module
METEO. But, the most common way is to generate a wind statistic based on the data in a Meteo object and
terrain information from a site data object and then use the wind statistic in a site data object for calculation of
AEP with ATLAS, WASP interface or (most common) with PARK module. NOTE: Remember in-between the
long term correction (MCP, see chapter 11).

You cannot direct load raw logger file data, like NRG .RWD files. These must first be converted to ASCII files
with the logger software tools.

3.3.2.0 Compatibility to version 2.5 or older

The Meteo data object was completely redesigned after ver. 2.5. This also includes the data structure, so data
stored from higher than 2.5 versions will no longer be backward compatible, meaning that v2.5 cannot read
later WindPRO versions Meteo object data. But later versions can load v2.5 or older Meteo object data.

Some major changes to mention after ver. 2.5:
e Import filter now works on the entire data file, meaning that all measurement heights in a data file are
set up in one process.
No limits in number of signals in graphic view
All measurement heights are handled together including new profile features
Disabling can be performed in for all heights in one process
Expanded/generalized statistics
New efficient implementation of on-line data download

VERY IMPORTANT when recalculation of ver. 2.5 or older projects:

Time series, table and Weibull data are now fully linked meaning that changes in time series
AUTOMATICALLY lead to a change in Table/Weibull data. If you have manually modified Table or Weibull
data from version 2.5, these will, per default, NOT exist in later versions. You will get a warning if this is so
when loading the data first time.

Workaround: If you wish to transfer table or Weibull data from 2.5 to later, you can copy the data to excel from
2.5 and then create a new measurement height in the new meteo object (or a new meteo object), only
activated with Table and/or Weibull data and paste the data from Excel.
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3.3.2.1 Guide —including on-line data desription
"ﬁObjectdala (Default Meteo data description (9)) _'_ __ = |E| ﬁ

Position } Layers G

F‘urpose] Data] Graphics] Statishcs} Shear] Repon] Descnpﬂon]
Meteo object - getting started

INTRO: The Meteo object is an advanced "data container" and data screening/analysis tool for meteorological data, specifically _J
focused on wind speed and direction data for wind energy calculation purposes.
A Meteo object shall only include data from one position (one measurement mast or one "model" point), preferably with data for more
heights a.g.. to utilize the strong features for wind profile analyses.
Comparing data from more positions (masts) or substituting (patching) data for a specific mast are done in the Meteo analyzer, which
writes back the data to the relevant METEQO objects.

=

i A

Ly - S
LAy GO time series

Cancel J

Go directly to add files with ASCIl time series data and setup import filter

422008 4122008

EES5 GO Table

Go directly to input table data (histogram data) by Copy paste, load WAsP TAB files or manual input data

GO Weibull

Go directly to input Weibull data by Copy paste or manual input data

GO Online

Go directly to load data placed on accessible server at EMD or other places (see what is available)

Wizard
/ Help me learn more about wind data and getting data loaded into METEO object

(r Import

Import a Meteo Data Export. Meteo Data can be exported by clicking ‘Export’ in the Data Setup.

Figure 1 This is the first screen users will see when creating a new meteo object. This is “self explanatory”.

Typically, time series will be the most common format in which data is made available — if users have any
doubts about reading them, start with the Wizard.

Online data gives access to data on EMD On-line server, where EMD adds free data for fast and easy
download. Also, data for purchase is available, where the EMD server relinks to commercial data servers. To
download these requires a coupon code, which can be purchased through EMD. Press the On-line button to
see your current options. These are expanded regularly. If a meteo object with On-line data is reopened, the
Online button changes to “refresh online”.

The online data download interface looks so:
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'“,!: Select data point

e -

EE—)

Coverage |Climate data types Download
B [ NCAR Basic

B [ NARR Basic

<

JTIER Reference Wind Time Series [free
3TIER Reference Wind Time Series [pay
3TIER Reference Wind Time Series [EMI

This NCEP ADP SYNOP (surface synoptic obsemvation)
dataset is based on measurements from manned and
automated weather stations around the globe. Currently,
about 7000 stations are included in this global dataset. The
purpose of the SYNOP data is to provide input to weather
reports and numerical models. However, some stations
may also provide useful for the wind energy industry as

-

i
Coverage selection
Check for coverage I

Select all Deselect all

Select globe
(# Globe
(" Google Maps

Cancel

/Z@

N
4
g

_ 4
& |

ATy @
'y
oy _am>

.

\

B

-

/

e

R

s e e W S

First screen show the Ilst of possible datasets for download It's now possible to check relevant datasets, for

testing if there is coverage near the site.

The datasets are detailed described at: http://help.emd.dk/WindPRO/content/ReferenceManual/OnlineData.pdf

Short intro:

NCAR, NARR (US only) and Merra are meso scale model data, first mentioned in most coarse resolution, last

as high as 1 hour, 30 km.

QSCAT and blended Costal winds are offshore data based on scatterometer measurement technique.

METAR (Airports) and SYNOP (Meteorological institutes) are mast measurements, typical 10m height. Period
and time resolutions vary much by region and station.

3TIER are commercial high resolution meso scale model data, 1 hour, 15 km resolution.

All data sets are monthly updated, except QSCAT, which stopped 2009. Most datasets go 30y back.

'“.2," Select data point

|E) e |

Coverage -

BN

Climate data types
NCAR Basic

NARR Basic

QSCAT

METAR

SYNOP

Lon: .85, Lat: 57,10
Lon: 10,10, Lat: 56,57
Lon: 9.57, Lat: 56,50
Lon: 10,65, Lat: 5777
MERRA

Lon: 10,00, Lat: 57,00
Lon: 10,67, Lat: 57,00
Lon: 9,34, Lat: 57.00

Downlo_

i
EEENR
DD O

|
INEE EEENE

RIS EO)

Distance between the inserted object and the selected data
point: 10,2 km

MERRA: MODERN ERA RETROSPECTIVE-ANALYSIS
FOR RESEARCH AND APPLICATIONS

H
-

These data originates from the Global Modeling and j

Assimilation Office of NASA / Goddard Space Flight

Center. The MERRA analysis are being conducted with the

GEOS-5 Asmospheric Data Assimilation System{ADAS). j

Roslev
@

Skive
o

Coverage selection

Select all Deselect all Check for coverage I

Select globe
(" Globe
(® Google Maps

FOVERED BV

(;,og;gie

Cancel

-

[ kot | satelit | Hybrid |

w®

Terraen |
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o
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o
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o
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o
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After coverage check, dots show locations for possible datasets. Click on one of the dots to see which dataset
it refers to. Note the Google map can be used as background. With “OK” the selected dataset will be
downloaded. The data will automatically be imported in the Meteo object, ready for analyses.

Note it is possible to download more data sets at a time from the Meteo Analyzer.

3.3.2.2 Purpose

" Object data (Wishek met mast 7/01 to 6/02) 2] |
F'usnmnl Layersl Guide :PUFPDSE ‘ Data I Graph\cs‘ Stal\st\csl Shear} Repun‘ Descnpuunl
The Purpose setting helps you avoid seeing irrelevant data in other places within the model. This is done by selecting the appropriate boxes.

Cancel
Height A|B|C|D|E|F|6
40.0m - [CCC[FIFI[F[F
30.0m - CICICF|F | F |
10,0m - I
Next
W
r
Legend
A) Long term data for STATGEN (creation of wind statistics)
B) Long term data for “direct” Energy calculation (no MODEL involved for horizental extrapolation)
C) Long term / reference data for MCP (‘reference” in long term correction)
D) Short term data for MCP (“local data” in long term correction)
E) Short term data for STATGEN (“special purpose” like follow up, temporary calculations etc.)
F) Short term data for “direct™ Energy calculation (no MODEL — “special purpose”)
G) Data for meteo analyzer (for substituting (patching) data in other METEO objects) i
= = = =

Figure 2 Purpose settings helps to structure the data.

If there are many wind measurement data in a WindPRO project, it can be difficult to keep an overview. Giving
the data different purpose settings can improve the overview. Only the relevant data based on purpose
settings will be selectable from different forms in the software.
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3.3.2.3 Data

% Object data (Wishek met mast 7/01 to 6/02) (=] ﬁ
F'nsmnn] Layers} Guwde} Purpose :Hbatﬂﬂ Graph\cs} Statlstn:s} Shearl Repnrl] Descnpﬂnnl
S Files/folders (must have exact same structure, if different structured files, add more import filters) npoiie o c |
g E-WUsersiPer EMD DocumentsWindPRO Data PROJECTSIUSAWichek_PNWiind Data and MCPWisheklint  Add fie(s) | Add folder | i
8
£ Remove I Edit J
©
nE]’ View file
&

e |4 ’ () Online dat
g ‘ J ) Online data
Z_ Time zone for measurements- |Same as in the project properties: (UTC-06:00) Central Time (US & Canadaj
! Structure of the files (import filter):
=] | Auto detect J Load | Save
@ Next
= Some file types will be auto defined in the fields below, others partly defined or not at all. If not defined, you must manually choose the type of signal you
2 want to use [ONLY the ones you will use). If there is more than one wind speed signal at one height. then list different numbers in the Channel column.
|
Line with header Header field separator  First line with data  Data field separator Additional
o :
E 43 . (Comma) - | |44 J (Comma) j |Nnne ﬂ [ Recalibration | Use text-to-number |
2
2 | Column Header First data Channel| Type Sub type Unit Height |Name Converted =
s |1 3m Linton mph | 12.631 |lgnore ﬂ 3 | o
= 2 3m Linton DV |84 6 Ignore -] 3
H; Stamp 07/01/2001 0100 Ignars -] 0 Remove
g |4 Date 7/1/2001 Time stamp v |Date v |midly 0 01-07-2001 o~
g 5 Time 1:00:00 Time stamp j‘T\me ﬂ h:mes 0 01:00-:00
i 5 40m mph 206 Wind speed v |Mean  w[mph v | 40.00/40m mph_Mean 9,21 mis Import meteo f
= 40m std 16 |Wind speed v |StdDev v [mph | 40.00/40m std_StdDev 0.72 m/s e
= |8 30m mph 193 Wind speed _VJ Mean LJ mph ﬂ 30.00{30m mph_Mean 8,63 m/s
Bl - I — —l I e
z m std 18 |Wind speed v [StdDev  w[mph | 30,00/30m std_StdDev 0,80 m/s
E 10 10m mph 16.4 |Wind speed _~|Mean Lj_mph j 10.00/10m mph_Mean |7.33 m/s
£ [ 10m std 19 Wind speed v |[StdDev _w[mph v | 10.00[10m std_StdDev 0,85 m/s
o 1 | | I
— |12 Empty 08 Ignore j 0
| 13 Empty 0 Ignore j 0
14 Empty 0.8 Ignare L] 0 i
15 Empty 0 Ignore j 0 -
d-l
= = = = = s

Figure 3 The data tab - import setup

The Data tab controls:
e Import setup (identifying file structure(s)),
e Data setup (setting up the signals wanted for each height)

and after importing data:

Time series (view, analyze, flag time series data)
Table data

Weibull data

Turbulence data

Below, each function in this form is explained.

Data; Import setup

File types supported: Only ASCII files can be imported at present. This means that raw logger files, Excel
files or database files must be converted to text tiles before data can be imported. Compressed text files are
supported, so it is ok to have the text files in .zip, .rar or other compressed files.

Add file(s); point out the files with the data to import. Note, these MUST have the same structure — if not, add
more import filters and add the files “below” each import filter.

Add folder; point out the folder with the files that contains the data to import. Note, these MUST have the
same structure — if not, add more import filters. When specifying a folder, and adding new data files after the
initial set up, the Meteo data object can be updated. Simply choose “load new” in the data setup tab (see later).
If there are data from more masts or more different files in the folder, it is possible to set a mask, e.g. “*.txt” so
only relevant files is used.
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" Edit search path — . l_l@ﬁ

Selected path
|E:1Users'\F'er.EMD\DDcuments\WindPRO Data\PROJECTSWSAWIichek_PM\

Browse | Show files while selecting path

Mask (e.g. *txt or wind**)

* txt|

[ Include subdirectories

Ok | Cancel

k ¥

Figure 4 Adding folders gives high flexibility and fast import of new data subsequently placed in the folder.

Remove; Remove the selected files in the list from the import filter
Edit; Edit the import setting, like the file mask in “Add folder”.

View file; View the selected file with current import settings applied. This is very useful to identify the structure
of the file and to see if the import settings are working.

Online data; (requires an active license for the MCP/Statgen module) - start a communication with EMD
server, see 3.3.2.1 Guide — including on-line data description.

Time zone; If data is in UTC (same as GMT) time, which often is seen for “general purpose data”, or your data
files are not in your local time zone, they will automatically be transformed to the local time zone set in the
project properties. For the individual heights, you have the further option to time shift the data series
individually. This is needed, for example, when importing NCAR data where 10m data is forecast data (6 hour
ahead) while the other data is “normal”.

Structure of the files (import filter); A file giving the structure can be loaded and saved. This helps save time
if the same type of files is often used in different projects. If you do not have an import filter saved, use the
“auto detect” feature.

Auto detect; is a very powerful feature, that can recognize the “base structure” of many types of wind data
files. There will often be “manual work” to do — this can be avoided for subsequent files by saving the structure.
Recalibration; is a feature that allows to modify the calibration, if the used sensor calibration converting from

logger data to ascii files later is found nor to be correct.

Use text to numbers; is a feature to make e.g. wind direction described as like N, NNE, ENE to be converted
to numbers.
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"H Object data (Wishek met mast 7/01 to 6/02) ‘ = é
Pnsitinn] Layers] Gu\de} Purpose i‘bé‘tg WGraph\csl Stausucs} Shear} Repnn} Destriplmn}
3 Files/folders (must have exact same structure, if different structured files, add more import filters) AT C |
g E:UsersiPer EMD\Documents\WWindPRO DatalPROJECTS\USAWVichek PNWind Data and MCPWishekLintc  Add fie(s) |  Add folder | | Corcel |
2
1o Remove I Edit J
-

g
i
g | > (& Online dat
2 | | J Y Oniine data
Z_ Time zone for measurements: ‘Same as in the project properties: (UTC-06:00) Central Time (US & Canada;]
E Structure of the filas (import filter):
=] ‘ Auto detect I Load | Save
@ Next
= | Some file types will be auto defined in the fields below, others partly defined or not at all. If not defined. you must manually choose the type of signal you
2 want to use (ONLY the ones you will use). If there is more than one wind speed signal at one height, then list different numbers in the Channel column.
|
T Line with header Header field separator  First line with data  Data field separator  Additional
z - |
£ . (Comma) | [44 | (Comma) w|[nene =] I Recalibration [ Use text-to-number i
3
2 | Column Header First data | Channel| Type Sub type Unit Height |Mame Converted =
‘;‘ 1 3m Linton mph |12 631 :\gnnra ﬂ 3 Add M
| 3m Linton DV |84.6 Ignore j 3
_NE Stamp 07/01/2001 01:00 Ignore d 0 Remove
i Date 71112001 Timestamp v |Date v |mudiy 0 01-07-2001 S
@ | I 5 Pl - < e
Eilla Time |1:00:00 | |Time stamp A‘T\ma ﬂ h:m:s 0 01:00:00
=8 40m mph 206 Wind speed v |Mean  w[mph | 40,00 40m mph_Mean 9,21 m/s Import metea il
u i 40m std 16 Wind speed v |StdDev ~w|mph  _~| 40,00/40m std_StdDev|0.72 m/ SR
= m st | ind spee: ¥ |StdDev ¥ | mpl i 5 m std_StdDev 0,72 m/s
2|8 30m mph 19.3 Wind speed _w|Mean  w|mph  w| 30,00/30m mph_Mean 8,63 mis
s |9 30m std |18 | |Wind speed _»[StdDev _w[mph _~| 30.00/30m std_StdDev|0,80 mis imipod
E s I ] £ z L = L
0 R0 10m mph 16.4 Wind speed v | Mean LJ mph ﬂ 10,00/10m mph_Mean 7,33 m/s
= |11 10m std 1.9 Wind speed v |StdDev w|mph  ~| 10.00/10m std_StdDev|0,85 m/s
—| [#2 Empty |08 | |lgnore LI 0
! 13 Empty 0 | |lgnore ﬂ 0 |
14 Empty 0.8 Ignore j 0
15 Empty 0 Ignore j 0 -
SR
Ll
& = -_— g = = 4

Figure 5 After "auto detect" the lower part of the form is filled. In the example above an NRG SymphonieTM

logger file is used, and everything is auto detected. Several other standard logger output files can be auto
detected and new types are continuously added. Some file formats although must be manually setup, if it e.g.
are user defined excel exports, the software has no chance to auto detect.

Import setup; Manual adjustment of “auto detections”

There has to be an entry for each data signal which is to be used in the object. The signals not to be used will
just be “ignored”, like “min” which is often not used. Signals can at a later stage be set up and used.

1. Chose “type” in drop down, like “Time stamp” or “wind speed” (note that the standard deviation (StDev)
of a wind speed signal is also classed as a wind speed).

2. Chose “sub type”, like “year” or “mean” etc.

3. Chose “unit” — note that wind speeds in non-metric units (e.g. mph, knots) will be auto converted to
“m/s” in the object.

4. Chose “height” — must be in “meters” — eg. NRG SymphonieTM files set to “feet” will be auto converted
to meters. Always check that height is correct as it might be wrong in the data file!

When all signals are set up, go to the “data setup” tab.

© EMD International A/S e www.emd.dk e WindPRO 2.8 ¢ May 12


www.emd.dk

3.3 ENERGY - Input data for AEP calculations e 204

Data; Data setup

"Ef Object data (Wishek met mast 7/01 to 6/02)

F‘nsnmnl Layeral Gu\da} Purpose Data IGraph\csl Staﬂst\cﬂ Shearl

Repon} Dsacrlplmn}

)

L]Temp_Mean (3.0m)

=

Temperature

[ ] l aige} Aouanbayy [l [sauas T .l dmes eleg dnjss podw) —

Name Height [m] Displm. height Data type First data Last data
hﬂ.ﬂ ﬂ ‘ 0m jOtherfunknawn ﬂ ] J] 4] 12,0 months
-Time series
[¥ Activate [ Lock existing time series from: v| - Deviation from standard time [min]] 0
Column|Required signal Based on - | Signal name | Low limit | High limit
1 ;Mean wind speed ﬂ 10m mph_Mean (10.0m) _v_[Mean wind speed ;-1 75
2 |Wing direction _v|10m DV_Mean (10,0m) _¥|Wind direction |0 360

:Turbqlemce intensity ﬂ 10m mph_Mean (10,0m});10m std_StdDev UU.\.-leurbulence mtensny;!!

Temperature -50 60

~Turbulence table data
[v Activate

Delete signal
Records Record intervalDisabled Qut of range  Duplicates Errors Vmean, all  Vmean, enabled
=
2 | [s159 60 min o o o o [6.47 6.47
=4
— Re)load all files for selected height Load new files for selected height
™ < g
= [ Frequency table data
g | [v Activate
il 2 Weibull data
; [ Activate A parameter k parameter Vmean Power density
£ | Combined 7.18 mis 2,1620 6,36 m/s 279,2 Wim2

BT

Add

Remave

_ Remove |
Load all

Load new
Update online
Auto create
Add merged

Setup
Export
Import

Heights refer to
wind speed
measurement
heights! Other
signals can be
taken from other
heights_

i 40.0m - Cancel

Prev

LS

Figure 6 In "data setup" each wind speed height is defined.

Height [m] Displm. height Data type
|1EI,EI hd | 0 m |Other/funknown -
zcimals for wind speed Lidar
Sodar
Interval end  Step Model
| 40.0 1.0 Other/funknown

It is possible to set displacement height, if the mast e.g. is in a forest (positive disp. height) or on a very narrow
rock (island) (negative disp. height), that NOT is included in elevation data. The data type, mast, Lidar... can

be specified. This information can be used from like Site compliance module.

Auto Create are by default yellow while this will be the typical “start”. This will automatically create all the wind
speed measurement heights from the import setup. The signals created by default are:

Wind speed
Wind direction
Turbulence intensity

Wind direction is taken from nearest height to wind speed height.

Add/Remove signal; is used for adding other signals to measurement height, e.g. temperature or “max. wind
speed”. There is full flexibility. Even shear can be added as a signal, giving options for comprehensive

analyses of shear with the graphics features.
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Column| Required signal Based on Sic
1 |Mean wind speed _] 10m mph_Mean (10.0m) J Me
2 \Wind direction _v|10m DV_Mean (10.0m) v | wi
3 [Turbulence intensity J 10m mph_| Mean (10.0m):10m std_StdDev (10, I_] Tur
4 |Temperature J___Temp_Mean (S,Um} Ter
5 |Shear L]:n mph_Mean (30,0m};40m mph_Mean (4U.Um}_ﬂ She

Select wind speed signals for shear calculation |§|

Signal Use'

10m mph_Mean (10,0m)| [+
30m mph_Mean (30,0m) v |
40m mph_Mean (40,0m)| v

Ok J Select all ‘ Deselect all

Add signal | Delete signal |

Adding shear gives full flexibility on which height shall be used to calculate the shear time series, although
minimum 2 heights are needed.

(Re)load all/new files for selected signal; loads the data from the files via import filter into a time series. The
right button (new) only loads new files added after last load operation.

Buttons to the right:

Add/remove; add or remove (selected) measurement height
Load all/new; loads all heights in one process. The “new” only loads new files added after last load operation.
Update online; Refresh data previous loaded as EMD On-line data (update with recent months)

Add merged; Flexible way to merge two or more measurements, typically used to take out the tower shading
when two sensors in same height. See example at the end of this part.

Setup; Color theme, rules for concurrency, disabling of turbulence and rules for use of data for turbulence
table.

Export; Export all or selected data in flat text file format. The flagging of the data is included in the export, see
explanation in the text file, example below where 80m and 60m data are exported:

Geographical CoordiLongitude: -87,22 Latitude: 13,9
Local Coordinates: (I Longitude: 475798 Latitude: 1536185
Description: 4108

User label:

StatusValues:

Ok 0
Disabled 1
Below limit 2
Above limit 4
Duplicate 8
Null value 16
Missing 32
Other error 128

Note that SampleStatus takes precedence over DataStatus which means that DataStatus is only relevant if SampleStatus is OK.

MeanWindS Direction TimeSta SampleSt DataStatus_Me DataStatus_ DataStatus_ MeanWind Direction
peedUID_80 UID_80,0 TurbIntUl Commen mpStatus atus_80,0 anWindSpeed DirectionUID TurbIntUID_ SpeedUID_ UID_60,0 TurbIntUl
TimeStamp_80,0m ,0m m D_80,0m t 80,0m _80,0m m UID_80,0m _80,0m 80,0m TimeStamp_60,0m 60,0m m D_60,0m

[m/s] [Degrees] [m/s] [Degrees]
11-06-2008 13:10 4,4 53  0,0682 0 0 0 0 0  11-06-2008 13:10 43 53 0,0698
11-06-2008 13:20 4 56 0,15 0 0 0 0 0  11-06-2008 13:20 3,7 56  0,1622
11-06-2008 13:30 4,3 57  0,2326 0 0 0 0 0  11-06-2008 13:30 41 57  0,2195
11-06-2008 13:40 4,7 55  0,1702 0 0 0 0 0  11-06-2008 13:40 4,6 55 01739
11-06-2008 13:50 4,2 48 0,2143 0 0 0 0 0  11-06-2008 13:50 4,1 48  0,2439

© EMD International A/S e www.emd.dk e WindPRO 2.8 ¢ May 12


www.emd.dk

3.3 ENERGY - Input data for AEP calculations e 206

Status values are binary coded so the sum in the status columns can be decoded for precise identification of
the flagging (means that more flags can be applied to the same data point. There is, as well, a status column
for all signals as well as one for each signal. The headers are exported unicoded (UID) meaning that the same
text will appear no matter from which language is exported. Thereby it is easy (only one WindPRO meteo
importer needed) if a company wishes to maintain a large database with exports from many different users
round the world.

Import; Import from previous explained export format. Note a full object export can be performed from the
object list; import of this is done from the “Guide” tab.

Features in top of form:

Activate; The different types of data presentation can be activated/deactivated. If you have no intention of
using the Weibull distribution, or you have table data but no time series data, this feature is useful.

[ ] Lock existing time series; is used when new data is added, but the older previous data loaded does not
exist as data files on the PC or they have been added with different import settings in v2.5. Basically, adding
new data requires intact import filters and files for all data except when older data series are locked.

Low/high limit; is used to flag the data record “out of range” data in the time series. Note wind speed low limit
by default is “-1". Sometimes calibration of the raw measurements makes the “0” or very low wind speeds
negative. To avoid these being “flagged” as “out of range” it is important not to set this to “0”. If “0” wind speeds
are not included in the data set, the Weibull distribution will be wrong and the calculations will be wrong.
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Remove tower shading — add merged

" Merge wind speeds from 2 heights l =[] e S
A merged data series takes data from 2 "heights” and merge these into a new series. _]

This can be used if you have two anemometers placed on each side of mast, it is NOT recommended if height difference is larger
than a few %!

Height 1 will always be preferred if there are data in both seres fulfilling requirements

Height 1 will give the default height for the new merged series.

Only enabled data from height 2 will be used in merged series.

Merge data from Height 2 in wind direction interval
Height 1 [80,0m-2 ~| From[deg] To [deg]
Height 2 [50,0m - 1 ~ 140 | 320
[v Show wind speed difference graph
= Time series data (Concurrent)
" Gun shot
¢ Directional binned
Base height
Subtraction height

| = 800m-2-300m-1 = 0Omis

Ok J Cancel ‘

When two wind speed measurements are at the same height, the purpose often is to be able to remove the
influence of tower shading and thereby get the “clean” signal by taking the wind speed from the “free” sensor at
any wind direction. A typical setup is shown above. Here sensor 2 is used as “base” and there are merged
data from sensor 1. Looking at the data it is obvious that sensor 1 measure higher values from 140 degrees to
round 320 degrees (the difference sensor 2 — 1 is negative). This example is not as obviously clear as is often
seen, probably while both sensors are close to top-mounting. Click on OK and the following screen appears:
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Wl Object data (4108) - — (=) [
Posmnnl Layersl Guide I Purpase Da IGraphicsl Stat\sticsl Shearl Repnr‘tl Descriptmnl
Name Height [m] Displm. height First data Last data [ Heights ————
Evess  foc <[ om | | =] 0.0 mens W01 | Garel |
.um -
5 ~Time serie 60,0m-3
= yop ENE M 30.0m -4
5 (et il I 80.0m - E Mer
E‘ Reference height: 80.0m - 2
g Column|Required signal Merge from when
E 1 Mean wind speed [80.0m - 1 IF (80,0m - 2 Wind direction == 140,0000 AND 80,0m - 2 Wind direction <= 320,0000)] --- ;
z 12 Wind direction No merge Ji | p
2 s Turbulence intensity [60.0m - 1 IF {80.0m - 2. Wind direction »= 140,0000 AND 80,0m - 2 Wind direction <= 320,0000)] ---
Next
B Add
E Remove
]
= Load all
o Load new
&
" Update online
3
3]
<
E- Auto create
® | Records Record intervalDisabled Out of range Duplicates Errors Vmean, all ~ Vmean, enabled Add merged
o |0 min o o 0 o S
5 (Re)load all files for selected height | Load new files for selected height I
g Export |
—~Frequency table data | e
¥ Activate | :‘er:gh;;srz;er 0
S_' ~Weibull data h‘““:“fgiﬂt
£ i eights! Other
% ¥ Activate A parameter  k parameter Vmean Power density 5‘933\5 can be
lid Combined taken from other
% i*TurbuIence table data | heights.
— ¥ Activate

The rules established for the merged series are shown. Before loading the merged data the rules can be
edited by clicking the small dots to the right of each rule, and any rule based on any signal can be created.

When data are loaded, the tabs with the different data presentations will be added.

Time series;

- - S N
% Object data (Wishek met mast 7/01 to 6/02) - - — - - =w|l[S] g
Position I Layers | Guide I Purpose | Data. | Graphics i Statistics i Sheari Reporti Description i

Name Height [m] Displm. height Data type First data Last data “HEighh
l im,ﬂ ;” Om |01heri'unknuwn ;I | 001 _:v_”‘w ;l 12.0 months Egggm’ _‘%a_nii_l
e
3 |Disabled | Time stamp Mean Wind Turbulenc | Comment = | All records
§ wind direction e 8759
o EpEed L EEY Full disabled
£ | I [oto7-2001 01:00 7.33 920 01159 0
o | I [o107-2001 02:00 6,08 950 01176 Part disabled
& | T |ot-07-200103:00 510 1060/ 0,1053 o l
2| T |ot-07-2001 04:00 608 1020 01029 T
| = | T |oto72001 0500 608 1100 00956 0
B [ |01-07-2001 06:00 679 1110 01118 Duplicates Mext
I = [~ |01-07-2001 0700 809 1140 01271 0 |
@ | [~ |01-07-2001 08.00 880 1250 01371 Errors
2 | [~ [01-07-2001 09.00 822 1320 01467 o |
2| [ |o1-07-2001 10-00 7.82] 1380/ 10,1429 Comments 2 |
B |oro7-2001 1100 840, 1330 01383 : Loadall |
DT |o1-07-2001 12:00 898 1370 01393 loaied |
2 T |otor2001 13:00 885 1540 01263 O e |
2 T [oto72001 1400 827 1540 01568 Select  +|| Update aniine | |
g 01072001 15:00 661 1670 01689
| ST o720 1600 577 1950 01938 aclected Ao crsate | I
W| ™ |oro7-2001 17:00 599 1980 01791 —Coov I g merged f
S| I |ot07-2001 18:00 577 1800 01628 Setwp |
g1 [ 01072001 19:00 563 1770 01429
—| I |o1-07-2001 2000 514 1660 01391 — EXpat
! [~ [01-07-2001 21.00 568 1670 01102 s I
S| T o1-07-2001 22:00 492]  1840] 01182 Enable /
| 5[ T lororamizsne 541 1950 01488 Asanls SN Heichiteeeterio
3 i i Advanced wind speed I
iz | 02-07-2001 00:00 6.03 199.0 0,1704 measurement
| & | [ |0207-2001 01:00 724 2120] 01481 Toggle heights! Other
=1 T [o2072001 0200 701 2060 01447 duplicates | signals can be !
[~ |02:07-2001 03:00 745 2200 01563 P heights.
| [ |02-07-2001 04:00 657 2240 01361 |
= AR AT AAR4 AC.AR a4 An4a A A Anan

— —— = = ——— e = T =

Figure 7 With color background, data characteristics like “Out of range” data are clearly shown. Click in the
color field and the cursor jumps to the first event. Data can be sorted by clicking on the header; this is very
efficient for like finding the highest measured wind speeds.
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Select; can select “enabled” data — selection can also be performed “manually” by dragging with mouse in the
list.

Selected; data can e.g. be copied to clipboard and pasted to other programs, e.g. Excel.

Enable/disable; can be performed manually in the list checking the checkbox, or the “Advanced” feature can
be used.

5
'5'::{ Filter for advanced disable / enable == éj
All conditions must be fulfilled (AND)

By period 1 By month By hour

[~ Use [ Use [~ Use

01-07-2001 01:00:00 =
30-06-2002 23:00:0( ~ ||

[m AllE o
By minute ; ) 'l: ];
[~ Use e — &
[— [l I ]
I r E
"
| =| 2

All requirements must be fulfilled (AND)

Action Close

Figure 8 With "advanced" enabling/disabling, flexible data selection can be performed, e.g. based on the value
of any signal in the data files.

"¥ advanced disable / enable - | = () -

Selected period: All data
Disable / enable action matrix
Height All | Mean wind speed Turbulence intensity_Wind_a:!irection_Cumment_i
vV 2 v
Wzoom- [+ [v v v
Wzoom- V| v Iz 2
Wioom-[F| & g
§
Disable J Enable J Cancel J
——

Figure 9 Pressing the "Action" button (shown in previous Figure) gives access to the Advanced disable/enable
feature for ALL heights (with same time stamps within +/- 5 min.) that fulfill the conditions in the filter settings.

Only the Enabled data that is NOT out of range or duplicated is used in the aggregated data described in
following. The aggregated data is automatically updated if changes in the original time series data are
performed.
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Data; Frequency table

- .-
L e B e

==k

Name Height [m] Displm. height Data type First data Last data ’*Height57
| iﬂU,U L” 0m |O1her/unknown LI IL' 0 j 12,0 months
_E_ MNumber of decimals for wind speed @
= Interval start Interval end  Step
3 =
E [ o5 | 40,0 [ 10 Fill |
E
o Decimals |0 5: Sectars 12
E’ Bin Start End’ Sum N NNE ENE E ESE SSE S| s
; Mean 0.00 0.00 0.00 0.00 0.00 0,00 0,00 0,00 (
I — |0 0.49 18 0 1 2 0 4 i 4
M2 0.50 1.49 116 14 o 9 12 19 " ]
8 |2 1,50 249 301 32 18 23 23 49 36 16
s 2,50 349 688 67 41 42 45 112 70 61
] 4 3,50 449 1113 125 81 72 64 124 136 93
o |5 4,50 5.49 1413] 117 104/ 94 73 90 173 166 &I
-‘é 6 5,50 6.49 1347 116 62 70 66 56 148 164 Load new |
% 7 6,50 748 1068/ 121 58 38 49 50 96 142 — 'y
2 pdate online
z |8 7,50 8.49 821 109! 55 38 32 34 58 115
| I E 8,50 9.49 552 117 47 13 27 25 29 96 Auto create |
i 10 9,50 10,49 403 85 30 14 15 30 28 67 Add merged
= |1 10,50 11.49 32 78 29 9 14 39 " 33
2 |2 1,50 12,49, 194 71 16 7 11 14 2] 16 Setup
Ei 13 12,50 13.49 142 57 11 9 5 6 5| (0 Export
| R 13,50 14,49 112 31 11 8 12 2 3 12
E‘ 15 14,50 15,48 52 T it 2 3 ] 3 7
l g 16 15,50 16,49 25 2 5 1 0 0 0 4 Heights refer to
B[ 1650  17.49 16 0 0 3 0 0 0 3 ﬁ’lﬁﬁi‘iffem
g 18 17 A0 18 49 s 0 1 1 i} i} 0 1 heights! Other
= Sum 8759 1150 588 455 451 654 an 1018 LI signals can be
taken from other
g | j heights.
I Paste | Export |
— - == = —— — = = = ==

Cancel |

Figure 10 Frequency table shows the binned data by direction and wind speed.

Data; Weibull

Figure 11 The Weibull fitted data.

e —

r N
% Object data (Wishek metmast 7/01to 6/02) % SRS e =] E e
— . o - — - -
Posmnnl Layersl Gu\del Purpose Graph\csl Statist\csl Shearl Reportl Descnptionl
Name Height [m] Displm. height Data type First data Last data ‘-He\ghts
I |1U.0 j I O0m I[)‘ther.'unknnwn ;I IL'!“—‘.'T L”” LI 12,0 months o 40,0m - ﬂl
i E 30,0m -
1 input
B
3
o
2
5
=
&
« |Sector | A parameter| k parameter frequency|Mean wind speed
o
i _g Mean 7,179 2,1620| 100,000 6,358
| i 0-N 8,558 25067 13,129 7,594 Add |
= 1-NNE 7450 2.0042 6,713 6,602/
3 |2ENE 6303 16970/ 5195 5,625 EEL
2 |3E 6,693 1.9161 5,149 5.938 Load all
3 |4-ESE 5,801 16758 7.467 5,181
W — Load new
5l 5-55E 6.221 22616 9,259 5,510
- |6-8 7573 22429 11622 6,707 Update onling
o
£ |7ssw 7,806 28011 7,946 5951 e
i % 5-WSW 6,703 29285 6,827 5,979
T W 6,153 3.6007| 7,547 5,544 Add merged
Z 10-WNwW 6,721 2,4551 7.581 5.961 Setup
H T1-NNW 7,923 2,0195| 11,565 7.021
Export
5
| g Import
= Heights refer to
! 2] wind speed
=l measurement
] g heights! Other
E signals can be
I a taken from other
= heights
| =
5
| I
—_— = = = ———— = ——— — =
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The method for Weibull fit is energy weighted, by the same method as Risg’s WASP uses, as described in
“European Wind Atlas”. The Weibull distribution is used as input if the Meteo object data is used for further

calculation, e.g. within the WAsP model.

Data; Turbulence

¥ Object data (Wishek met mast 7/01 to 6/02) - C [ER=>=
Pusitmﬂ} Layers} Guide] Purpose Data IGraphicsl Slalwshcsl Shear} Repun] Descﬂpﬂuﬂ
MName Height [m] Displm. height Data type First data Last data Heights
Cancel
| IWU.U j | 0m |Otherfunknnwn j l Jl J 12.0 months
_g MNumber of decimals for wind speed 2=
§ Interval start Interval end  Step
2 05 40,0 1.0 Fill
el
2
& Decimals |2 —= Sectors J 12 |Mean value j
£ |Bin Start! End| Mean N NNE_ ENE E_ ESE SSE S;
i 5 | 450 548 0,13 012 0.13| 0,14 0.13| 0,14 0,12 0.13| £ Add Next
— |6 5,50 6.49| 012 012 0.12 0,13 0.14 0,12 012 0,13 C
EN | 6,50 7.49| 0,12 0,12| 0.14| 0,13 0,12| 0,12 0,12 0,12 t Q
g |8 | 750 849 012 012 014 012 012 011 0.12 012 ¢ Load all
2 (9 8,50 9.49 0,12 012 0.13 012 0,12 0,12 012 0.12 (
12 1 s il k=t I i = =t e Load new
B 10 | 9,50 10,49/ 0,12 0,12 0,13 013 011 0,11 0,12 0.13 (
" 10,50 11.49| 0,12 0,12 0,12 0,12 0.1 0,12 0,12 ( Update online
2 12 | om0 1249 012 om| 013 ot u11-;.?i o1 012 ¢
% 1 ! x i B L L Loy i L izt Auto create
2 |13 | 12,50 13‘-‘19: 0.11 0,11: U.WZ: 0.11 U,11: 011 012 0‘11: C W
S [ | 1350 1443 o2 om0z om 011 0w 012 012 paddimesyed
i 15 | 1450 15,49 0.12 011 0.12 0,10 0,10 012 0.1 { Setup
16 1550 16.49 0,12 012 0.11] 0,10 0.12| (
|| ] 4 | f | 4 I &
=17 16.50 17.49 012 0,11 0.12 {
% 18 | 17.50 18,49 012 | 0,13 0,10 0.12 Import
.38 18.50 19,48 012 0,13 0.12| .
Heights refer to
i (20 19,50 20,49 012 0.12 wind speed
Z |21 | 20,50 2149, 0,13 measurement b
g = heights! Other
g ¥ |||signals can be
2 [ | » taken from other
5 heights.
=3
= — =

Figure 12 Turbulence data can be shown as mean values and as standard deviations. By copying these two
tables to Excel, any combination of mean and standard deviation can be made for turbulence evaluations (e.g.
Characteristic values as defined in IEC 61400-1 ed.2 = mean + 1 x StDev and ed. 3 as mean + 1.28 x StDev).

3.3.2.4 Graphics

The Graphic tab holds advanced features for evaluation of the measurements. Also included are features for
disabling erroneous data found by the graphic evaluation of the data.

There will be the following main graph windows, each with different view options:

e Time series

Weibull/table

Wind speed difference
General X-Y graph
Profile

Only a selection of the graphs within each option will be shown below while the others should not need any

further explanation.
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Graphics; Time series

N8 Object data_(Cronalaght met mast) - [
Pos\tmn| Layersl Guide 1 Purpnsel Data :Graphics ] Stat\shcs] Shear ] Reportl Descnptmnl -
H Ok

Time series data

Wind direction pe e e Cancel

& Time series
 Gun shot
© Monthly
« Diumal

| € Radar

Heights
W~ 300m-A
B~ 10.0m-8

Prev

Signals
v Mean wind speed
™ Wind direction

31-01-1994 01-02-1984 02-02-1994 02-02-1994 04-02-1994 05-02-1984 06-02-1994 07-02-1994 08-02-1994 09-02-1994 10-02-199

Wean wind speed

Averagin:

Nane ¥
Days in window

10 «E:
Center |05-02-1994 A

¥ Show comments

EE\HGI‘:I Eudmﬁ,\x [IENETSY anua}ay\p paads puipy [e:uamqml Ea|qeﬂunq|eM| S8USS Bl

Show in window:

All Enabled

Concurrent l

. 31-01-_1]9‘34 01-02-1994 02-02-1994 03-02-1994 04-02-1994 05-02-1994 08-02-1994 07-02-1994 02-02-1994 09-02-1994 10—02—1:-‘.} EE—
Figure 13 The time series view is efficient for finding erroneous data — simply right click in graph at start and
end of erroneous data for disabling those. You can also ad comments (right click) and these can be reported in
a separate report.

_——

With the check boxes for each height and signal, viewing can be controlled.

Graphics; Weibull/table

B2 object data  (93) _ B
Pusitions | 1 ayers | Guids | Purpsses | Data Craphics | Statisticss | Shes | Description | ok
WeibullTable ol
1, @ Distribution
. i e € Sector wise frequency

|
i
F
|

alyoig | acua.app sseds puyy [a)uamqmq SRR seuas auwi)

ss L 7[ N

051 152253354 455 556 657 755 858 9.5 1010.51111.51212.51313,51414.51515,51616,51717.5 1318,51919 5.2
mis

‘ All A 8.6 m/s k: 2,88 Vm: 7.7 mis Al Al A 7.7 mis ki 2.97 Vim: 6.9 m/s ‘
——a

Figure 14 The Weibull/table graphs are here shown for two heights. Note that the axis can be scaled manually
by the “Edit graph” feature, activated by double clicking on the graph.
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Chart WSer\es } Data }Too\s } Expart } Print ]
Series ] General Axis \Tmes I Legend] Fanel I Paging] ‘Wialls ] 3D ]

¥ Visible Srales ]Title | Labels | Ticks | Minor | Position |
v Behind [ Automatic ¥ isifle [ Invered
Axas

Left Axis Change.. | Desired Increment 0
Right Axis
Top s [ Logarithpnic Log Base: |/ [

Minimum  Maximum l

[ Auto 20

Depth Axis

Offset: 1U_i|

+

Help Close

Figure 15 Double clicking on a graph gives access to advanced editing of the graph setup. Here we show the
method of manually adjusting the x-axis.

Graphics; Wind speed difference

MY Object data (Wishek met mast 7/01 to 6/02) - - - . EE— O P =
Position] Layers] Gu\de1 Purpose] Data Graphics ]Slatistics] Shear} Repor‘tl Descripimn]
Time series data (Concurrent)
Cancel
(® Ratio
| " Difference
(® Gun shot

(" Directional binned

Wind speed in height

aouangIn| [a|qeu‘\|nq|am [ ECEERENTT

|40.0m - |
Next
n divided by
Wind speed in height g
[30.0m- |

Mazx ratio on graph

T

7
3
2
8
N =
4 M
=
=l
g
5
I
= 400m- /300m- = 1
r
—— ————— = =

Figure 16 Based on two different wind speed sensors, a difference plot can be created. This is a useful way to
evaluate boom directions and influence. As well difference as ratio can be selected, and the data can be
binned.
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[ T— I . T -
Object data (Wishek met mast 7/01 to 6/0 (=7
"4 oy w L0 106/07),  a——— R —
Posmonl Layersl Guldel Purposel Data Graphics |Stat|st|cs| Shearl Reportl Descrlptlonl
=
Ti data (Ci it
% ) ime series data (Concurrent) Cencel |
@
&
o (" Ratio
E ® Difference
=
g
n3: (" Gun shot
s (@ Directional binned I
= N
g Wind speed in height
3 [40.0m - |
a Next
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;é Wind speed in height i
2 [30.0m- | |
o
2
.3 E
o)
’n_.\',
3 il
@
Ik
o
2
z
=
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=
el
=
&
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Figure 17 Showing difference, binned, the Shear is seen to be some higher at SW than NE winds.
This is explained by the terrain profile, where the steeper hill towards NE gives more speedup in
lower heights.
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Graphics; Generel X-Y graph

" Object data (Cronalaght met mast)

[
Statistics { Shear ] Report 1 Description 1
. Cancel

Posmonl Layers} Guide ] Purpose] Data

& All records
" Bin by x value
x series height
30,0m- A ¥
x series signal
Mean wind speed -
Next

30,0m - A - Mean wind speed [m/s]: 26,31
-10,0m - B - Mean wind speed [m/s]: 19,39

-17-03-1995 15:20:00 height
R {10,0m-B R4
y series signal
Mean wind speed -

I™ Limit period
Graph settings

¥ Show trendline

[ a|yoid [ ydesb ¥ |BIBURD)  saualayip paads puin [ aous|ngin] [ ajgels|ngiapn [ Sauas awi|

5 = e
10 11 12 13 14 15 16 17 18 16 20 21 22 2‘3 24 25 27 28 29 30 31 32 33 34
30,0m - A - Mean wind speed [m/s]

e Trendling: ¥ = -0,2554 + 0,862189X, R"2 = 0,9742

e

Figure 18 With the general X-Y graph you can plot any signal versus any other. When the cursor is placed on
top of a point, the hint box shows the values and the date-time. This is an efficient tool to evaluate “outliers” —
go back in time series to evaluate if the outliers seem reasonable or there are obvious sensor problems, which
require disabling of the specific period.
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Graphics; Profile

— — — =S = B
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Al ~E
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Season E
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View WindPRO Documentation:
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Figure 19 The profile viewer show as well the terrain profile as the wind speed profile. This is an efficient tool to
analyze the data and compare to model calculations.

The profile viewer illustrates how the measured wind profile looks by showing the best fit of both power law
profile and logarithmic profile. Also, a WAsP-calculated profile can be shown.

There are 3 view options;
e Aggregated (average values of concurrent data for all heights used)
e Runtime (record by record)
e Manual (aggregated, but manually controlled values for power and logarithmic profiles)

The “height for fixed data” will be used as input in WAsP calculation, if the WAsP profile is chosen. (WAsP can
only calculate from one measurement height and creates the profile shape based on the flow and terrain
model).

Note that only in flat terrain can the power or logarithmic profiles be extrapolated to higher levels with
reasonable accuracy. If there are flow compressions due to hills, simple power or logarithmic profile
extrapolations should NOT be trusted. Here the WASP profile will be a better estimate since it will include
corrections by a flow model to account for the compression effects.
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- — — — —— —— A
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Azimuth resolution in BZ model [*] 1 15 5 5
Decay-length for roughness area size 1000/ 1000000 10000 10000
Depth of daily variation over land 50 100 100 100
Depth of daily variation over water 25 300 50 50
Factor in height of min. stab. induced var. 0 0.005 0.002 0.002
Height of inversion in BZ model 100 5000 1000 1000
Mazx. interpolation radius in BZ model 5000 50000 20000 20000
Offset heat flux over land -200 200 -40 0
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Figure 20 To illustrate the capability of the tool, here one of the WASP parameters are changed
(Heat flux offset). This modifies the calculated WAsP profile (compare to previous graph). In
especially warm desserts, the WAsP heat flux parameters should be changed. This tool makes it
possible to find best parameters based on the measurements. But these changes must be handled
with care — detailed knowledge on wind behavior is a must.

3.3.2.5 Statistics

Three different tabs for statistics;
e Main statistics
e Monthly means
e Availability (data recovery)

© EMD International A/'S e www.emd.dk ¢ WindPRO 2.8 ¢ May 12


www.emd.dk

3.3 ENERGY - Input data for AEP calculations e 218

B3 object data (93)

Position | Layers | Guide | Purpose | Data | Graphics Statistics | Shear | Description |
Main statistics | Monthly means | Availability |

Drag  column header here ta group by that column

+ | Signal | Unit +/ Count v| Of total ~|\Mean | Std dev ¥/ Min v/ Max v Weibull mean v Weibull A par ~ | Weibull k par v/
50,0m - 1 Mean wind speed, all

50,0m -1 Wind direction, all Degrees 52014 |1000% 1037 460 (00 |

Turbulence intensity, all 52014 0,0% 01377 0,0766 001

I N
R A A

50,0m - 1

Figure 21 Raw views of main statistics.

B2 Object data (93) @HZ\
Position | Layers | Guide | Purpose | Data | Graphics Statistios | Shear | Description |
Main statistics | Monthly means | Availabity |

~|\Unit =/ Count ~|| Oftotal ~| Mean ~|/Std dev »| Min ~| Max ~| Weibull mean =| Weibull A par = Weibull k par ~|
-1 Signal : Mean wind speed, all
I l030 [1850 | [

[500m-1/mis (52014 [100.0% |7.52
040 [18.20 |7.50 8.42

49,0m - 2|\m/s 52014 [100.0 % |7.33 28085

1 Signal : Mean wind speed, enabled
I Signal : Turbulence intensity, all

1 Signal : Turbulence intensity, enabled
! Signal  Wind direction, all

+I Signal - Wind direction, enabled

Figure 22 By dragging "Signal" up into the header bar area, a more convenient view can be established.
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B2 Object data (93) BX

Position | Layers | Guide | Purpose | Data | Graphics Statistics | Shear | Description | o

Main statistics Manthly means | Availability |

Data point (Enabled data)

[50.0m - 1 |
Signal

[Mean wind speed ~|
50,0m - 1 Mean wind speed 2004 2005 Mean Mean of months
januar 10411041 10.41
februar 10,16/10,16|10.16
marts 753 753 753
april 8.62 8.62 |8.62
maj 747 74T 747
Jjuni 7.51 751 |7.51
Jjuli 6,79 6,79 6,79
august 7.03 7,03 |7.03
september 4.05 405 405
oktober 4,60 4,60 |4.60
november 726 7.6 |7.26
december 9.33 9.33 |9.33
mean, all data 6,94 034 |754

mean of months 6.96 9,37 756

Figure 23 Monthly means can be shown signal by signal — by right click, the tables can be copied to the
clipboard and easily integrated in documentation.

Object data (93)

Position | Layers | Guide | Purpose | Data | Graphics Statistics | Shear | Description |

Main statistics | Monthly means Availabilty |

Data point () means one or more disabled data

[50.0m - 1
500m-1% [1 |2

03-2006

Figure 24 Availability can be shown height by height. Color coding gives a fast overview of the availability.
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3.3.2.6 Shear

ject data (93)
Position | Layers | Guide | Purpose | Data | Graphics | Statistics Shear | Description

Name

JAHVAII—EH‘Hm -1:49,0m - 2:40 0m - 3:30,0m - ©

Sectors Sector  |Powerlaw  Log law
12 exponent | surface
roughness

length

Used in height intenval [m]

N | 0,026 0,0000
300 50,0 NNE 0.046 0.0000

k-parameter correction ENE 0,225 04619
0,0000 per meter E 0,229 05048
ESE | 0.153| 0,0551

SSE_ | 0157 0.0651
i bishucosL s 0275 10554
i ssw | 0298 14111
wsw 0227 04521
Default k comection w 0461 44679
0433 3.9663
9,999999937 9,99999993:

All-AIL50.0m - 1.49,0m - 2:40,0m - 3.

Several sets of shear values can be established - selected in "Name list" is shown, and “name” must be chosen when used in energy calculation. Note limited use, especially in non flat
termain vertical extrapolations can be much off - here model calculations (WAsP etc ) are recommended.

Shear values can come from

1) Loaded from version 2.5 meteo object

2) Manual input using "Add manually” button

3) Add from tab: Graphics - Profile (recommended)

Shear values are used for

1) Veertical extrapolation in energy calculations based on "measured data”
2) To copy to other taols where shear values are needed

Figure 25 Shear can either come from v2.5 calculations, manual input or calculated from the graphic profile
viewer.

The Shear tab can hold an unlimited number of shear calculations. The text in the box explains the use of the
shear tab.

3.3.2.7 Report

‘E Object data (Wishek met mast 7/01 to 6/02) _——— ’ . == =]
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main report detail report & Full period
W[~ 40.0m- W[~ 40.0m- (" Last full calendar year
M~ 30.0m- Il 30.0m-

(" Last full calendar quarter
W~ 10.0m- W 10.0m-

(" Last full calendar month
Prev
" Select period
7 1 Next |

A main report with 2 pages has a fixed layout with the main results_ In addition to this, the user can define which elements to include in detail report. After

pressing the <Print> button, the Main and Detail reports can be selected separately in the print setup. |
Detail settings

||+ Import filters, files and heights] + Data availability " Time series graphs ]v/ Tables I +" Graphs, miscellaneous]
v :\nclude: H

Averaging [None - | Show comments on graph

" Report period on one page
10 F ]m per page width
Signal 1
Signal 2
Signal 3

(" 11 page height (Large graph)
(@ 1/2 page height (Medium graph)
(" 1/3 page height (Small graph)

Signal 4

Bi

= = —— e = = = =

Figure 24 The Report tab allows for setting up a report, where a number of optional tables and graphics can be
selected
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To define the report should be self-explanatory.

When all data are entered, and reports eventually printed for documentation, click “OK” and the data can then
be used from the calculation menu. If you intend to generate a Wind Statistics using WAsP, you must enter a
Site Data Object, we suggest STATGEN, with a description of roughness, hills, and obstacles around the
measurement tower.

Performing a STATGEN calculation will automatically transfer the necessary data to a WAsP-calculation and
create a WASsP .lib file (by default the native WindPRO format .wws, which holds additional information.

3.3.3 METEOANALYSER

1’
The MeteoAnalyser is a tool started from the left tool bar or the tool menu.

The MeteoAnalyser works directly on the data in the Meteo data objects. MeteoAnalyser works on data from
more Meteo data objects in parallel and can therefore also perform operations that are not possible within the
individual Meteo data objects, such as:

Graphic comparison of data from more Meteo data objects (measurement masts)

Disable/enable concurrent data from multiple masts

Substitute / Fill data from one signal to another — scaling optional!

Cross predictor — set up and perform a cross prediction analysis based on the WAsP model from height to
height, and mast to mast (test accuracy of vertical and horizontal model extrapolation). In addition RIX
correction parameters can be found with the cross predictor.

Time variation data files (WTIl) can be generated from one or more measurements by
merging/interpolation/patching. The WTI files generated holds a complete 1 year data file with user defined
time resolution for use in time varying PARK calculations or for detailed Loss calculations.

An example of its use:

Situation:
A user has data from two wind measurement sensors at the same height placed on the north and south sides
of a mast. They may want to use the north sensor when wind is from 270°-90°, otherwise use the south sensor.

Method:
e Use “Advanced disable/enable” (available both in Meteo data object and in MeteoAnalyser) to disable
all data in north sensor from 90° — 270°.
e Create a substitution data series based on this meteo height (data series).
e Substitute all disabled data from the south meteo height (data series).
Now the substituted data series holds the required data.

The example above are although “overruled” but the previous explained “Merge” function in the Meteo object,
but it still illustrate functionality. Another example often used. On one mast or height, the wind vane is out of
order for some period. The direction signal is substituted in that period from either meso scale data or from
another mast nearby.

A strong feature in the Meteo analyzer is that it can update data import in several meteo objects at a time. If
new data files are copied to the relevant folders, the “Load new files” will work for all selected masts/heights.
And, using the “create meteo object from on-line data”, makes it possible to download several sets of online
data in one process.
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3.3.3.1 Compare time series graphics for more measurement masts

ﬂMeteu analyzer IT”D“?'
1 Graphics | Substitute | Cross predict Ok
Overview of Data points frem all Meteo objects with time series data -
UsalChangedlDeScmptmnlData pomt‘Purposes |F|rsl data |Last data ‘Mnnthlewsplacemem ha\ghthec ralelD\slancelFMes up to datel
v| |[False  |Mast F1  |50.0m - A |For Analyzer|12-02-2001|31-07-2003 296 |0.0 939% [31km |?

|v]| |False  |Mast F1 |30.0m - B |For Analyzer|12-02-2001|31-07-2003 296 |0.0 939% [3.1km |?

v| |False |Mast 52 |50.0m - A For Analyzer 28-05-200307-07-2004 13.3  |0.0 857% [0.6km |?

v| |False |MastS2 |30.0m - B For Analyzer 28-05-200307-07-2004 13.3  |0.0 85.7% [0.6km |?

v| [False [MastS1 [30,0m-A FurAnalyzer 14-02-2001(06-12-2004 45,7 (0.0 393% [03km |?

v| |False |MastS1 |20.0m-B For Analyzer|14-02-200106-12-2004 457 |00 396% [03km |?

‘ Un-use all | | View setup ‘ ‘ Load new files || (#) Show table view ) Show time lines

‘ Update status | | Advanced disable ‘ ‘ Save changes |

Figure 25 Selection of data - here the data you do not want to use for "analyzing" can be deselected (Un-
used).

ﬂ Meteo analyzer

Data | Graphics | Substitute | Cross predict
Overview of Data points frem all Meteo objects with time series data
UsalDeScr\ptmnlData pomt‘T\ma line from 12-02-2001 to 06-12-2004 11:20:00 Cancel
¥| [Mast F1  [50,0m - A [ B
Mast F1 30,0m-B
¥ [Mast 32 |50.0m-A =
[] |MastS2 |30.0m-B
v/ [Mast S1  [30.0m-A : : I
|Mast 51 |20,0m -B

4]

]

‘ Un-use all View setup Load new files | | ¢

Show table view

| | | |
‘ Update status | | Advanced disable ‘ ‘ Save changes |

Figure 26 The "Show time lines" gives a nice overview of selected data.
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EOX

1 List all meteo data

o List data with purpose "Data for meteo analyzer” only

® Show table view
1 Show time lines

rTime line settings
1@ Show missing data
i1 Show enabled data

(e View disabled
1 Hide disabled

| Ok || Cancel |

Figure 27 The view setup gives access to showing time lines with different settings.

ﬂ Meteo analyzer

Data | Graphics | Substitute | Cross predict

Mean wind speed
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=l Time series data
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§ |~ /\ﬁ H | Gun shot

IR S 5 A1 1 O Manthly
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L i ) Radar
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Days in window
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Show in window:
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4]

—— Mast F150.0m - A —— Mast 2 50.0m -A —— Mast F1.30.0m -B —— Mast $2.30.0m - B

L] o]

Figure 28 In the "graphics" tab, you will see basically the same graphs as in Meteo object, only now with
comparison of data from more Meteo data objects.

3.3.3.2 Perform data substitutions from other measurement signals

First a data series for substitution is created — or selected if one or more previous series have been created.
The name of a substitution series will get the extension “Subst.” as the last part of the name.
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"8 Meteo analyzer =

Data 1 Graphics S

Cross predict | Time variation

E

Substitutes wrong data and/or fill missing data periods into a new "substitution data series”
Cancel

+ Create a new substitution data series
" Use a previous created

Base new substitution data series ON:

{4104.80,0m - 1 ~|  Create
=

Start substitution:

| ual Will switch to tab "Graphics” - right click to insert START-END

intervals, then decide source and scaling. Substitute mode is
cancelled when the "Graphics” tab is left.

Will open dialogue for definition of source and detailed settings for
substitution of a full time series.

= = 4

L

Figure 29 On the Substitute tab you can create a data series copy from one of the existing data series
(heights) that will work as the new series into which substitutions/fillings from other data series can be
performed.

There are two ways to perform a substitution;

e Manual; based on graphic view, where intervals for substitution are marked manually.
e Auto; where the entire time series is substituted based on the rules defined by the user.
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Data | Graphics | Substitute | Cross predict

‘Wind direction

Time series data

I

() Time series
| Gun shot

_ Monthly

) Diumal

_ Radar
Data points
[¥] Mast F1.50,0m -
[v] Mast $2.50.0m -
|| Mast F1.30.0m -
[¥] Mast $2.30.0m -

0 :
19-07-2003 19-07-2003 1

9—07‘—2003 19-07-2003 20—0712003 20—07‘—2003

Mast F1.50,0m - A
Mast F1.30,0m - B
Mast F1.50,0m - A Subst

Mast 52 9

Mast 52 4 Target

|v \ast F1.50.0m - A Subst

|Descnpt\on|Data point

Mean wind speed

Mast F1

aoualayp paads puipy, | aausinqing | ajgelsinqisp | sauas awi|

Source

50.0m - A Subst||_

‘AII |Mean wind speed|Turbulence intensity|Wind direction

&

||Description|Data point

Mast F1 [50,0m - A
) N‘iast S‘ZI iEﬁl.Um-A
IMastF1 [30.0m-B
Mast 52 |30.0m-B

0 ; i ‘ i i
19-07-2003 19-07-2003 19-07-2003 19-07-2003 20-07-2003 20-07-2003

‘AII |Mean wind speed | Turbulence intensity|Wind direction

Transfer function {"[‘arget — Source * Factor + Oﬁ.f.et:u |

Mast F1.50,0m - A
Mast F1.30,0m-B
Mast F1.50.0m - A Subst

L4

Offset.

Substitute

Vast 57 4 Description |Mean wind speed‘Turbu\ence mtenslty‘Wmd direction
Mast S2. F:_a_ctnr _1_
|0

Cancel

Figure 30 Manual substitution; select "start" and "end" of interval by right click, and the substitution settings
appear. Here you can decide which signal(s) are to be substituted and the source and transfer function (scale

and offset).

Substitute
Target

L OX

Description| Data point

Malin head |21.0m - A Subst [v' | [V

Source

fAII_fMean wind speed  Turbulence intensity Wind direction|

i

2

Description| Data point
Malin head |21.0m - A
Old met mz|30.0m - A
Old met miz 10,0m - B
Default Met|50.0m - 1
Default Met 49 0m - 2
Elefauit Metd[][]m - 3

A=
i o 5 e

All Mean wind speed Turbulence intensity Wind direction|

EnEEiEE

Transfer function (Target = Source * Factor + Offset)

[»

I

R

Description
Factor |1
Offset 0

~Operate only on data in target that are:
[ Disabled/out of range
[v Missing data
[ Enabled

Substitute ‘ Cancel |

;_Mean wind speed  Turbulence intensity Wind direction|
; 1
0

1 Substitute from Source:-
(@ Enabled data only

| " Buoth enabled and disabled

€ [l

Figure 3261 Auto substitution: Set up the rules for substitution, typically only disabled and missing data records
will be substituted (while disabling of “bad data” is performed first), and only enabled data used for the

substitution.
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3.3.3.3 Cross predict; WAsSP vertical and horizontal extrapolation

Cross prediction from one mast or height to another by a model based on concurrent data is the best way to
find how well the model performs for the site. This is a very time consuming process in previous tools, but can
now be performed with a single mouse click - and some waiting time for the calculations.

W8 Meteo analyzer [=lE )
Data | Graphics | Substitute Cross predict | Time variation | Ok
Setup & main results | Profie | Rix correction/evaluation |

Predictor [T
Predicted at |Description | Height Height  Displacemen | Site data object Measured |A [A[%] |B|B[%] [C|C[%] |D|D[%] E|E[%]
t height wind
speed
B 4104 800m-1 (800 00 12 Sectors Phinal  ¥|8,72 5] 2 02| r 5]
B 4104 |00m-3 (600 0.0 12 Sectors Phfinal |34 o] I 117 r r
c 4105 800m-2 800 0.0 12 Sectors PNinal | 9.27 5] ~ 83 r r
D 4105 800m-EM80 00 12 Sectors Phinal  +9.28 3] ® 84| r ]
E 4101 700m-A 700 0.0 12 Sectors Phinal  ~|8.63 8] A r r
I
i f
First record Last record Record interval Number of concurrent records  Number of months with data
[09-05-2008 19:00:00  [18-06-2009 11.50.00 10 mn  [51637 138
Sectors [12 View WindPROD i WA Paremeters  Edit WASP
I~ Caleul files f hics displ Show idte the oe
alculate profiles for graphics display predictions checked,
& Overprediotion percent | the longer calculation
time
¢ Overprediction windspeed
¢ Predicted wind speed ;

Figure 32 The WAsP model capability of horizontal as well as vertical extrapolation of data is tested in one
process on concurrent data. Above, a calculation where, listed as Prediction B, Mast 4104 60m predicts other
heights and other masts. At Mast 4104 itself at 80m it under predicts by 0.2%, at mast 4105 it under predicts
by 8.3-8.4%. So here vertical extrapolation is reasonable, while the horizontal prediction is poor. At mast 4101
it under predicts with 15.3%.

The cross predictor tool is also a very convenient tool just for extracting concurrent mean wind speeds from
more data series. Data can be copied to clipboard by selecting the cells to copy and right clicking.

If cross predictions are poor, there can be several reasons like:

1. Measurement equipment is poorly calibrated

2. Masts are wrongly positioned in the terrain

3. Terrain is not described well enough (roughness, height contours, local obstacles)

4. The wind climate is not the same at the different masts (and thereby the model cannot cross predict,
while this assumes the wind climate at the site is the same). This could be if one mast is close to a
mountain ridge that gives meso scale wind flow modifications.

5. The steepness in the terrain is high and “known model problems” (flow separation) results in poor
model handling of the wind flow transformation.

For the last one a “fix” is developed by Risg, the RIX correction. If this seems to be the problem, the tab RIX
correction/evaluation can be used to find the best RIX correction parameters (end to evaluate if the RIX
method seems to fix the cross prediction issue):
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¥ Meteq analyzer [ B ] |
Data 1 Graph\cs] Substitute Cross predict ITime variation] ok
Setup & main results l Profile  Rix correction/evaluation ]

Predictor Cancel

Predicted at |Description |Height Height | Displacement Rix A | Delta RIX |B | Delta Rix |C | Delta Rix |D | Delta Rix |E | Delta Rix
| height
A 4104 ;SU.Um -1 80,0 0.0 10.08 :FF_ U.UU_I"_ 0,00:17_ 0.06 I"_ U,US_I‘_ 0,07
B |4104 |60,0m-3 60,0 |00 |0.08 17 0,00/ | 0,00 17 0,061 | 0,061 | 0,07
C |4105 |80.0m-2 80.0 0.0 |0.01 _f~7_ —_0,_06:['": —U.(_]G_W_ 0,00 F": 0,00 0,01
D 4105 80.0m-E180.0 0.0 10.01 |v 0,06 -0.06/ ¥ 0,00 0,00 0.01
E 4101 |70,0m-A 70,0 0.0 |0.00 I -0.07|1 -0.07|v <0017 <0011 0.00
-RIX calculation parameters i
Based on radius 3500 E m 3.500 m; 5 deg; 40,0 deg; Equally distributed
Directional step EEldegrees | i | p
Based on terrain slope 21.8 Edegrees
40,0 %
-Directional weight controlled by
* Equally distributed " Frequency
Set all to default I
E
Elevation data is taken from line object set for TIN 21_0 02
calculation 2
=

-004}-

Result: Alfa = 1,69 OGN

When a “best fit” is obtained for a site. the calculation
parameters should be used in PARK-Rix and the Alfa
value in Loss&Uncertainty module when calculating
Rix-Bias for the wind farm.

a0 !

0,121

+ + t t t t t t t t + t + t
-0,07 -0,06 -0,05 -0,04 -0,03 -0,02 -0.01 0 001 002 003 004 005 006
Delta RIX

- Trendline: ¥ = 1,69, R*2 = 0,8644]

Figur 33 The RIX correction/evaluation tool shows the logarithmic wind speed deviation versus the Delta Rix.
From the trend line based on the cross prediction errors, the Alfa value that can be used in the Rix Bias
calculation in the WindPRO Loss & uncertainty module can be found. In the graph above it seems reasonable
that RIX can explain the cross prediction errors (all points on a reasonable straight line). The found Alpha =

1,69 would be the choice in the RIX correction, that can be performed in the Bias part of the Loss & uncertainty
module.

Only the cross predictions calculated at previous tab can be used in the Rix evaluation. See further
documentation on RIX calculation in 3.4.3.1 RIX calculation or in Loss & uncertainty manual Bias part.
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% Meteo analyzer ~ . = E@@
Data | Graphics | Substitute Cross predict | Time varation | o
Setup & main results Profile | Rix correction/evaluation |

Secla ==
Al -
Predicted at
J 4104.80.0m - 1 -]
| Predictor

[ 4104 80,0m - 1
¥ 4105.80,0m - 2

Max wind speed
20 mis

¥ Show terrain shape
Radius [m] [1500

Copy profile data

1750
1.700 i) ind
e} 10714712713 14 1871817 18 19 20

200 0 200 400 600 1400

Distance from mast

800 600 400

1200 -1.000

-1.400

— 4104.80,0m-1— 410580,0m-2 @ 4104.80,0m- 1

Figure 34 Finally, the prediction versus measurement can be inspected with the profile viewer. But note only
one measurement point is shown, the one from the selection “predicted at”. But more profiles can be shown
based on the different predictors (if more exist). For analyses of how well the vertical profile is predicted, use

the Meteo object.

NOTE: The profiles are ONLY shown if you have checked the “Calculate profiles for graphic display” BEFORE

calculation. See form below.

Record interval Mumber of concurrent records

Number of months with data

Last record

First record
i%—l}S—ZUUB 19:00:00 |18-US—ZUUS 11:50:00 IT min
Sectors FZ_— View WindPRO Documentation: WASP Parameters
¥ Calculate profiles for graphics display
Profile setup From 5 m agl
To 200 m agl
Step 5 m

51637

Edit WAsP parameters

11.8

fE
Show

& Qverprediction percent

" Overprediction windspeed

" Predicted wind speed

Note: The more
predictions checked,
the longer calculation
time

Calculate

3.3.3.4 Time variation; Complete 1 year data from .WTI file generator

WTI (WindTImevariation) is the file extension selected for the generated file with time varying wind data (and
other meteorological data). Therefore, the tool described below often is named the WTI generator.
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"B Meteo analyzer (= | B [
Data | Graphics | Substitute | Cross predict Time variation 5
This tool generates a complete 1 year time series with minimum 1 hour resolution for use in calculation of time variations in AEP. It can be based on
more time series from more meteo objects, and works this way’ Cancel

From the first series in the list, all available enabled data is filled into the new time series specified by start date and time step. The gaps in the
series are then filled from the next selected series {if any) etc.

If the series is still incomplete, the "fill gaps™ will handle the remaining data filling like this:

-The linear interpolation will simply establish data points from the last point before gap to the first after the gap by simple linear interpolation. This is
only a reasonable method for gaps < like 8 hours (depending on data).

-For larger gaps. the dynamic behavior of the time variations is of importance and therefore copying the closest period is the simplest reasonable
method. To make it more accurate, preprocess your data with the Substitute tool.

Select meteo object data serie(s) to generate from: REMARK: The AEP calculation will always be scaled to the result of the
s PARK-Calculation, the time series only distributes the result in time and the
N o emands for the accuracy of this time series will therefore be essentially less
2] A demands for th f this ti il therefore b Iy |
Bl 100.80.0m -2 than for the data to be used for the AEP calculation

410170 0m - A | :

Selected data series:

Description |First data |Last data Manths | Time step (m)

4104 80,0m -1 :15—03—2[][]8 :1EVU5—2UUQ 14 |10

4105 80,0m - E Merge |07-05-2008 18-05-2008 12 |10

Signals to include: Date/Time setup: Evaluation tools:
Start date- [15-03-2008 el Show data availability
End date:
Time step: 10 min
Maximum difference in time stamps for concurrency: 50 %

Data manipulation setup: 1 rResult:
Offset direction by adding: 0 Degrees I Alitogensrait Haramc
: | Browse
Increase of time resolution and filling of gaps
by linear interpolation for gaps < 8 hours
Larger gaps will be filled by patching (copying nearest period) 7 Coloulte | S

L = = 4

Figure 35 The setup for generation of a complete 1 year wind data file for the purpose calculation time varying
AEP and/or detailed loss calculations.

The basic idea with the tool for generating a complete 1 year wind data file is that for some purposes like
calculation of the expected AEP variation in time (as e.g. 12-24 tables for negotiation PPA), an often seen
problem is that half a month of data is missing. There will, therefore, be no production calculated that half
month. Leaving out half a month is of course, not realistic, but it might not need to be a very accurate
calculation for that half month. Then the WTI generator is convenient, while this can fill in the gaps in
reasonably intelligent ways and make sure that every 10-minute or 1-hour has a reasonable value for wind
speed and direction (and other parameters like temperature, if selected).

Another use is in loss calculation. If e.g. the loss due to shut down below -20 °C shall be calculated, a time
series with both wind and temperature can be used, where the loss module finds how much energy is
calculated to be produced in the time steps where temperature is below 20 °C. If the temperature sensor was
not working all the time (1 year) or simply not present, data can be substituted from nearby met station or
NCAR data into the basic measurement, so all relevant time stamps are included after the data has been
processed by the WTI generator.

Basically 3 methods are available for filling gaps:
e Take from other measurement (other height, other mast or like NCAR data)
e Fill the gap by linear interpolation (if the gap is smaller than X hours)
e Fill by patching (copying nearest period of same length into the gap)

The 3 methods can be used in combination. Data will be “resampled” to any user defined time resolution, but
typically a 10 minute or 60 minute resolution should be used. NOTE: taking data from another mast does not
include any scaling options. Eventually, scaling is needed to bring the two masts to the same level. This must
be done up front by the substitute part in the MeteoAnalyser.

The .WTI file is, by default, saved in the project folder and can be selected from PARK time varying calculation
or from Loss & uncertainty module. The wind speed data is automatically scaled to the calculated mean wind
speed for the actual site for as correct a distribution of the calculated AEP on time stamps as possible, even
though the data might not be from the hub height or maybe not even from the site.
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3.3.4 Input for a PARK calculation

It's not necessary to create WTGs as objects in order to perform an ATLAS or WASP calculation. Instead, you
can choose which WTGs and hub heights to calculate when you launch the calculation.

However, when performing a PARK-calculation you must input the WTGs on the map, since it's their inter-
placement and WTG-type that is essential for the PARK calculation.

If the wind farm is extended over a wider area, you may need to use several Site Data or Meteo Objects. Each
turbine will then use the nearest object (only from the ones selected in calculation setup, by default, all are
selected). Using digital roughness and height contour lines is the best method. Using a WASP calculation for
each WTG in the park will calculate the effect of the orography and local obstacles individually. To calculate
the roughness classification individually, you must attach a digital roughness map produced by WASsP.

If you've created combined ATLAS and WAsP Site Data Objects, the PARK calculation will always use the
WASP calculation. However, if you want to use the ATLAS calculation as input for the PARK calculation, you
must change the setting of the Site Data Object to only use an ATLAS calculation.

Details on how to input the more specific parameters for a PARK calculation are described in Section 3.4.1.
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3.4 ENERGY — Calculations and Printouts

-

When all the objects have been created, you can return to the WindPRO main menu, e.g. by clicking on the
Calculation Tree icon.

"% WindPRO 2.8.521 (English) - [Cronalaght fotomontage-energy2.w28p] S { = ‘ =] \éj

Project Options Feedback Updates Edit Help

=|Name Created Calculated Duration | Version | Siz¢ |Modules (Click a green (licensed) triangle to create a new calculation)

= Basis
-4 B4 BASIS (Project data)

= Energy
< ¥ NCP (Measurs Correlats Predict - long term correction - STATGEN)
<4 PARK (Wind farm AEP based on MODEL or METEQ)
< 0 LOSSEUNCERTAINTY (Loss and uncertainty analysis in a bankable format)
<4 ¥8 METEO (AEP one position, measured wind data)
<0 T Model: ATLAS (AEP ane position, simple terrain)
< # Modsl: WAsP INTERFACE (AEP one position, WASP calculation)
4 8 Model: RESOURCE (Wind/AEP resource map)
<t  Model: CFD PRE/POST (data export/result analyzer)

< 4 € STATGEN (Generate Wind Statistics)

% Environmen t

% Visual

T & o @smor

% Economy
= Optimization
% Electricity

% Loads
=) Other

Data and Models
# Data
= Models
® WAsP 10.2
@ WAsSP 6-9
@ WAsP Engineering 3

WindPRO RSS Feeds -
& Updates from WindPRO online help

~ @ [ 26-10-2011 1 year of 3TIER sample data available
@ [ 24-08-2011 Roughness in WindPRO
] [ 10| =T s oy NN gl
A B c

A calculation is started by clicking on the green button (arrow) beside the required calculation.

NOTE: Modules for which you have no license activated will be marked with a yellow button indicating that
these will only run in DEMO mode (calculations will use standard values and not the actual values entered). If
an arrow is marked with a T it means the license activation is time limited.

=-Energy
- WP ||I"u'1I3F' (Measure Correlate Predict - long term correction - STATGEN) |
« P8 PARK (Wind farm AEP based on MODEL or METEQ)
- WlLGSS&UNCEF{TAINTY (Loss and uncertainty analysis in a bankable format) |
« WP METEO (AEP one position, measured wind data)
« TP |Model: ATLAS (AEP one position, simple terrain)
< WP |Model: WASP INTERFACE (AEP one position, WAsP calculation)
<4 1 |Model: RESQURCE (Wind/AEP resource map)
« @ |Model: CFD PRE/POST (data export/result analyzer)
«| §F STATGEN (Generate Wind Statistics)

Figure 36 Zooming in on all energy related modules. The blue framed, MCP and Loss&Uncertainty have
separate manual chapters. The ones in the red frame are sold as one module called MODEL. The last
mentioned STATGEN is not “sold” but automatically activated if you have activated METEO and MODEL. The
appearance is decided due to the “natural way” of performing the work: 1) Make the long term wind statistic
(MCP), do the layout/PARK calculation and 3) Do the loss & uncertainty calculation. On this direct road, there
might be need for “auxiliary calculations”, like wind resource maps for layout optimization (see OPTIMIZE
module) or WASP interface calculations comparing different turbines at the site wind conditions.
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NOTE: The Model (RESOURCE) Module is described separately in Section 3.6. OPTIMIZE module is not
included in the Energy block, while this also can be used for Noise optimization, and possible optimization
involving other parameters in future (like cost of energy).

The different Energy calculation modules are explained in the following; starting with PARK, while this is the
normal choice for an AEP calculation, the other is more for “special purpose” calculations.

3.4.1 Calculation Energy: PARK (AEP for Wind Farm + RIX etc.)

3.4.1.1 Standard PARK calculation

Tab sheet Main

ne Calculation

[= ][ B eS|

l WTGS] Wind distribution 1 Power curve | Air densny] Description I

Name |

I Enable advanced options

Calculate:
i AEP (Annual Energy Production)
I Time varying AEP
" RIX (Ruggedness IndeX)

Model parameters

Wake decay constants based on terrain type: |Open farmland WDC: 0,075 ﬂ
Report features:

Hub height for key results: 50 m  (Met.mast height or hub height recommended)

WTG area(s) on map: |N0ne selected j

Handling of losses and uncertainties: (Decides text in report)
" Bring calculation to "bankable” level by using Loss & Uncertainty module

" Just calculate the GROSS values and wake reductions

+ Add "simple reduction” with text: Result - | 10,0 %

Ok | Cancel |

Under the first tab sheet “Main” you can enter general data for the calculation. Note the “Enable advanced
options”, which gives access to more input options, which will be explained later.

Calculate:
e AEP; requires turbine object established on the map and wind data (can be in METEO object or a Site

data object, which holds all needed information for a model calculation).
e Time varying AEP; requires you have a .WTI file or a meteo object with time series data
e RIX; requires elevation data in a line or elevation grid object set to be used for TIN calculation

For the two last mentioned, additional tabs for input specification will appear if checked.

Model parameters:
Wake decay constant — defines how much the wake expand behind the rotor. The default figure 0.075 means

that per meter behind the rotor, the wake expands 7.5 cm. In “non advanced mode” the choices are:
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Open farmland WDC: 0,075 |

Offshore & Water areas WDC: 0,040

Open farmland WDC: 0,075

Very closed farmland WDC: 0,100 bd)
A lower expansion (offshore) gives a higher reduction of the wind speed behind the rotor and thereby larger
wake losses. In high roughness or high complex orography (mountain area), the “Very closed farmland” can be
used. In advanced mode there are more options.

Report features:
Hub height for key results gives calculated mean wind speed, energy and the equivalent roughness class for

this height at the location where the Site Data Object is placed.
WTG area(s) on map give the option to include selected WTG Area’s on the map as part of the report.

Handling of losses and uncertainties:

Here it is decided how the user wants to integrate these issues into the reporting. It is recommended to use the
Loss & Uncertainty module to give this important part of the AEP calculation the right focus. For more “simple”
or preliminary calculations, the other options can be used. The “Add simple reduction” to compensate for bias,
loss and uncertainty reductions, add an extra column in the report with the reduced AEP result. You can define
the text written at the print. The default is “Result — xx%"

WTGs
W Define Calculation =] B [
Main  WTGs IWind distribution | Power curve Airdensityl Descriptinnl
Layers
[CIsSite 7

[IPN-Site-Data
[CIResource Map (OLD)
Al

[VINCAR
[VIMeasurement masts
[IProfiles

["Height contours
[CIWTGs at metmasts

m

[~ Use all new WTG's from selected layers (7}
¥ Use all existing WTG's from selected layers (0)

Select new WTG's (nf?}]

[CIGE WIND ENERGY GE 1 5sle 1500 77.0 10! hub: 80,0 m (2251)
[CIGE WIND ENERGY GE 1.5sle 1500 77.0 10! hub: 80,0 m (2252)
["JGE WIND ENERGY GE 1.5sle 1500 77.0 10! hub: 80,0 m (2253)
[CIGE WIND ENERGY GE 1.5sle 1500 77.0 10! hub: 80,0 m (2254)
[CIGE WIND ENERGY GE 1.5sle 1500 77.0 !0! hub: 80,0 m (2255)

[C1GE WIND ENERGY GE 1 &sle 1500 77.0 10! hub: 80,0 m (2256)
[CIGE WIND ENERGY GE 1.5sle 1500 77.0 10! hub: 80,0 m (2257)

Select all I Deselect all

[~ Use explicit link to wind distribution for each WTG

Ok I Cancel |

At the WTGs tab, the turbines to be calculated are selected. By default the turbines from visible layers appear,
but other layers can be activated and, by unchecking “use all new from selected layers”, turbines can be
individually selected.

Checking the “Use explicit link to Wind distribution for each WTG” add another tab “Link site data to WTG":

Turbines with displacement height

If the input field “displacement height” is given a value on the turbine object, the calculation hub height is
automatically reduced with the displacement height. In the report as well the turbine hub height as the
displacement height are shown. The displacement height is typically used if turbines are sited in forests where
the wind profile is assumed lifted by the forest.
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" Define Calculation - e

Main ] WTGs I Wind distribution  Link Site data to WTG | Power curve | Air density] Description ]
Selected Site data and Meteo objects

A WAsP interface: 4104 -
B: WAsP interface: 4108
C: WASsP interface: 4107

4 +
Select link between WTG and Site data / Meteo (No selection will link to nearest)

|a B [c |
GE WIND ENERGY GE 1.5sle 1500 77.0 101 | | [7] [T
GE WIND ENERGY GE 1 5sle 1500 77.0 101 [T I
GE WIND ENERGY GE 1.5sle 1500 77.0 !
GE WIND ENERGY GE 1 5sle 1500 77.0 101 ] [7] [T
GE WIND ENERGY GE 1 5sle 1500 77.0 101 7] %] 7
GE WIND ENERGY GE 1.5sle 1500 77.0 101 [T /| [T
GE WIND ENERGY GE 1.5sle 1500 77.0 1017 /7] 1% |

Link to nearest Site data / Meteo ]

Dk ‘ Cancel ]

Before activating this, wind distributions must be chosen.
By default, each WTG “chooses” the nearest wind distribution object. In the matrix above, checkmarks can be
moved so the user has full control as to which wind distribution object shall be used for which WTG.

Wind distributions
" Define Calculation - E@g

.
Main ] WTGs Wind distribution ;Lmk Site data to WTG | Power curve Airdenswtyi Descr\ption]
& Use Site data or Meteo data (only Meteo data purpose "Long or Short term data for “direct” Energy calculation”)

£ Use resource file(s)

Site data and Meteo data

[MIWASP interface: 4104 -
M WASP interface: 4108 1
R o 1 e |
[CIWASP interface: 4101 |
[CIWASP interface: 4102

[CIWASP interface: 4105

[CIWASP interface: 4106

[CIWASP interface: 4103

[CIWASP interface: Site data 12 sectors; Radius: 11.000 m (60)

CWASP interface: 4104-NEW-TEST

CWASP interface: 4102 NEW-TEST 4
[CIWEIBULL: 4103 - 1 80,00 m
[CIMEASURE- 4103 - 1 80,00 m
[CIWEIBULL- 4103 - 2 80,00 m
[CIMEASURE:- 4103 - 2 80,00 m
[CTWEIBULL: 4103 - 3 60,00 m
[CIMEASURE: 4103 - 3 60,00 m
[CIWEIBULL: 4103 - 4 30,00 m
[CIMEASURE: 4103 - 4 30,00 m
[CIWEIBULL: 4106 - 1 80,00 m
CIMEASURE: 4106 - 1 80,00 m
[CIWEIBULL: 4106 - 2 80,00 m
[CIMEASURE: 4106 - 2 80,00 m
[CIWEIBULL: 4106 - 3 60,00 m
[CIMEASURE- 4106 - 3 60,00 m
[CIWEIBULL: 4106 - 4 30,00 m
[CIMEASURE: 4106 - 4 30,00 m
[CTWEIBULL: 4104 - 1 80,00 m
[CIMEASURE: 4104 - 1 80,00 m
[CIWEIBULL: 4104 - 2 80,00 m
[CIMEASURE: 4104 - 2 80,00 m

Fhasioin g - 4404 2 00 AN

m

Select all I Deselect all ]

Ok J Cancel I

Wind distributions can also be allocated from site data objects as meteo objects — or based on wind resource
maps.
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Power curve

W4 Define Calculation . =RRC X
Main IWTGs} Wind distribution | Link Site data to WTG Power curve A\rdensnﬂ Descnptlon}

Select power curve correction method:

Correction method for power curves with pitch/active stall to an air density different from specification value in WTG catalogue

" Old WindPRO method (experience based "best fit" correction method)

& Mew WindPRO method (adjusted IEC method, improved to match turbine control) <RECOMMENDED=!

" |EC 61400-12 method {only recommended for small corrections e.g. <5%)

" Mo correction (Power curve used as it is - assumed valid for the site conditions)
Handling of negative power curve values (if any):

@ Use and thereby get reduced AEP calculation due to consume at low wind speeds
" Ignore in calculated AEP, but calculation shown as consumption in report

View WindPRO Documentation: Power Curve Options

Ok Cancel

Power curves in WindPRO are normally only entered at standard air density (1.225 kg/m®), and are then by
WindPRO recalculated to the site air density. But the user can also enter the power curve in the turbine
catalogue at local site air density and then choose “No correction” — or, basically, if the default correction is
used and the site air density is used as input in the turbine catalogue as well as in the air density setup, no
correction will be made.

There are more methods for air density correction, see the documentation by clicking the hyperlink text.

Some power curves have negative values, which can appear from 0 to around -4 m/s. But, most often the
power values in this interval are set to 0. If the negative values are included, these can be handled two
different ways:
1. Default: the power consumed at low wind speeds are included in the AEP calculation, and the AEP
result thereby reduced.
2. Ignore the negative values in AEP calculation, but then report the calculated power consumed
separately. This makes sense if a very accurate financial calculation is required, and the power
purchase cost is higher than the price paid for delivered power.
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Air density
% Define Calculation =R

Select air density calculation method:
¥ Adjust to individual WTGs based on elevation and hub height I

" Climate data based on generic latitude/altitude model

@ Climate data from climate station database Climate database | Station: TEGUCIGALPA
" STANDARD air density (based on standard climate data)

i
 Manual input of climate data " inp [
L
Site elevation im Site temperature 8.3 ¢ Air density 1016 kg/m® |
{

RESULT: 529 % of STANDARD Show/input via calculator
View WindPRO Documentation: Air Density Il
|
I
|
|
|

Ok Cancel

Air density is, by default, calculated automatically based on site location, where the altitude is taken from each
WTG object and the temperature is taken from the nearest climate database point. This is the recommended
method, but please check if the climate database parameters seem reasonable by clicking the “"Climate
database” button:

I"w Climate Stations

20 nearest climate stations {select which one to use)

TEGUCIGALPA - 13 km - HONDURAS

CHOLUTECA - 70 km - HONDURAS |
AMAPALA - 83 km - HONDURAS

CHINANDEGA - 145 km - NICARAGUA |
CATACAMAS - 175 km - HONDURAS ]
LA MESA (SAM - 185 km - HONDURAS

SANTA ROSA DE COPAN - 193 km - HONDURAS

TELA - 201 km - HONDURAS

Station Info

Name: TEGUCIGALPA -
Country: HONDURAS

Elevation (m): 1025.0

Lat (deg): 14,05

Lon (deg): -87.22

Pressure data: Yes (1971-1980)
Temperature data: Yes (1951-1990) 10
Humidity data- No

Sun shine data: No 5

k]
2
]

e

February
September
Movember
December

|— Minimum — Maximum — Standard Deviatinnl

‘ } 1Temperature L] Ok Cancel

Important is that the Elevation for the climate station and the temperature is correct. If not, choose another
station.

Eventually, also check how the air density is “scaled” from the climate station to the site by clicking the
“show/input” via calculator:
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Edit air density {Q_EIJ
Calculation method and input for auto calculation of air density:
Note values for site is an example, if calculation at each WTG is selected.
Site elevation Climate data
" Auto from site at hub height " Auto from altitude/latitude
% Manual input * From climate database Climate database
¢ Manual input, specify temperature data at base height
" Manual input, specify temperature data at site height
Advanced parameters / results (auto adjusted when loading from climate database)
Base data  Site data Standard model options
Elevation 5 IO meter as | IS
Temperature | | I &) (S Ternarmstira e )
Lapse rate o0 °C per 100 m v Temperature lapse rate from standard model
Air pressure 2 5 hPa ~
Humidity | ) | ]-"0:\9-".5- hu %] J ~
Air density 1.066 1016 kg/m*
Evaluation
With current settings the air density relative to standard is: 829 %
AEP is almost proportional to air density at same wind conditions.
How it works
The base height values give the fix point (temperature and pressure) — from climate database.
user input or model calculations. The two parameters are scaled to site by altitudes based on
standard models (where temperature lapse rate can be modified). While pressure from climate
base can be quite uncertain, the use of pressure calculated from standard model is |
recommended, if no site pressure measurements verify result. Humidity is included, default by 0. View graph >
This has very little influence, see graph.

Here it is seen how the climate station is located in 1025 m elevation and the site in 1540 m. The temperature
is thereby converted from 21.6 to 18.3 °C and the pressure from 902 to 850 hPa. This reduces the air density
for the site to 1.016 kg/m3 where it is 1.066 at the climate station. This is a 5% reduction which almost gives
5% reduction in calculated AEP relative to the use of the nearest climate data “as-is”. It is also seen that the air
density at this site only is 82.9% relative to standard, giving round 17% reduction compared to a site at

standard air density conditions (15 °C at sea level).
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3.4.1.2 Time varying PARK AEP calculation

&' PARK (Wind farm AEP based on MODEL or METEO) L |

Main l WTGs l Wind distribution] Airdensity] Power curve  Time variation Descriptiun]

- Time varying data should represent exactly one year, 10 min to 1 hour resolution
- _WTI files automatically fulfilling these requirements are generated using the Meteo analyzer.

- When using data from Meteo Objects, compliance to the requirements is the user's responsibility. For special purposes, non
complete years can be calculated, see in manual how these calculations are handled.

The optimal time varying calculation data will be 1 year from a meteo object from site fulfilling demands described in first line, including
besides wind speed and direction also turbulence and temperature. f WAsP model is used, data will be transported with this model to
each WTG position, and all detailed loss/bias calculations will be supported.

(" Use generic time variation data (*.WTI} |

[v Use time varying air density if temperature and /or pressure in time series

® Use time series from Meteo object |Isio|u Met Mast 2002-Trunc.3y - 1 50,00 m Ll
View
[v Use Reduction % from Main page on figures in reports

[v Save time series result for each WTG for Result to file report. May cause Out of memory error.

=]

Aggregated time series values

Time varying calculation is a powerful option for different purposes, where the two most important are:

1) Create a statistic, like the 12-24 (12 months-24 hours) matrix, that can be used for negotiating PPAs
or for evaluation of how like time tariffs invoke the expected income from the sold energy. Also, the
duration curve produced as a part of the time varying calculation is a powerful tool for evaluation of
e.g. how many hours a year a specific power demand can be operated from the wind parks production.

2) Create a time step by time step AEP calculation for each turbine for a performance check/model
calculation check. Comparing this calculation with real production from the Scada system, or turbine
computer makes it possible to sort data by direction, hour, month, wind speed etc. This allows you to
see where eventual problems might be if actual production does not match calculated.

Output from the first issue is part of the standard reporting. For the second, the “Result to file” option must be
used. A text file is saved and can be loaded from Excel or similar. Or data can be transferred directly via
clipboard. While the data amount can be extreme, by default only the PARK AEP is available. Checking “save
for each WTG” create 5 data columns for each WTG (see later figure) — together with one row per time step.
Therefore the output can be aggregated on hourly, daily etc. level. Especially if the actual productions you shall
compare calculation values to only are monthly, there is no need for more detailed calculated data. For the
WindPRO versions after 2.8 there will be a feature to run the Performance Check internal in WindPRO (new
module).

NOTE: For ALL Time varying calculations, the AEP results are scaled to the non-time varying calculation, so
the reader of the reports does not get “confused” by varying results. The calculated “Power” in the result to file,
represent the “raw” calculation result and is therefore best suited for checking how the model performs.

If a calculation is based on a WTI file, the result is a simple scaling of the calculated AEP (the normal PARK
AEP calculation) based on a wind energy index time step by time step created from the WTI file, where the
mean wind speed is scaled to calculated mean wind speed for each turbine. Same procedure, if the PARK
calculation is based on Weibull or Measure wind distributions, also if a METEO object is used instead of WTI
file.
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If a calculation is based on a METEO object in combination with a WASsP calculation (wind distribution chosen
as site data object(s) with terrain specifications) OR a resource map, the measured wind is transformed by the
WASsP model from mast position to each WTG position on directional resolution (sector wise).

So this shall be used if a WAsP model performance check is wanted. There will be calculated mean wind
speeds for each sector at mast and each turbine position based on the data in site data object(s) or wind
resource map chosen at the “wind distribution” tab. The ratio calculated; turbine mean wind speed/mast
mean wind speed (sector); is simply multiplied on the measured wind at the mast (sector) for the given time
stamp, and this is used to calculate the power for the time stamp (after the wake loss model has reduced wind
speed). Possible turning of the wind (in very complex terrain) is not yet implemented, which can make this
method making wrong conclusions. Note the site data object(s) chosen from tab wind distribution work as
usual, meaning if it is roughness roses, each object select the nearest by default, if it is roughness lines
(recommended), an individual roughness is established at each object position (turbines and mast). By wind
resource maps (which can be from other models than WASP), results must be available in both turbine hub
heights as Meteo data height.

For issue 1) mentioned above, it is important to have a full representative year of wind data. No gaps in the
data. This is best secured by generating a WTI file (see MeteoAnalyser). The “View” button can be used for
checking the content of the file (or a meteo object data series):

"Y' Evaluation of time variable data =REE X

Evaluation table

To get the best basis for distribution of the calculated AEP to time steps. there should be a good correlation
between the used time series regarding direction distribution and direction distributed mean wind speeds. If the data
is actual measurements from the site, this condition should normally be fulfilled.

If some “remote wind data” is used, it might not be so, this can be tested by comparing the time series statistics
with a calculation (Like WASP if. result) from a “representative spot” in the wind farm.

REMARK: The annual variation calculation will always be scaled to the result of the PARK-Calculation, the time
series only distributes the result in time and the demands for the accuracy of this time series will therefore be
essentially less than for the data to be used for the AEP calculation.

Data Evaluation

Period: 15-05-2008 - 14-05-2009 (365 days) | Perfect

Time step: 60 minutes | Fine

Recovery rate (Pairs of ws and dir): 100% | Very good

MNumber of data points: 8760 | Fine
Signals:

Signals present Avg. Min. Max. Of period
Mean wind speed 8.9 0.4 26.8 100.0 %
Wind direction 69,4 0.0 359,0 100,0 %
Turbulence intensity 101 0.0 0.7 100,0 %
Temperature 23,5 205 29.0 1000 %
Even with "non acceptable” data, the calculation can be started. and the result might be useable,
but it is highly recommended to improve the data! OK

&

For issue 2), the length of the period is less important. What is important is to have local wind measurements
concurrent to actual production data. A performance check can be performed on few months or more years of
data. A problem can be the amount of data, if hundreds of turbines with several years of 10 min resolution data
are calculated; there might be RAM overflow on the PC. Therefore, by default, only the sum for all turbines in
the wind farm is reported in the result to file report. It must be checked on the input form if you want results
turbine for turbine. If the data amount is too large, you can split your Meteo data in more part time series, e.g.
by cloning the Meteo object and then delete different parts of the data. After more part calculations these can
be merged in Excel.
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Figure 37 The result to file into Excel. Here an example with 3 turbines. The columns are explained below.

-’_,',\. Calc_timevar_Bondeen.xlsx - Microsoft Excel l =|E ﬂ_hj.‘
: 3} Home Insert Page Layout Formulas Data Review View Developer Muance PDF '@) -2 x
= — (R I oz = (mm e - g
E] :: Calibri - A AT = =@ | SiwapTet General - :Ej i—j‘f A jElE j £J ;' %? lﬁ
Paste B 7 O~ - A= = | & m & Center ~ |[|E8 - op 4 (|0 00| Conditional Format Cell Insert Delete Format Sort & Find &
-l = O Lo m—= EEMae s Cnler 2 = ) Formatting = as Table ~ Styles ~ - - - 7 Filter = Select~
Clipboard = Font I5 Alignment r Mumber IF} Styles Cells Editing
= R Bl s |
Q1o - f| 95 E
B . D E: E G H I 1 K L M N o] P a R 5 T
1 |ORG data, new 120m free wind Park_cleaned data_NO_no.displ - 120,00 m Data are air density corrected
2 |AEP scaled mean that the SUM total is equivalent to main calculation result for 1 year - the "raw" calculations can be found through the column "Power"”
3 |Measure height: 120,0n 1775560 7247364 1 s 3 1 2 3 1 2 3 1 2 3 1
4 | Time stamp Wind spe¢ Direction Tempera Pressurd AEP scal AEP scal AEP scalPower Power Power |Free witFree witFree wi{Wake w Wake w Wake wAir dens Air de
5 |Date [m/s] '] C [hPa] |[MWh] [MWh] [MWh] [[kw] [kW] [kW] [[m/s] [m/s] [m/s] |[m/s] [m/s] [m/s] [[kg/m?] [kg/m
6 01-01-2009 12,3 330 -7 #NfA | 0,2476 0,2749 0,3034] 1376 15404 1700,6] 104 10,7 11 9 9,4 97 131 1]
| 01-01-2009 00:10 12,7 326 -7,3 #N/A | 0,2769 0,3048 0,3334] 1538,7 1707,5 18634 10,8 11,1 11;3 9,4 9,7 10,1] 1,312 1,33
8 | 01-01-2009 00:20 12,8 327 -7,7 #N/A | 0,2847 0,3125 0,3415| 1581,9 1751,1 1913,7] 10,8 11,2 114 9,5 98 10,2| 1314 1,3
9 | 01-01-2009 00:30 12,1 328 -8 #M/A | 0,2343 0,2613 0,2898| 13019 1464,3 1624 10,3 106 10,8 8,8 9,2 95 1,315 1,301
10 01-01-2009 00:40 12,4 327 -8,3 #N/A | 0,2565 0,2841 0,3126| 14254 1591,9 1752,1 10,5 10,8 11,1 H,II 5,5! 98 1,317 1,3
11| 01-01-2009 00:50 13,2 327 -8,7 #N/A | 0,2423 0,2696 0,2983| 1346,6 1510,8 16718 10,3 10,7 10,9 29 9,3 9,6 1,319 1,3
12| 01-01-2009 01:00 11,3 329 -9 #Mfa | 0,1835 0,2058 0,2299| 1019,7 11531 12885 9,6 99 101 81 8,5 83| 132 1.
13 01-01-2009 01:10 11,5 331 -9 #M/A | 0,1958 0,2186 0,245 1088,2 12249 1372,8 9,7 10 10,3 8,3 8,6 9l 132 1.
14 01-01-2009 01:20 1 330 -7 #Nfa | 0,1635 0,185 0,2075| 9084 10368 1163 9,3 9,6 9,8 7,9 8,2 8,5 1,31 1.3
A r M pwot | raw ¥ 4 T 0
Ready | P [0 Hja00%() Uy +)

Time stamp, Wind speed, Direction, Temperature and Pressure all come from the used meteo data series
(or WTI file). If temperature and/or pressure are present an air density correction is performed for each time
step. Pressure data is less important than temperature data while temperature variations typically influence air
density much more than pressure.
AEP scaled — the calculated AEP scaled so the sum is the same as in the PARK main result. (so there are not
different, confusing results). This can be used, e.g., if a utility want to know expected AEP hour by hour for
analyzing the expected value of the wind production.
Power — the raw calculated power time step by time step. This is NOT scaled and should be used for
comparing with actual power taken from turbine controller or Scada if model calculations shall be tested.
Free wind speed — wind speed transformed by WAsP to WTG location, before wake reduction.
Wake wind speed — wind speed transformed by WAsP to WTG location, after wake reduction.
Air density: The calculated air density for the specific time step and turbine.
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7000 Min number of turbines in operation: 140 Approved days: 9,1 Class 2.7
60.000
50.000 - h‘\ft\ N / l‘
40.000 j\h/\'\A/ \_WA/‘\W 4 /&v_ \ i "/Jk,,"/ _ :é
v V |, / \[\:V [
“;,/\A/\N\. |
30.000 b

20.000
=== Actual for approved

Calc. for approved
10.000

1 6 11 16 21 26 31 36 41 46 51 56 61 66 71 76 81 86 91 96 101106111116121126131136141146151156161166171176181186191196
WTG number

Figure 38 Example of a model performance check with 200 turbines calculated by 10 min. values. The data is
sorted so only the time steps where most turbines are in operation (which are few days in this example) are
included. The sample show there is a very fine correspondence between calculated and actual production, but
in this case the model has been manipulated by increasing the roughness inside the wind farm from class 0.8
to class 2.7. This is so far the best repair option for very large wind farm arrays, which typically are over
predicted by the wake model.

3.4.1.3 PARK RIX calculation

9 Define Calculation ¥ -t - = | B o
Main 1 WTGs ] Wind distribution RIX setup lPDwercurve1 Air denaitﬂ Time variation 1 Descﬂptiun]
Radius for RIX calculation 3.500 m (Used for each object in calculation)
Directional step 5=
Steepnes threshold | 400 %or | 21,8 ° (100% =45°)
Directional weight controlled by RIX is the Ruggedness IndeX. defined as the percentage of the area
& Equally distribuied around an object that has steepness above the threshold value.
----- s i St At 30% steepness flow separation typically start, which mean that
o the WAsP model assumptions is violated. Latest research /Rise/
Frequency show that the threshold in RIX calculation typically work best with
40% (new default), and that delta Rix within +/- 5% should not give
Elevation data is taken from line object set for TIN comrections. Crosspredictions based on more mast can finetune the
calculation threshold, see Cross predictor tool in WindPRO Meteo Analyzer In
WindPRO Bias/Loss/uncertainty module, RIX correction can be
calculated automatically as a bias based on most recent
recommended correction formulas, which can be found in
EWEC2006 _08 papers on Rix from Risa.
|
I
I
|
Ok Cancel

RIX is the Ruggedness Index, defined as the percentage of the area around an object that has a steepness
above a given threshold value. At 30% steepness, flow separation typically starts, which means that the WAsP
model assumptions are no longer valid. Experiments show that the RIX values can be used to fix WAsP model
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calculation problems in steep terrain — or at least reduce the error introduced by flow separation. It is even
seen in papers that RIX correction also improves CFD calculation results.

The Latest research by /Risg/ shows that the threshold in RIX calculation typically works best with 40% (new
default), and that delta Rix within +/- 5% should not give corrections. Cross predictions based on more mast
can fine tune the threshold, see Cross predictor tool in WindPRO MeteoAnalyser. In WindPRO
Bias/Loss/uncertainty module, RIX correction can be calculated automatically as a bias based on most recent
recommended correction formulas, which can be found in EWEC2006 & 08 papers on Rix from Risg/DTU, see
extract below:

WE

Prediction error vs. ARIX (EWEC 2006)

0.4

e y = 1.508x
55 R? = 0.975
0.1

+ Port 06-10

= trend line

In(Up/Um)
(=]
(=]

L
o
==

-0.2

U, = U, exp(a ARIX)

where o= 1.5

R=3500 m and 6, = 0.3
|

Risa OTU, Technical Univerdty of Danmark Fald walidation of tha RIX perfarmance indicator far flow In complex termain 01.04.2008
Garmad Hassan and Partnars Lim ited

The main conclusion based on use of the RIX method is that if both reference site (measurement mast) and
predicted site (WTG) are equally rugged (Delta RIX < 5%), very small calculation errors are expected.

If reference site (measurement mast) is very rugged, e.g. RIX = 0.2 and predicted site (WTG) are less rugged
(e.g. RIX = 0), Delta RIX will be -0.2 and according to the graph, 30% too low wind speed prediction at WTG
site could be expected. This could lead to around 60%) to low calculated energy production.

If the reference site is less rugged, e.g. RIX = 0, and the predicted site (WTG) is very rugged (e.g. RIX = 0.2),
Delta RIX will be +0.2, and according to the graph, 30% too high wind speed prediction at WTG site could be
expected. This could lead to around 60%") to high calculated energy production.
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*1

Change in energy production /mean wind speed change
290
3,00 it

\
2 50
2,00 T

150 \-\_'

1.00
0,50

Factor
Energy’/MWindspeed®

6 T 8 9 10

Mean wind speed (after correction)

Source: EWECO06 paper:

IMPROVING WASP PREDICTIONSIN (TOO) COMPLEX TERRAIN
Niels G. Mortenseni, Anthony J. Bowen2 and | oannis Antonious

1Wind Energy Department, Risg National Laboratory

P.O. Box 49, VEA-118, 4000 Roskilde, Denmark

T (+45) 46 77 50 27, F (+45) 46 7759 70

E-mail niels.g.mortensen@risoe.dk

2Mechanical Engineering Department

University of Canterbury

Christchurch, New Zealand

! Doubling of energy prediction error based on mean wind speed error is a rough conversion, which holds for

wind speeds around 8 m/s. At 6-7 m/s tripling is more right, while only 1.5 factors should be used for 9 m/s,
see graph below based on a typical WTG.
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3.4.1.4 PARK calculation with “advanced options”
Wy Define Calculation N e e -

(== [l

-

Main |WTG5 | Wind dismbutionl Power curve i Air densityl Description |

Name |

¥ Enable advanced options

SELECTION OF DIFFERENT WAKE MODEL REQUIRED
Advanced calculations:

Calculate:
Typical calculations:
¥ AEP (Annual Energy Production)
[~ Time varying AEP
[ RIX (Ruggedness IndeX)

Model parameters / Ambient turbulence:
Wake maodel parameters based on terrain type: IOpen farmland WOC: 0,076 RC: 1,56 T1: 0,15

Edit / Load from Meteo

=l

Report features:
| 50 m  (Met.mast height or hub height recommended)

=

Hub height for key results:

WTG area(s) on map: INDne selected
Handling of losses and uncertainties: (Decides text in report)
" Bring calculation to "bankable” level by using Loss & Uncertainty module

" Just calculate the GROSS values and wake reductions

|ResuH. - 1 10.0%

I Calculate weibull for +/- ¥ rotor diameter, used in result to file

@ Add "simple reduction” with text:

Advanced 5

ing: View WindPRO Documentation: WASP Parameters Edit WAsP parameters |

Wake model N.C. Jensen (RISRYEMD)

Tul Em|

1993

Ok | Cancel |

Checking the “Enable advanced options” gives access to several more features described in the following.
Before this, we would like to introduce the WindPRO Online help page, where, typically, the more advanced
features are frequently updated based on the latest research. The page can be opened from WindPRO menu
“Help — FAQ (Internet)™

& WindPRO Online Help - Internet Explorer provided by Dell 0 % & [ e S — ng‘jﬂlg
Q@ ® |_¢_; http://help.emd.dicWindPRO/ v| B |4¢‘ * /|8 Google o -
File Edit View Favorites Tools Help
x Google | E[ J sog -1'@ & gk | BDe- B~ =~ [ Sidewiki - | % Kontroller = 4a] Overseet = 2 & - () Logind ~

¢ Favorites 1gwmdpﬂ[}0nfmeHe\p | | o v [ dm v Pagev Safetyw Toolsv (ghw i

-

#d, Online Help. |

Search keyword:

" [ submit

WindPRO User Manual
0: Overview
Installation

Basis Module
Energy Calculations
Environment
Visualizations
Economy

7: Planning

8: Optimize

LRl B

10: Electrical

12: Loss and Uncertainty

9: CFD - Computational Fluid Dynamics

11: MCP: Measure-Correlate-Predict

WindPRO Reference Documents

Air Density Model

Extreme Wind Modelling

Wake and Turbulence Models in WindPRO
Online Data in WindPRO

Changing the WAsP Parameters in WindPRO
WindPRO Power Curve Options

MCP Methods in WindPRO

WindPRO FAQ

The WindPRO FAQ contains common questions
and related answers. Use the keyword

search or goto the WindPRO fag page here.

WindPRO Guides

WindPRO Quick Start Guide

Installing, Licensing and Activation

3Tier Data in WindPRO, Step-By-Step Guide

Studies, Reports and Papers
Calibrating Wake Models for Offshore Use
SeaWind: European Offshore Wind Farm Projects

These documents may be used only by registered users WindPRO or by users with a valid time limited registration key to the WindPRO software system.
Other use requires a written permission from EMD International A/S.
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Access to advanced calculations:

Advanced calculations:
[ Reduced wind speeds inside wind farm
[ Park power curve based on PPV model
I+ Turbulence

These require you to choose another wake model than the default N.O.Jensen model.

The reduced wind speeds inside a wind farm creates a matrix that can be used to lookup the calculated
reduction at a specific point, for any direction and any free wind speed. A way to use this is to place a very
small turbine (0.1 m rotor diameter) at the position where a measurement mast are inside the wind farm, and
thereby get the reduction in wind speed measurements due to surrounding turbines. Then the expected free
wind speed can be established, which can be useful for performance check calculations.

Park Power curve based on PPV model gives the calculated Park power output related to a specific
measurement mast position outside the park. This can be useful for like prognosis systems, where the wind
prognoses are given at a specific point (measurement mast position). With the table the transfer function from
wind speed and direction to Park output is given.

Turbulence calculations give the ambient + wake added turbulences for each turbine. NOTE this part is
transferred to the Site Compliance module in future versions (after ver. 2.8).

[~ Calculate weibull for +/- %% rotor diameter, used in result to file

By “report features” there are an additional checkbox. Here you can add calculation results for +/- ¥ rotor
diameter in the result to file. This makes it easy to evaluate the variation of the calculation results over large
rotors. With the present AEP calculation tools, it is always assumed the hub height represents the average for
entire rotor diameter. With a large increase in rotor diameters this might require changes in future calculation
methods. With this report the user can start performing experiments for evaluation of the importance.

Wake decay constant/turbulence settings:

|Open farmland WDC: 0,075 RC: 1,5 Tl 0,15 hd

User defined =
Offshore & Water areas WDC: 0,040 RC: 0,0 TI: 0,08
Mixed water and land WDC: 0,052 RC: 0,5 TI: 0,10

Very open farmland WDC:- 0,063 RC- 1.0 Tl: 0,13

Qpen farmland WDC: 0,075 RC: 1,5 Tl: 0,15

y Mixed farmland WDC: 0,083 RC: 2.0 Tl- 0,16 —
Closed farmland WDC: 0,092 RC: 25 Tl: 0,18

MVery closed farmland WDC: 0100 RC:3,0Tl: 0,21~

More choices are available in the list. For other Wake models than the N .O. Jensen, it is not the Wake decay
constant, but the ambient turbulence that is used as input for the wake model. By the “Edit / Load from Meteo”
you get access to refine the settings further:
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Sector wise Wake decay constant/turbulence parameters

E Input of needed sector wise wake and turbulence model parameters D@

Turbulence Intensity

Grey columns are needed parameters for the selected wake model. Ambient turbulence is
scaled in height according to description in the WindPRO manual.

Height for turbulence specification [m] m— Calculator
Numnber of wake sectors |1 Load from Meteo Data

From | To Terrain type and class | Turbulence | Roughness ‘Wake decay
[deg] | [deg] | intensity | length [m] constant Roughness Length

-180 I User defined 10,1468 10,055 0,078

‘Wake decay constant

Cancel Ok

Sector wise WDC or turbulence can be entered or loaded from meteo data.

When loading ambient turbulence data as input into PARK, where this is required (depending on the array loss
and turbulence model combination chosen), it is now possible to specify this data in more detail.

&2 Turbulence Data from Meteo Object (time series data) IZHE”'S__Q

The selected time series + the number of standard deviations typed below, is
used as the representative/characteristic turbulence.

Calculate mean turbulence from the following wind speed interval:

From 10,00 m/s
To 120.00 m/s

Mumber of standard deviations. n, to add: n=0: Mean turbulence; n=1.0: IEC
61400-1(ed.2); n=1.28: IEC 61400-1({ed.3):

n 1.00

Mumber of sectors:

]12
Ok | Cancel |

The ambient turbulence is loaded from a time series data in a Meteo data object. It is possible to specify the
setup, e.g. add one standard deviation to mean turbulence as required in the IEC edition 2 for turbulence
calculation, or 1.28 standard deviations for IEC ed. 3 compatible calculations.

Wake model selection:
IN.O. Jensen (RIS@/EMD)

Mo model
MO Jensen (RIS@/EMD)

M.O. Jensen (EMD) : 2005

Eddy Viscosity Model (J.F. Ainslie) : 1986
EWTS Il (G.C_Larsen) : 1999

EWTS Il (G.C_ Larsen) : 2008
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Regarding wake models, EMD recommends using the N.O. Jensen (RISY/EMD) model. If you need
turbulence calculations, the N.O. Jensen (EMD) 2005 is recommended. The three other models are intended
for experimental use. Tests so far indicate that these models do not reduce calculation results enough when
using the standard parameters. The parameters will be tuned based upon ongoing research in order to better
correlate the predicted values to actual performance.

Turbulence model selection:

|S. Frandsen: 1999 - Effective turbulence model

Mo model (ambient turbulence only)
B.Lange: 2002 - Eddy viscosity turbulence
Danish Recommendation: 1992
G.C.Larsen / EWTS Il : 1999

5. Frandsen: 1999 - Effective turbulence model

Quarton/Ainslie: 1989 - Empirical turbulence model
Empirical turbulence - Dutch TNO |aboratory - 1993
NIRt- 2004 - Addad Turbnlenra Madel

For turbulence calculations, the S. Frandsen 1999 or the TNO model are recommended as the most-accepted
ones at this time.

The wake and turbulence models and other advanced functions of the PARK calculation are described in detail
in the appendix on Wake and Turbulence Models.
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3.4.1.5 Edit WAsP parameters

The WASP parameters can be modified from this input form:

% Edit project WAsP parameters {‘: | =l HH
WAsP parameters
On this form it is possible to change the parameters used in WAsP calculations. When you click "Ok" the settings will be saved
to an internal file, which will be used in all WAsP calculations in this project. Any non-default parameters will be highlighted in
yellow.
Parameter 4 Minimum | Maximum | Default | Value
-:_l Site roughness assessment (Non—default parameters: [J}
'Max. number of rﬁug-hnéusé cﬁéﬁgesfs-egt.ur. - ‘1 10/ T: T
\Sub-sectors in rnughﬁess map analysis - 1 9| 6| E
=l WASP wind mo.dellling (.Non-.default paraméters: 1.}.
| Avg. offset over Iand. frnm neutral at £=P2 . - 0.01- [],25- [],11- 0.1 1
| Azimuth resolution in BZ model [*] ' 1| 15| 5[ 5|
\Decay-length for roughness area size I 1000, 1000000  10000] 10000
\Depth of daily variation over land : 50/ 100/ 100) 100/
Z-Dept-h u:u.f-dai-l.y variation over water 25 300/ 50/ 50|
|| [Factor in height of min_stab_ induced var i 0 0005 0002 0002
\Height of inversion in BZ model ' 100/ 5000/ 1000, 1000/
\Max_ interpolation radius in BZ model il 5000, 50000  20000] 20000
Offset heat flux over land ' -200] 200/ 40/ 0
.Oﬁset heat flux over water . —20[]; 20[]: 15: 15i
Rel. émﬁlithdé o-f;:l-ail.y.;tari-ation near ground I 0.01-{ [125 U.12- 012
||| [Rms heat fux over land ' o 200 100, 100
|Rms heat flux over water [ 0| 200 30 30
Softness of inversion in BZ model j 0 El 1 1|
N ;True upwind direction in BZ model - —1? []: []” []-E
Width of coastal zone | 5000, 50000 10000 10000

.;J-Wind atlas structure (Non-default parameters: 2)

Mumber of standard heights 2 5 5|

EINLim-ber of sfanaard r.o.u.ghness classes 2 5 4- 4

'Standard height #1 [m] 5 200 10/ 10

\Standard height #2 [m] 5 200 25| 25

Standard height #3 [m] 5 200 50 50

\Standard height #4 [m] 5| 200 100 100

Standard height £5 [m] 5| 200/ 200/ 120
I Standard rnu.g.hness length #1 [m] [] 2| 0 0

Standard roughness length #2 [m] U 2|

Standard roughness length #3 [m] 0 2 _

|Standard roughness length #4 [m] 0} 2| 0.4 I

|Standard roughness length #5 [m] of d 1 '
"

Ok Cancel Set all values to default Import Export

Currently used WAsP parameters: User modified WAsP parameter settings
WASP version: WAsP 6-9

4

For example, a few modifications are made to illustrate where it can be relevant:
Std. Height 5 is changed from 200 to 120m. If your hub height is 110 m, you might be better off using 100m
and 120 m than 100m and 200m. The interpolation distance simply becomes smaller.

Std. Roughness #5 is changed from 1 m to 2 m. This could be relevant in a very high roughness region, where
you expect above 1 m length (class 3.7), and thereby will avoid extrapolation, which is more uncertain than
interpolation.

Finally, the heat flux parameters could be relevant to change in very hot areas (deserts), or if you want to force
water stability conditions, you can simply set the water parameters for land.
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+ Add “simple reduction” with text: |esult - [T0T™%

[~ Calculate weibull for +/- % rotor diameter, used in result to file

dvanced Settings:  View WindPRO Documentstion: WASP Parameters Edit WAsP parameters |
Wake model iN.O. Jensen (EMD) : 2005 :I Edit model parameters |
Turbulence model iS_ Frandsen: 1999 - Effective turbulence madel :I Edit model parameters |

Remark: if WASP parameters are changed from defaults, the button becomes yellow. When you are in other
parts of the software, like in meteo object, profile viewer, where you also have access to WAsP parameters,
the button here will also be yellow. This reminds you that you are working with the modified WAsP parameters.
It is, of course, important that the modified WAsP parameters BOTH are used when generating the wind
statistics AND in the AEP calculation. (Going up/down with WAsP with same parameters). It will typically be in
the meteo object or the MeteoAnalyser experiments for “fixing” the WAsP parameters that will be performed.

[40.0m - ]
Max height Max wind speed
I 100 m I 10 mfs
[¥ Show WASP profile

Site data object

|12 Sectors Site data 1;'

_ |

[w Show terrain shape

Radius [m] 1.500

Displacement height

600 800 1.000 1.200 1.400

0 m

If the WASP parameters are changed, and the wasp version afterwards are changed between <10 to 10+, the
WASP par button becomes red. The reason is that the default wasp parameters are different for the different
versions. This means that the user should reconsider parameters. If STANDARD parameters are used, it is
always the defaults belonging to the given WASP version, which are used.

3.4.2 Calculation Energy: METEO (Energy, one site)

In order to perform an energy calculation, you need a Meteo Object with purpose checked in under B or F, see
description from METEO object below.
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%Ohjectdata {4102} & - e > L T § L . T -

= [ B [

F‘Dsition] Layers} Guide P ::]Data ] Graphics Statisticsl Shear ] Report] Descriptionl

The Purpose setting helps you avoid seeing irrelevant data in other places within the model. This is done by selecting the appropriate boxes.

Height
80.0m -
60,0m -
30.0m -
80,0m -

oo o e

BRI UD S
.?l:ﬂ?l‘s'lm
ﬂ.ﬂﬂ‘(‘ln
.?ITI?ITID
EURUR IRl
.ﬂ:?l?l‘(‘lw
.ﬂ.ﬂ.?l‘s'lm

Legend

A) Long term data for STATGEN (creation of wind statistics)

B) Long term data for “direct” Energy calculation (no MODEL involved for horizontal extrapolation)
C}) Long term / reference data for MCP (Treference” in long term correction)

D) Short term data for MCP (“local data” in long term correction)

E) Short term data for STATGEN (“special purpose” like follow up, temporary calculations etc.)
F) Short term data for “direct” Energy calculation (no MODEL - “special purpose”)

G) Data for meteo analyzer (for substituting (patching) data in other METEOQ objects)

Cancel

Prev

e s e - S — -

4

The METEO calculation is for calculation of AEP for one turbine, based on the data in a Meteo object. Data
can be represented as a Time series, a TABLE (histogram) or a WEIBULL distribution. All can be manual
entered in Meteo object (or imported). When Time series are imported, Table and Weibull data are

automatically created.

Thereby, the calculation can among other purposes be used for investigation of the difference using the time

series, the “raw” table data or the “smoothed” Weibull data.

It can also be used for very simple calculations, e.g. just enter a mean wind speed into a meteo object (Weibull

sheet) and a k=2, and you have the input for a simple calculation.

The METEO calculation can be used for comparing the expected AEP for a number of different turbines based

on the same wind conditions.

Finally, a wind profile based on simple shear assumptions can be calculated.
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" Define Calculation =

Main led distribution and WTGs | Power curve Alrdenswtyl Des:nmmn}

Name |

Model parameters:
Hub height for key results: 50m  (Met.mast height or hub height recommended)

Report features:
Handling of losses and uncertainties: (Decides text in report)

c

4 t )
@ |Add "simple reduction” with text: | |Result - |10.0%

[~ Calculate wind profile
| 5.0 ‘ 200.0

Ok Cancel

At the Main tab, the wind profile specification can be set up. Other inputs are explained in the previous chapter
3.4.1.

W Define Calculation : : =R
Main  Wind distribution and WTGs | Power curve | Air denaity} Description I
Select Show meteo data with purpose:
Meteorological data | * Long term data for “direct” Energy calculation (no MODEL involved for horizontal extrapolation)
© Short term data for “direct” Energy calculation {(no MODEL - “special purpose’)
oAl
WEIBULL: 4103 - 180,00 m -
MEASURE: 4103 - 1 80,00 m T
TIME SERIES: 4103 - 180,00 m =
WEIBULL: 4103 -2 80,00 m
MEASURE: 4103 - 2 80,00 m
TIME SERIES: 4103 -2 80.00 m
WEIBULL- 4103 - 3 60,00 m
MEASURE: 4103 - 3 60,00 m
TIME SERIES: 4103 -3 60.00 m
WEIBULL- 4103 -4 30,00 m
MEASURE: 4103 - 4 30,00 m
TIME SERIES: 4103 - 4 30,00 m
WEIBULL: 4106 - 1 80,00 m
MEASURE: 4106 - 1 80,00 m
TIME SERIES: 4106 - 180,00 m
WEIBULL: 4106 - 2 80,00 m
MEASURE: 4106 - 2 80,00 m
TIME SERIES: 4106 - 2 80,00 m
WEIBULL- 4106 - 3 60,00 m
MEASURE: 4106 - 3 60,00 m =
Wind Turbines Manufa... 7 |Type | Power| Sec....|Diam...| Tower | Hub ...| Power curve
Select from Object list ||GEWIND... GE1..  1.500 0 77.0 70.0 Level 0 - Calculated - 10%<TI<15%
[ GE WIND.. GE1._. 1500 0 77.0 80.0 Level 0 - Calculated - 10%<Tl<15% L
[Seject from WindCat |[VESTAS  vI0LL  3.000 0 900 80,0 V90-3MW (1.225) Mode 0
| Edit
Remove
Remave All
Ok Cancel

On the Wind distribution and WTGs tab, the wind data to be used is selected. By choosing the WEIBULL
version, the data are smoothend by the best Weibull fit, while the MEASURE version takes the histogram
(binned data) established from the raw data (or entered direct in the Meteo object). Choosing time series will

use the very raw data.

The turbines can be selected from the turbine catalogue, and you can, in one operation, load all that are
represented in the project by loading from the object list.

The tabs power curve and Air density are explained in previous chapter 3.4.1.
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% No wind shear data [ESTENESE)
No unique wind shear defined for height: 80 m Sector | Power Ia\;u
exponen
Use o i - oot
Guiding values for shear valuss:  K-parameter correction 2ENE | 00000 Shear (avg), for Beldringe
e QR 5 o 0,000 per meter IE | 00000 ( ) g
i v Mol i 4ESE 0.0000 Class0 |Class1 |Class?2 |Class 3
- 5-SSE 0,0000
o oo o oo |[10-25 m 0,10 0,19 0,22 0,30
: 003 04 Copy to all sectors il Dooha
2 g 02 swsw | oooool |[25-50m 0,10 0,20 0,22 0,26
3w 0.0000
10WNW [ 0,0000! '50-100m 0,11 0,23 0,24 0,26
-Ok Cancel 11-NNW 0.0000
I 100-200m 0,12 0,28 0,27 0,27

If no wind gradient exponent is specified in the Meteo Object, you are asked to specify when launching a
calculation, if the calculation height differs from the wind speed height. Similarly, if there are more sets of wind
shear defined in the Meteo object, you can choose between those from the drop down menu.

The table to the left based on “old approach”, working at lower hub heights, where the more detailed table to
the right shows that the values when working in larger hub heights do change some. The table to the right is
basically the WAsP approach, where the shear values are a combination of terrain given shear and stability
correction model.

The k-parameter correction is a little complicated, while it highly depend on the height scaled from and to.

BeldringeDenmark1972-80
250 250
0 -0
—=—0,03 —a—0,03
200 H —a—01 & x 200 H—=—01 ) .

0.4 0.4 \
\
150 \\ 150

100 —% 100 ‘ }\

AR

o
ra

Height a.g.l. (m)
Height a.g.l. (m)

210 230 250 270 290

o
(=]

1,50 1,70 1,90 210 2,30 2,50 1, 170 1,

[5y]
(=

k parameter k parameter

The figures shows how WAsP assumes the k-parameter to change for the 4 roughness classes 0 — 3 for a
given wind statistic. Left the Danish “basis” wind statistic, right a Danish offshore based wind statistic. The
general picture is the same, only the offshore based values are higher, which partly is due to higher mean wind
speeds. It can be seen that onshore from 50m to 100m the increase is round 0.2 for 50m, meaning 0.004 pr.
m. Going higher than 100m or offshore, the increase becomes negative. -0.001 seem to be a reasonable value
if your measurements are from 100m and you want to scale to larger heights, or if you go up from 50m
offshore.
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Weibull k

140

120 \
100 \

80 — Examplebasedonreal |
offshore measurements

with min 30km to shore

40 in all directions

(Scandinavian site)

Height (m)a.s.l.
[=n)
[=)

295 2,3 2,35 24
k-value

Example of real measured k-values on tall offshore mast

After calculation:

Valid Manufact] Type-genqPower, rajRotor diarfHub heighTotal Regional {Equivalen|Mean win|HP-value |Air densit|Displacem
[kwW] [m] [m] (Watg[MWh] [m/s] [%] [kg/m?] [[m]

Yes GE WIND |GE 1.5sle- 1.500 77 70| 3.772,80 1 6,58 97 1,028 0

Yes GE WIND |GE 1.5sle- 1.500 77 80| 3.770,60 1 6,58 97 1,027 0

Yes VESTAS |V90-LL-3.G 3.000 90 80| 6.162,60 1 6,58 96 1,027 0

With the “result to file” option, results can be pasted to Excel for further processing.

3.4.3 Calculation Energy: MODEL

Calculations with WindPRO module MODEL involves a calculation model.

There are 4 different sub calculation modules, all included when purchasing MODEL that will be described
roughly in this chapter - most of the features are similar to the ones explained under PARK, 3.4.1. For the first
two described, WASP interface and ATLAS, the purpose setting in site data object decides which will be
available.

3.4.3.1 WASP interface

The WASP interface calculation can be used for comparing the expected AEP for a number of different
turbines based on the same wind conditions, i.e. it is assumed the turbine is located where the site data object
selected in the calculation is positioned.

The WASP interface “operates” the WAsP model — it is thereby the WAsSP model that calculates the wind
distribution based on terrain and wind statistic. The wind distribution calculated by WAsP model is then taken
over by WindPRO that do the power curve and air density post processing work.

Finally a wind profile based on simple shear assumptions can be calculated.
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W Define Calculation z — [P R
Mﬂlﬂl Wind distribution and WTGs | Power curve Alrdensny] Desznphnn]
MName |
Model parameters:
Hub height for key results: 50m  (Met.mast height or hub height recommended)
Report features:
Handling of losses and uncertainties: (Decides text in report)
£
¢ Just :
¢+ Add "simple reduction” with text: |Result - 1 10.0%
I Calculate wind profile
| 50 [ 2000
Edit WAsP parameters I View WindPRO Documentation: WAsP Parameters
¥
U
N
U
Ok | Cancel ‘

At the Main tab, the wind profile specification can be set up. Other inputs and the Power curve and Air density
tab are explained in chapter 3.4.1. The tab “Wind distributions and WTGs” are explained in previous chapter
3.4.2, just with the difference that, here, site data objects must be selected giving the wind distribution, not
Meteo objects.

3.4.3.2 ATLAS

The ATLAS calculation is basically operated as the WASP interface calculation (see previous chapter). It just
does not require a WASP license, but the model is far simpler and therefore not recommended for large scale
projects.

3.4.3.3 RESOURCE
The RESOURCE calculation is documented in separate chapter 3.6.

3.4.3.4 CFD PRE/POST

The CFD PRE/POST is a “light” module for handling the most needed interfacing to CFD calculation models.
Basically, it can export a data package the CFD model operator can use as input, and it can compare results
as wind resource maps, e.g. compare to WASsP calculation. This part is described separately in in Chapter 9,
but it must be noted that WindPRO CFD relations are under reconstruction and not all described in Chapter 9
is presently active. Next WindPRO version 2.9 will have a build in CFD module.

3.4.4 Calculation Energy: STATGEN (Wind Statistics / Wind Atlas)

Note your measured data must be long term representative, if the wind statistic is for long term energy
prediction. See MCP module for long term correction.

Generation of a Wind Statistics requires the following:

e Measured wind data (inserted in a Meteo Object, where “For use in STATGEN?" is selected)
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e Aterrain description (inserted in a Terrain Data Object where “For use in STATGEN?" is selected)
e The program WASP from RIS@/DTU.

The terrain description must be accurately performed, centered at the location of the measurement tower. It
will be centered at the measurement tower automatically if the Line Object containing the roughness lines is
set to “linked to Site data in energy calculations”. In this case, the position of the Meteo Object determines the
position of the roughness rose.

When the data for the two objects have been entered, you click on the calculation menu and select STATGEN.

i - ——_—a . TR
"/ STATGEN (Generate Wind Statistics) : S

- T S e ——

Main Statgen lDescription]

Site data for generation of wind statistics

Site data for STATGEN

Meteorological data for generation of wind statistics
~Show meteo data with purpose:
(" Long term data for STATGEN (creation of wind statistics)

(" Short term data for STATGEN (“special purpose” like fallow up, temparary calculations etc.)
| @ Al

Wishek met mast 7/01 to 6/02 - 40,00 m
Wishek met mast 7/01 to 6/02 - 30,00 m
Wishek met mast 7/01 to 6/02 - 10,00 m
Linton NDAWN - 3,00 m

NCAR/MCEP data 45°M 100°W - sf 42,00 m :J
Name

Wishek met mast 7/01 to 6/02 - 40,00 m Save as

Country Soifcs (@ WindPRO wind statistic
[United States | |usER ~| (" WASP Lib file

File name

]US Wishek met mast 7-01 to 6-02 - 40,00 m.wws Browse path ‘

Comments: (Only available for "WindPRO wind statistic”)

Edit WASsP parameters J
Current WAsP version: WAsP 6-9
View WindPRO Documentation: WASP Parame

Ok J Cancel ‘

When the appropriate combination of available objects has been selected, clicking on the “OK” button will start
a WAsP-calculation. The Wind Statistics will be saved according to the specifications given in the window
shown above.

NOTE: You can save the results as either a WindPRO Wind Statistic, which is an internal binary format, or in
an ASCII WAsP format. In both cases, coordinates will be saved in the .lib file as a part of the header, which
WindPRO can read for correct geographic presentation of the Wind Statistics. The internal WindPRO format
has additional features. A comment text field can be saved together with the Wind Statistic. A regional
correction factor can also be included. Finally all information’s about the measured data, WAsP version, WAsP
parameters etc. will be saved. These information’s will be included in energy calculations printouts, se example
below.
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STATGEN - Wind statistics info

Main data for wind statistic

File US Wishek met mast 7-01 to 6-02 - 40,00 m.wws
Name Wishek met mast 7/01 to 6/02 - 40,00 m

Country United States

Source USER

Mast coordinates UTM WGS84 Zone: 14 East: 450.366 North: 5.110.713
Created 10-05-2012

Edited 10-05-2012

Sectors 12

WASP version WASsP 6-9 RVEA0011.dll 1,0, 0, 13

Additional info for wind statistic

Source data Wishek met mast 7/01 to 6/02
Data from 01-07-2001

Data to 30-06-2002

Measurement length 12,0 Months

Recovery rate 100,0 %

Efficient measurement length 12,0 Months

Note

Note that to get most correct result, the wind statistic should be generated with same WASsP version as used in calculations. For WASsP versions
before WASsP 10 although there will be no differences.

Once the calculation has finished, you can generate a report, and the Wind Statistics can be evaluated (see
below).

Mean wind speed [mis]

Roughness class/Length hdeanuind speed [ms] Ener gy Milh/mZhear]
Height 0O 1 2 3 R oughness class: 1; Height 50 m
[fn] D00 003 010m 040 m
100 6.7 4.7 4.1 3.2

250 7.3 5.8 5.0 4.2
50.0 79 6.5 59 51
100.0 6.5 77 7.0 6.2
2000 9.4 95 8B 75

Wind energy [kWhim2lyear]
Roughness class/Length
Height 0 1 2 3
[m] 000m 003m 0.10m 0.40m
100 2822 1133 750 365
250 36807 179% 1318 786
800 4379 2512 19242 17284
1000 5707 3969 3043 2034

000 801 774 5E2 3774 — Frequency 8 Wind speed

WTG energy [kKWhim2iyear]
Mormal rated WTG (0.45 kW/im2) High wind rated WTG (0.55 kWW/m2) Low wind rated WTG (0.35 kWWimZ)
Roughness class/Length Roughness class/Length Roughness class/Length
Height O 1 2 3 Height 0 1 2 3 Height 0 1 2 3
[m] 000m 003m 0.10m 040m [m] 000m 003m 010m 0.40m [m] 000m 003m 010m O0.40m
100 971 - - - 00 1046 - - - 10.0 504 - - -
250 1173 532 472 - 250 1286 656 473 - 250 1074 601 451 -
a0.0 1347 899 722 493 a00 1497 962 758 498 800 12158 840 B84 471
1000 153% 1260 1079 803 000 1722 1416 1470 651 000 1339 1161 987 7E6
2000 1772 1792 1569 1235 2000 2p03 2026 1781 1360 2000 1522 1542 1359 1,124
Key numbers

ind energy is relative to 3300 kWwh/m2fyear for raughness class 1 and 50 m hub height
(VTG energy is relative to 1025 kWwh/m2/year for roughness class 1 and 50 m hub height
Name N

Distance Wind energy WTG energy ame Distance Wind energy WTG energy
km] [%] (%] [km] (%] (%]

Current wind statistic 761 ar7 Skrydstrup, 1971-80 96.0 118.0 108.3
Zafarana 1991-95 24 5 ma.g.l 102.8 2428 0.0

10.0 m Béstrup 87-95 325 1219 1295 Alborg, 1965-72 1281 125.4 1196
(3&sehage vindmiler 438 1281 1327 Brokilde, kanstrueret UTM 32 12586 99.1 100.1
[Tirstrup, 1871-79 403 1318 1151 Flenshurg 1393 841 841
Beldringe, 1972-80 50.4 a99.0 1001 vaarlase, 197260 1447 832 BB.3
Karup, 1871-80 651 1423 1335 Qlpenitz 146.2 98.0 1045

NOTE: Both the total wind energy content and the turbine energy level are calculated. The latter is “filtered”
with a power curve. A list shows comparison with the nearest Wind Statistics in the current search profile for
Wind Statistics.

The Wind Statistics are saved as specified in the calculation settings and can then be used for calculations in
projects within the region. (See the WAsP manual for further details on generation of Wind Statistics).

Before using the Wind Statistic(s), it's necessary to set the Site Data Object to “for use in WASP” (or ATLAS)
and then select the generated Wind Statistic(s) when launching the calculation.
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3.4.5 Wind index correction level conversion to wind speed

In WindPRO wind statistics, it is possible to include a correction factor that is applied to the calculated energy
calculation (energy correction).

This works well as long as any adjustment of the wind statistic is only around the wind speed that was the
basis for the creation of the correction factor. If it is, for example, created using data based on smaller
reference turbines and then subsequently applied to much taller turbines (with a significantly higher average
wind speed), the method can create an unintended bias, while the conversion “factor” from wind speed to AEP
changes with adjusted mean wind speed.

We have, therefore, developed a modified conversion method, which changes the energy correction factor to a
wind speed correction in the wind statistic. This has an additional advantage in that the calculated mean wind
speed which is based on the wind statistic will be more accurately adjusted and the Weibull A-parameter in, for
example, the “Result to file” export from the PARK module will now be correct.

In previous versions of WindPRO, the use of a wind statistic with an energy correction factor applied has
resulted in a simplified conversion of the mean wind speed in the reports, but the Weibull A parameter was not
corrected.

The existing method using an energy correction factor will still be available in v2.6 but the plan is to remove
this from v2.7.

BeldringeDenmark1972-80 Scaling factor (A):
11
250 0
—=—0,03
. —a—01
200 0.4
€ Fixpoint:
— 150
(@]
I
S 100
©
T
N NS
0% 10% 20% 30% 40% 50%
AEP increase: Bonus 150 kW [MWh/y]

Figure 39 An illustration of the energy scaling compared to wind speed scaling. With energy scaling, the
correction on AEP in any calculation will be as shown with the “fixpoint” line, here approximately 22%. With
wind speed scaling, the AEP correction will be the same for the fixpoint, that was basis for the creation, here
25m hub, roughness length 0.03m (Rcl. 1) and a Bonus 150 kW turbine — but used for a 100 m hub height, for
example, roughness length 0.03m (Rcl. 1) and the same power curve, the AEP correction will now be
approximately 15%.

From v2.6, there will be three possible conversion situations as described in the following:
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3.4.5.1 From MCP calculations

This is the simplest conversion since the software will have information on power curve as well as mean wind
speed used for creation of the correction factor.

The Index correction method in the MCP module produces a correction factor, which is supposed to be valid
for the specific type of turbine and mean wind speed selected in the calculation setup. That information is used
when the index correction factor is converted to a wind speed correction factor. In this way we ensure the
correct wind speed correction factor in the wind statistic.

Compared to v2.5 this means that a correction factor is no longer applied to the final production. Instead a
correction factor is applied to a wind statistic based on the original local time series.

Tests have ensured that the results are very close to the original v2.5 method. If, however, one wants to
calculate exactly as the v2.5 method, one performs the Index correction as normal and in the calculation report
or when saving the wind statistic notes down the correction factor. Then a regular Statgen is performed on the
original local data and in the Site data object for WAsP calculation the wind statistic is edited with the
correction factor (see below). Note that this possibility is supposed to disappear in v2.7.

3.4.5.2 Older or manual adjusted

In this situation we do not know the basis for the creation, and offer the user a tool for manually entering the
adjustment.

H=13
Position and Setup]Layers Wind Statistics | Roughness | WASP Orograpthbstacles] 4| ok

i~ Type of wind statistics i ‘

& single Selectwind statistics Cancel
7 Mean value of more wind statistics Edit wind statistics ‘
Wind statistics | Convert wind statistic |

ClDocuments and Seftings\per EMDWMy Documents\WindPRO Data\PROJECTS\Denmarkiry

Mot used in resource calculation

[~ Save current wind statistics as default

Figure 40 Choosing “Convert wind statistic” from a site data object gives the dialogue shown in Figure below.
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Edit energy correction factor

Criginal wind statistic
|C:\Dncument5 and Settings\per EMDWy Documents\Wir J

Energy correction factor
| 0,95

Reference

WTG type:|VESTAS V30 3000 90.0 10! ] -]

Hub height: - | ¥ Always use default values

FRoughness length  Roughness class

| 0,0000 0.0

This feature converts windstatistic from use for simple AEF scaling to more
correct wind speed scaling

Calculate Close

Figure 41 A wind statistics with energy correction factor can be loaded and converted to wind speed correction
based on a specific power curve, hub height and roughness.

With “Compare to clipboard” the original and converted data can be pasted to excel so the changes can be
evaluated.

3.4.5.3 Danish “regional corrections” DK’92 — DK’07 wind statistics

For calculations in Denmark, WindPRO has used a regional correction factor applied to the Wind statistic
DK’92 automatically based on individual WTG positions.

This wind statistic has three problems:

1. Itassumes a standard air density, whereas WindPRO now calculates a default site specific air density,
giving 2-3% higher results;

2. It does not take into account the adjusted long time wind energy level (7-8% in 2006). Therefore, with
an automatically calculated air density, the result of a calculation will be approximately 10% too high. It
can be even more optimistic if the new turbines are tall or placed in high wind areas due to the
previously described built-in bias in the energy correction factor.

3. ltuses an energy scaling based on regional correction factors, not a wind speed scaling.

These 3 problems are fixed in the DK’07 wind statistic, that now are recommended for use in Denmark.
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3.4.6 Printing and reading reports

3.4.6.1 Printing

'2‘ WindPRO 2.8.521 (English} - [Cronalaght_fotomontage-energy2.w28p] » — == é}
A — - S— R
Prcject Options Feedback Updates Edit Help
E Name Created A Calculated Duration | Version | Size [mMB] M_odu_les (Click a green (licensed) triangle to create a new calculation) =
QR Fresoee L s sa ol i su s il zssel o I REES
‘gl | = sTatGEN: 03-11-2011 13:26:57  08-11-201120:32:39  0:07 {min) 2.8.339 -« B BASIS (Project data)
F | = ¥l PARK: 03-11-2011 14:36:09  03-11-2011 14:35:25  0:15 {min) 2.8.332 u_w = Energy
t——| | &-¥0 PARK: test wig 03-11-2011 14:4915  03-11-2011 14:43:40 0-08 (min) 28332 0.1 -4 ¥ MCP (Measure Correlate Predict - lang term carrection - STATGEN)
& 98 VISUAL: 08-11-2011 19:52:27  08-11-2011 19:62:29 0:01 {min) 2.8.339 0,1 <4 ¥l PARK (Wind farm AEP based on MODEL or METEO)
E‘Q | & §# RESOURCE- 14-11-2011 16:0548  14-11-2011 16:15:54 848 (min) 28342 0.1 < 10 LOSS&UNCERTAINTY (Loss and uncertainty analysis in a bankable format)
| = ¥ mCP: 26-11-201119:09:39  26-11201112:09:39 315 (min)  2.8.359 0 4 B METEQ (AEP ane position, measured wind deta)
0§ PARK: 28-112011 191232 29112011 133107 0:35 (min) 2.8.359 41 B Nodel: ATLAS (AP one position, simple terrain)
B[ 5 89 pARK: NEW timevar 29-11-2011 13:33:47  29-11-201113:37:69  0:57 (min) 2.8.359 41 0 §8 Mocel: WASP INTERFACE (AEP ane position, WASP calculation)
) Wi Rt < §¥ Model: RESOURCE (Wind/AEP resource map)
= Reference WTGs | -« @ Model: CFD PRE/POST (data export/result analyzer) f
< «f @ STATGEN (Generate Wind Statistics)
| Production Analysis Ei Ervitonment
%J Power Curve Analysis 0 99 DECIBEL (Noiss)
| e - 8 SHADOW (Flicker) -
Wind Data Analysis < ™ 2VI (Zones of visual influence for WTG or radar)
Park power curve - M IMPACT (Neighbor environmental impact report)
WTG distances < ¥ NORD2000 (Detailed noise)
Wind statistics info # Visual
P ) } -
Time varying AEP Data and Models
| Data
= Models
® WAsP 10.2
® WAsP 6-9
® WAsP Engineering 3
WindPRO RSS Feeds =
# WindPRO General news
= Updates from WindPRO online help
® [ 26-10-2011 1 year of 3TIER sample data available
J M e =l
e

When the calculation has finished, the window shown above will appear, listing the available reports that can

be printed.

There will be info columns telling when a calculation was created, last calculated, the duration, with which
version and the size of result data included in the WindPRO project file.

A sub-level report will automatically pop up on the screen if you double-click on a sub-level report name. The
sub-level report has its own right-click options. When you right-click on the calculation header or on one of the

calculation reports, you gain access to the following features:

Properties
Calculate
Print

stop

Clone
Delete
Rename
Result to file
Expand all
Collapse all

Properties - Edit calculation setup for recalculating (or view calculation setup).

Calculate - Recalculate (e.g. if positions of WTG have changed, but the calculation setup is unaltered).
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Print - Show the print options with the possibility of making changes (e.g. map scaling).
Stop - To stop a running calculation.

Clone - Make a copy of the calculation. This is useful if a calculation, based on changed object information, is
required with the present calculation setup without overwriting the former calculation.

Delete: Removes the actual calculation report.

Rename: For changing the calculation name, description, and uncertainty reduction percentage without
recalculating

Result to file: Makes it possible to save results to a file or copy to clipboard.
Expand/collapse: Work on all performed calculations in the window.

From the “Print” option, the following screen will appear:

r -w -
'“f Report Setup | (=] S

Reports | Pag.._| Options 1 Table sort

[¥] Main Result 1 Map |100k Topo map ﬂ

[¥] Production Analysis 2

[] Power Curve Analysis 1

[¥] Terrain 1

[¥] Wind Data Analysis 1
1
1
1
1

Print scale / Size of map
Automatic based on used objects LJ

F‘ark pOWer curve
WTG distances
Wind statistics info

[¥] Map:

Center of map on report
|Center of all objects in calculation ﬂ

[ No map on main report
Result to file £ E

Back d lit
Ropat bapiete ackground map quality

(" Normal (" Enhanced

|Engl|sh
(&, New WTG

[ Use selected as default @ Ruler

[ Clear default @, Site data

Preview | Print | @ Obstacle
(&, Line object
Ok Cancel |

% - ¥

There are a number of options available for changing printouts. When you select a report, the right half of the
screen offers you different setup options, depending upon the report.

NOTE: The object settings (label size etc.) can only be changed when the “Map” report is selected.

For more details on printing reports, see Chapter 2, BASIS.

3.4.6.2 Reading reports from Energy calculations

Examples of reports are given in Chapter 1. Below, a few samples from reports will be shown and some of the
key figures will be explained. New in version 2.5, you can print calculated wind profiles for each wind direction
sector (only from WASP Interface calculation).
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Wake Model N.O. Jensen (RISG/EMD)
Calculation Settings

Air density calculation mode Fixed for all WTGs (Based on Std. Atmosphere Model)
Result for site center elevation+key height 1,225 kg/im?®

Air density relative to standard 100,0 %

Hub altitude above sea level (asl) 0.0m

Annual mean temperature at hub alt. 15,0°C

Wake Model Parameters
Fromangle To angle Terrain type Wake Decay Constant

'] ']
-180,0 180,0 Open farmland 0,075

\Wake calculation settings

Angle [*] Wind speed [mis]
stat end step stant end step
05 2600 10 05 305 10

Wind statistics IE Malin Head, 1970-79 wws
WAsSP version WAsP 6-9 for Windows RVEADD111, 0,0, 13
WAsSP parameters Maon-default WASP parameters - detailed information at the

end of "Main results”

The assumptions for the energy calculation concerning the Wind Statistic(s) chosen, air density, wake decay
constant and WASP version, are shown above.

Key results for height 50,0 m above ground level
Terrain 1G
East Morth  Name of wind Type Wind energy Mean wind speed  Equivalent
distribution roughness
[KWh/im?] [m/s]
A 186.373 424.102 Malin Head WAsP (WAsP 6-9 for Windows RVEA00111,0,0, 13) 9152 99 0,2

Key results are based on the position where the Site Data Object is placed and the hub height specified in the
calculation setup.

Equivalent roughness is the roughness class in flat terrain with no obstacles that would give the same
calculated energy production. This can vary with the chosen hub height for key results if there are obstacles or
orography, while the reduction/speed up from obstacles/orography varies with height. Also it can change
based on the WAsP version, due to differences in the model before and after WAsP 10.0, see “Wasp model
differences”.

Calculated Annual Energy for Wind Farm

Specific resultsa)
WTG combination Result  Result-10,0% GROSS (no loss) Park Capacity Mean WTG Full load Mean wind speed

PARK Free WTGs efficiency  factor result hours @hub height
[MWhiy] [MWh] [MWhiy] [%] [%] [MWhiy] [Hourslyear] [mis]
Wind farm 204052 183647 210492 96,9 421 22956 3688 96

2

n) Based on Result-10,0%

Calculated Annual Energy for each of 8 new WTGs with total 5,0 MW rated power

WTG type Power curve Annual Energy Park

Terrain Valid Manufact. Type-generator Power, Rotor Hub  Creator Name Result Result-10,0% Efficiency Mean
rated diameter height wind

speed

kW] [m] [m] [MWh] [MVWh] [%] [mis]
14 No  VESTAS V39-600 600 39,0 405 User  Manufactor 05-03-2000 1.225 30.00 0.00  2.389.2 2132 97,1 969
2A No  VESTAS V39-600 600 39,0 405 User  Manufactor 05-03-2000 1.225 30.00 0.00 24075 2167 958 989
3A No  VESTAS V39-600 600 39,0 405 User  Manufactor 05-03-2000 1.225 30.00 0.00 24799 2232 95,8 10,10
4 A No  VESTAS V39-600 600 39,0 405 User  Manufactor 05-03-2000 1.225 30.00 0.00 22752 2.048 97,7 936
5A No  VESTAS V39-600 600 39,0 405 User  Manufactor 05-03-2000 1.225 30.00 0.00  2.230,3 2.007 98,0 922
6 A Yes VESTAS V47-680 660 47.0 400 EMD  Level O - calculated - - 07-2001 28672 2580 97,3 939
TA Yes VESTAS V47-680 660 47.0 400 EMD  Level O - calculated - - 07-2001 28484 2.564 971 932
8A Yes VESTAS V47-680 660 47.0 400 EMD  Level O - calculated - - 07-2001 29274 2635 96,8 956
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In the report sample shown above, it must be noticed that the specific results all are deducted, here with 10%
covering expected losses and uncertainty. The wind speeds shown are free wind speeds (no wake reduction).
The column with the deduction of xx% is controlled by the user when setting up the calculation. Wind farm
efficiency is a measure of how much each single turbine produces, taking the wake losses into account relative
to the gross production.

Capacity factor is the percentage of hours in a year that the WTGs would need to operate at rated capacity,
to obtain the same production as calculated.

For example: A 600 kW WTG is estimated to produce 2,643 MWh/year. Dividing the annual production by
WTG's rated capacity of 600 kW: 2,643,000 kwh / 600kW = 4,405 hours. Since there are 8,760 hours in a
year, 4,405 / 8,760 yields a capacity factor of 50.3%.

Calculated Annual Energy for each of 5 reference WTGs with total 3,0 MW rated power
WTG type Power curve
Terrain Valid Manufact. Type-generator Power, Rotor Hub  Creator Name Calculated Actual  Goodness
rated  diameter height prod. wind Factor
without new corrected
WTGs energy

W] [m] [m] [Mwh] [Mwh] [%]
1A No  VESTAS V39-600 600 39,0 405  User Manufactor 05-03-2000 1.225 30.00 0.00 23845 23830 100
2A Mo  VESTAS V39-600 600 38,0 405 User Manufactor 05-03-2000 1.225 30.00 0.00 24555 25010 102
3A No  VESTAS V39-600 600 39,0 405 User Manufactor 056-03-2000 1.225 30.00 0.00 25460 26320 103
4A No  VESTAS V39-600 600 39,0 405  User Manufactor 05-03-2000 1.225 30.00 0.00 23004 23460 102
5A Mo  VESTAS V39-600 600 38,0 40,5 User Manufactor 05-03-2000 1.225 30.00 0.00 22429 23210 103

When using existing WTGs in a calculation, WindPRO provides a report called “Control WTGs”, where the
calculated yield is compared to the actual yield that is entered in the “Statistics tab sheet” in the Existing WTG
Object. The “Goodness Factor” in the right-most column is described below.

Goodness factor = Actual yield (long term corrected) / calculated yield

Where the actual yield is assumed to be corrected to long-term conditions by the wind index method, and the
calculated yield is based on wind data that is parallel to WTG operation. In both cases, a Goodness Factor of
100% indicates that there is an exact match between the predicted and actual production. If the Goodness
Factor is less than 100%, e.g. 90%, then the actual WTG production is 10% less than predicted. This may be
due not only to an inaccurate calculation. It could also be due to grid losses and availability. For this reason,
the actual yield entered in existing WTG Data Object should be corrected for losses and availability.

|
PARK - Production Analysis
Calculation: PN-test - WAsPWTG: All existing WTGs, Air density: 1,225 kg;/m3
Directional Analysis
Sector ON 1NNE 2ENE 3E 4ESE G5SSE 65 7SSW BWSW  9W  10WNW 11 NNW  Total
Roughness based energy [MWh] 3791 1586 1710 5009 1.050,8 11641 10623 7690 10252 13517 9568 4967 9.0863
+Increase due to hills [MWh] 1229 449 666 1911 3042 4140 3296 2085 25610 4344 4228 2674 3.060,3
-Decrease due to array losses [MWh] 8,3 71 32 1,0 30,2 40,1 215 284 12,2 20 381 255 2175
Resulting energy [MWh] 493,7 1964 2344 6911 1.324,8 1.538,0 1.370,5 9471 1.2690 1.7841 1.3414 738,7 11.929,2
Specific energy [KWhim?] 1.997
Specific energy [KWh/KW] 3976
Increase due to hills [%] 324 283 389 382 290 3/E M0 269 250 321 44,2 538 3368
Decrease due to array losses  [%] 1,7 3,58 1,4 0,1 2,2 25 1.5 29 1,0 0,1 28 3,3 1,79
Utilization [%] 256 202 275 218 163 192 240 281 258 214 19,8 233 21,7
Operational [Hourslyear] 348 226 307 527 658 840 826 696 739 885 767 526 7.346
Full Load Equivalent [Hoursfyear] 165 65 78 230 442 513 457 36 423 505 447 245 3976

In the “Production Analysis” report, the results of the energy calculations for any or all WTGs (new, existing, or
individual WTG) can be printed for further analyses. In the figure above, the directional calculation data is
shown. The changes due to orography, obstacles, and array losses are provided in absolute figures as well as
percentages. This can help to give you a sense for the importance of the different modeling elements and lead
you to ideas for optimizing the layout.

The last three lines from the printout shown above are explained below:
Utilization — The percentage of the total wind energy in the available swept-rotor area that is utilized. For high-

wind sites, this figure will be much lower than for low-wind sites. The figure does not directly indicate the
quality of the site, but may be more useful for comparing different WTG types on a specific site.
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Operational — The number of hours per year that the WTG will operate with the given power curve and wind
data. The maximum will be 8,760 hours (total number of hours in a year). For example, The information can be
used in flicker calculations.

Full Load Equivalent — The number of hours required to produce the calculated energy if the WTG(s) are
operating at rated capacity.

NOTE: If the report is printed for a specific WTG, in addition, the Weibull A, k and frequency parameters will be
shown for each direction.

PARK - Power Curve Analysis
Calculation: Using Local Wind data - WhAsP  WTG: 6 - VESTAS W47 BED 47 0 10! Manufactor 24/5-2000 1.225 2500 0.00, H
Name: Manufactor 24/58-2000 1.225 25.000.00
Source:  Manufactor 24i8-2000
Created by Stop wind speed Power control CT curve type
[rrfs]
EMD 240 Pitch Uzer defined
HP curve comparison
“mean [mis] g B T 8 g 10 102 (Current site)
HF value MWtvwh] 855 1,368 1,876 2,350 2,781 il il
WESTAE VAT BED 47.010 hub: 40.0 m [Mwh] 248 1362 1,885 2,371 2,795 3,142 3214
Checkvalue [%] 1 a a -1 -1
Power curve Power, Efficiency and energy vs. wind speed
Original data from YWindcat, Air density: 1.225 ka/m3 Data used in calculation, Air density: 1.203 kgim3
Wind speed Power Ce Wind speed Ctounve Wind speed Power Ce Interval Energy Acc.Energy Relative
[mis] [ki] [mis] [mis] (K] [mis] [hfiih] [ndih] [%]
30 0.0 0.00 30 0.00 1.0 0.0 0.00 0.50-1.50 0.0 0.0 0o
4.0 3.0 0.04 4.0 0.82 20 0.0 000 1.80- 250 0.0 0o 0o
a.0 440 0.33 5.0 0.89 30 0.0 000 280- 350 0.3 0.3 0o
6.0 97.0 0.42 6.0 0.88 4.0 29 004 350-4.50 5.6 549 0.2
7.0 166.0 0.46 7.0 0.88 5.0 43.2 033 4.50-5.40 248 307 1.0
80 2520 0.46 a0 0.83 6.0 953 042 A550- 6450 BO0.5 a91.2 249
.0 3500 0.45 9.0 0.81 T.0 163.0 046 6.450-7.50 1111 202.3 6.4
10.0 450.0 0.42 10.0 0.75 8.0 2475 D46 T7.80-8480 1737 are.0 119
.0 538.0 0.38 11.0 0.66 9.0 3437 D45 8.50-950 2393 G15.3 19.4
12.0 600.0 0.33 12.0 0.57 10.0 4421 042 95010480 2952 910.6 288
13.0 B35.0 0.27 13.0 0.40 11.0 529.9 0,38 1050-11.80 3287 1,239.3 39.2
140 B51.0 0.23 14.0 0.31 12.0 824 0.33 11.80-12.50 3330 1,672.3 487
148.0 Ba7.0 019 15.0 024 13.0 G286 0.27 12580-13.50 311.8 1,884.1 894
16.0 B59.0 015 16.0 0.20 14.0 G461 0.23 13.80-14.80 2749 2,1588.0 6.2
17.0 BEO.O 013 17.0 017 15.0 653.7 019 14.50-15.50 232.3 2,391.3 756
18.0 660.0 0.11 18.0 0.14 16.0 657.3 014 15.50-16.50 190.3 2,581.6 81.6

The Power Curve Analysis can be printed for each WTG in the calculation. The columns on the left side show
the original power curve, including the Ct curve (for array loss calculation). The columns on the right side
show the power curve converted to actual air density conditions (the one used in calculations). The calculated
energy (for a specific site) divided into wind speed bins, and accumulated energy are also shown. This
indicates what percent of the total calculated energy production is produced at wind speeds below 5.5 m/s (in
this case, 1%).

The HP curve comparison in the printout indicates what the WTG would produce at different mean wind
speeds, calculated based on a normalized power curve. This can often be a better estimate than a measured
power curve, since a power curve measurement involves considerable uncertainty. When no HP values are
shown, as in the example above (Current site), the HP lookup table does not have information for this extreme
wind speed region (or for some WTGs with extreme specific power (kW/m?® rotor area), no information is
available). The HP values are based on a study of several power curves grouped into specific power. The sub-
groups are:

e Stall regulation with 1 generator and 1 speed
e Stall regulation with 2 generators or variable speed
e Pitch regulation (2 generators or variable speed assumed)

(See also Section 3.5.2).

NOTE: If a noise-reduced version of a power curve is used, the HP check should be performed on a non-
reduced power curve, since the noise-reduced curve will always produce higher positive check values.
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Reference: Roughness class 1
Weibull Distribution
9 ] — T T ™

Energy Rose (KWW him2fyear)

— Reference
— Cument site

= omom

Frequency [%]

o kW

5 10 15 20 75
Wind speed [mis]

I Feference: A=8.94k=2.173Vmean=8.8 mis
——

Current site: A=11.71k=2.080;%mean=10.4 m/s

=
2

Freguency (%)

— Reference
% — Cument dte
B F
., o HRE

— Reference
— Cunent site

g

In the printouts, wind data can be compared with a reference, which is associated with flat terrain and a
roughness class of 1. This reference is chosen because it is the best onshore condition, and, thereby, the
effects of a coastline near the site, or a hilly site, etc. can be clearly seen. In the example above, the site

benefits greatly from the local orography in most sectors, and they all result in much more energy than a flat
roughness class 1 site.

Reference: Roughness class 1

Energy Rose (kKWWhimZ2iyear)

— 0-10mis
— 10-18 mfs

16 - 20 mis
— 20- 40 mfs

As an alternative to a comparison with a flat reference, a more detailed color setup can be made where the
roses for energy and frequency are divided into wind speed intervals.
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[ "
PARK - WTG distances

Caleulation: Using Local VWind data - WWAsH

WTG distances

Z MearestWTG £ Horizontal distance  Distance in
rotor diameters

rm] (m] (]
1 326 5 287 238 £.1
2 333 3 344 M8 5.6
3344 2 333 218 5.6
4 2849 5 287 242 6.2
5 287 1 326 238 6.1
6 296 7292 2149 4.7
7 292 8 306 2049 4.4
g 306 7292 209 4.4

This is an example of the WTG distance report. The nearest WTG to each WTG is determined and the
distance calculated, and then reported in meters as well as in rotor diameters. In the case of unequal rotor
diameters between the two nearest WTGs, the larger rotor diameter is used (which yields the lowest rotor
diameter distance).

PARK - Wind statistics info
‘Calculation: Calculation of the AEP using WAsP

Main data for wind statistic

File E:\Users\Per.EMD\Documents\WindPRO Data\PROJECTS\USA\Wichek_PN\Local wind data long term corrected.wws
Name Wishek met mast 7/01 to 6/02 (Regression MCP using Linton NDAWN)

Country United States

Source USER

Mast coordinates UTM WGS84 Zone: 14 East: 450.366 North: 5.110.713

Created 07-02-2008

Edited 07-02-2008

Sectors 12

WASsP version

Comments

From MCP

The used wind statistic is generated from an older WindPRO version (before 2.8) or from another tool (WAsP) — therefore not all detailed informations
are available.

Note

Note that to get most correct result, the wind statistic should be generated with same WASsP version as used in calculations. For WAsP versions
before WAsP 10 although there will be no differences.

The wind statistic info page document the wind statistic used. Only wind statistics generated as.wws files from

ver. 2.8 will have the full information saved with the wind statistic.

Report pages on turbulence are described in the wake and turbulence model appendix.

3.4.6.3 Printing data to a file (Results to file)

This option is very useful, especially if the PARK calculation results will be further analyzed. When you click on
“Results to file” the following window appears:
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a8 I
Results to file 0P o - ﬁ
r - e - -
—Park result
File name
[
Save Save as._ Copy to clipboard
~Park power curve
File name
Save Save as__ | Copy to clipboard i
l
-WTG distances
File name b
| !
Save Save as... Copy to clipboard L
—Park result, sector wise
File name
Save Save as._ Copy to clipboard
—To XML file
File name
Save Save as...
|
~Park time variation
File name
Save | Save as__. Copy to clipboard
|

Results from the Park calculation (all park calculation results) as well as WTG distances and wind speeds
inside the wind farm can be printed in a structured format to a file for import in e.g. Excel. The information can
also be copied to the clipboard and then be pasted into an Excel or other spreadsheet application.

Park results
A table with all relevant information from the PARK calculation is very efficient for post processing in
spreadsheet. An overview of all information in the file is shown below.

NOTE: The table shown below is a transposed version of the output.
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Label Example Explanation

WTG numbered from 1 with lowest system
WTG num 1{label first
WTG type New New or existing
LIB file ES Munesia-40m1.lib Windstatistic
East 318.391| Coordinate
North 4.540.176|Coordinate
Z 581]h.a.s.l
Valid Yes Refer to power curve
Manufact. DUMMY Refer to power curve
Type Refer to power curve
Power 3.500| Refer to power curve
Diam. 100| Refer to power curve
Height 95/ hub height

If row of WTGs the angle and distance else
Row data/Description 126.6°, 200.0 m description field
Creator USER Refer to power curve

Constructed based on 3MW

Name expirience Refer to power curve
User label WTGH#1 User label

Calc. result incl park efficiency, no
Result 7.027,10]uncertainty withdrawn
Efficiency 97,1) Park efficiency

Regional Correction Factor

1

Refer to wind statistic

Equivalent roughness

2,1

is the roughness class in flat terrain with no
obstacles that would give the same
calculated energy production

Mean wind speed

6,3]

Calculated at hub height

HP result (std. air density)

7.023,00

Calculation result based on HP table lookup
instead of "real" power curve

Calculated prod. without new WTGs

0]

Calculation of existing WTG without new

Actual wind corrected energy

0]

Actual production from "statistics™ of existing
WTG

Goodness Factor

Actual/calc. for exisitng WTG

A (Sum) 7|Weibull A-parameter, all sectors

k (Sum) 1,72|Weibull k-parameter, all sectors

A (0) 9,1|Weibull A-parameter, sector 0 (North)

k (0) 1,93|Weibull k-parameter, sector 0 (North

f (0) 9,3| Frequency, sector 0 (North)

A (1) 5|As above, sector 1

k (1) 1,92|As above, sector 1

f(1) 5,8|As above, sector 1

For all following sectors the same as abowe

New from ver. 2.8:

Label unit Example | Explanation

Air density [kg/m3] 1,242 | The air density used for the specific turbine

Displacement height [m] 0 | The subtraction in hub height used for the specific turbine

Decrease due to

obstacles [%0] 0| The reduced production due to local obstacle effect

Increase due to hills [%0] 2,68 | The increased production due to local hill effect
[dAEP/AWS The change in AEP per change in wind speed, both as

Sensitivity %] 1,79 | percentages

The last one, sensitivity is useful when calibrating production based on reference turbines. These will often
have a lower hub height and thereby lower sensitivity. The sensitivity can be used to convert the AEP bias for
reference turbines (actual/calculated) to wind speed bias and thereby find the relevant AEP correction for the

new turbines.

Also the coordinate system are included in the header.

Park result sector wise

A report almost similar to the above, but with sector wise AEP. Wake efficiency, obstacle reduction and hill
speed up. This can be used for e.g. post processing of results where noise reduction is performed different for

different direction sectors.

Wind speeds inside wind farm
First, you can define the wind speeds, angles, and for which sites the data is to be extracted.
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Setup for reduced windspeed - |3 Ii]

Wind speed [m/s]
First Last Step
[ & [ =0 [ 10

Angle (Clock wise from north) [°]
First Last Step

[ os | w0 [ 1o

il 1 0 uirde Ebelto
1 1300AU; 1.300 kv NO garde Ebelto
113004V 1.300 kv NORDEX - Skovgarda Ebelto
1 1300A%Wy: 1.300 k' NORDEX - Skovgarde Ebelto
1 BONUS 150-30 23.0 10! hub: 245 m

‘ Calculate and copy o clipboard | Close |

You also specify where and in what resolution the data is needed.

Explanation: Jwind speeds - first row the "unreduced" (center value for interval), below in table the reduced
UTM ED50 Zone: 32 East: 603066 North: 6225290 1300AQ: 1.300 kW NORDEX - Skovgarde Ebelto

Directions: 15 2,5 3,5 4,5 5,5 6,5 7,5 8,5 9,5 10,5
(center of 0,5 1,5 2,5 3,5 4,5 5,5 6,5 7,5 8,5 9,5 10,5
direction 30,5 1,5 2,5 3,5 4,5 5,5 6,5 7,5 8,5 9,5 10,5
interval) 60,5 1,5 2,5 3,5 4,5 5,5 6,5 7,5 8,5 9,5 10,5
90,5 15 2,5 3,5 4,5 5,5 6,5 7,5 8,5 9,5 10,5
120,5 15 2,5 3,5 4,5 5,5 6,5 7,5 8,5 9,5 10,5
150,5 1,49 2,49 3,42 4,24 5,17 6,1 7,07 8,04 9,03 10,04
180,5 1,46 2,44 3,26 3,77 4,33 5,08 5,81 6,64 7,54 8,48
210,5 15 2,5 3,5 4,5 5,5 6,5 7,5 8,5 9,5 10,5
240,5 15 2,5 3,5 4,5 5,5 6,5 7,5 8,5 9,5 10,5
270,5 15 2,5 3,5 4,5 5,5 6,5 7,5 8,5 9,5 10,5
300,5 15 2,5 3.5 4,5 5,5 6,5 7,5 8,5 9,5 10,5
330,5 1,5 2,5 3,5 4,5 5,5 6,5 7,5 8,5 9,5 10,5

The table shown above contains the extracted data, which can be used for cleaning measurements in a wind
farm. This requires some “reverse engineering” in order to do this. The Lookup function in Excel is used for this
purpose.

Park power curve, Turbulence inside wind farm, and Wake wind speeds from a single turbine.
These results are discussed in detail in the appendix on wake and turbulence models.
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3.5 ENERGY - Losses, Uncertainty, and Checking

3.5.0 Introduction to Losses, Uncertainty, and Checking

To carry out a production calculation by using a modern computer program is a worthwhile exercise. However,
since large-scaled investments are usually involved in wind energy projects, it's important that the user of the
program be able to check to see whether the results are realistic or not. The many detailed printouts from
WindPRO are useful for this purpose.

A detailed loss and uncertainty evaluation has become more and more important the recent years, while the
margins for financial feasibility have become smaller. Therefore there is now a separate module in WindPRO
for performing this evaluation. We, therefore, highlight some of the more important issues in this chapter and
refer to chapter 12 Loss and Uncertainty.

3.5.1 Losses and Uncertainties

3.5.1.1 Losses

Losses must be estimated and deducted from the calculated results. It is highly recommended to use the
WindPRO Loss and Uncertainty module (Chapter 12) for this purpose. If this is NOT used, a rough guideline
would be to subtract 5-15% from the wake loss calculated AEP, much dependent on site location. Some of the
more important losses are reviewed below:

Wake losses — Included in PARK calculation.

Grid — (Can be calculated by the eGRID module in WindPRO). It's important to remember the losses in the
built-in transformer in the WTG (for large WTG's), since the power curve is typically measured before the
transformer losses. Grid losses will typically be round 2% including the transformer, where 1% typically are lost
in the build-in step-up transformer.

Availability — Typically, modern WTGs have availability losses of approximately 3-5%. It is very dependent
upon manufacturer guarantees and service/maintenance agreements. In some countries, grid down-time is
quite common and losses can be high, but in most industrialized countries, grid availability is normally
considered to be close to 100%.

Blade degradation, icing, and extreme temperatures — This can be a problem in some regions, requiring a
more specific analysis.

High-wind hysteresis — If the wind speed is above the shut down speed for WTG (at least once per year),
there will be some time before the WTG resumes operation. This is not included in the production calculations
and must be deducted manually. From our experience in Denmark, approximately 0.3% of annual production
will be lost each time this happens (this is only a rough estimate).

Operation mode losses — Turbines may operate at reduced levels for different reasons such as turbulence
(closely-spaced WTGs stopped in certain wind directions), flicker (during hours when the nearest neighbors
experience significant flicker) or noise reduced mode (e.g. during night time). At present, the user must
account for deductions manually.

Lastly, there may be some bias due to RIX (see chapter 3.4.3.1 RIX calculation) or power curve experience
that should be corrected for before the net production figure is obtained

Note: See the detailed loss list in Chapter 12.
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3.5.1.2 Uncertainties

As for losses, it must be mentioned that in Chapter 12 a far more comprehensive description is given. But for
the users without this module, we maintain the rough guidelines for a simpler calculaiton here.

The following uncertainties are usually present in a production calculation (figures in brackets indicate
estimated uncertainties under good conditions):

e The wind data/ Wind Statistics (5%)

e The long term correction of the wind data (MCP) (5%)

e The model extrapolation (vertical and horizontal) based on Terrain Description, i.e. roughness, hills
and obstacles (5%)

e The Power Curve (5% if verified, see Section 5.2)

For very large wind farms, an essential extra contribution can come from the wake loss model

A commonly used method of estimating the joint uncertainty of independent, uncorrelated uncertainties is to
calculate the RMS value, i.e.:

Joint uncertainty = SQRT(5*+5°+5°+5%) = SQRT(100) = 10%

A more recently typical included uncertainty is the future wind climate. Previous (before 2005) it was quite
common to accept 10 years as sufficient long-term data. In northern Europe, practical experience has shown
that this is much too short a period, due to special climate conditions in this region. Different analyses pinpoint
that approximately 30 years seems to be needed period to characterize a long-term wind climate. But even
with this, the next 20 years, when the wind farm is expected to be in operation, might be 5% below the long-
term average. Therefore, the latest recommendation is to add an extra 5% uncertainty for the future wind
climate.

NOTE: If the predicted uncertainties are treated as standard deviations, and the uncertainty is assumed to be
10% (= 1 st.dev), this means that there is a probability of 84% that the calculation results (minus losses) of less
than 10% will be achieved. This is also called the P(84) case(or 84% probability of exceedance). If a P(90)
probability of exceedance is desired based on the same uncertainty assumptions, 12.8% must be deducted.
(the uncertainty multiplied with 1.28). This is based on the characteristics of the normal distribution (see figure
below).

Accumulated normal distribution at StDEV (uncertainty)
= 10%
110%
= 100% ~ e
? 90% praa
o 80% P ad
= 70% Pt
N 60%| o
42‘ 5/ 5N,
=0 408
E %
g 0%
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VPO o 0%
X X X X X X X X X
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¥ @ § . - « ® 3
Distance from mean value (calc. Result)
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When the calculated production is verified with the actual production, it's important to be aware that there is an
uncertainty in establishing the production corrected to a “normal year”, e.g. the long-term scaling of actual
production figures. The following uncertainties are based on experience from WTGs in Denmark:

e With one year of production data +/- 10%
e With two years of production data +/- 5%

It's generally assumed that a good production estimate can be made with an uncertainty of +/-8% (Danish or
similar conditions, with many reference turbines).

This seems to be the case for about 95% of all calculations carried out in Denmark over the previous years.
Two things are especially important in order to achieve a small uncertainty:

e Experience with turbine installations in the area which have been running for some years
e Experience in using the calculation method and regular checks on how your calculations perform
compared to real experience.

One would therefore expect that 95% of the production estimates that have been made by an experienced
user/consultant in Denmark and Germany lie within +/-10%.

For new regions where there is no experience, a significant increase in the uncertainty should be expected,
especially in complex terrain. It's not possible to set any guidelines for these uncertainties. But local
measurements of cause can reduce the uncertainties. The more masts, the higher masts and the longer
measurement period will all bring the uncertainty lower.

NOTE: Uncertainty is one thing, but errors are quite another. If data is erroneous, there is no upper limit for
how incorrect the estimated production can be compared to the actual production.

3.5.2 Checking the Power Curve

A key parameter when checking the power curve is the non-dimensional C, curve, which can be used for direct
comparison of different power curves. If the maximum C. value exceeds 0.45, either the power curve is
incorrect or the manufacturer has developed an extremely efficient WTG. Although efficiency has improved
later years, up to 0.49 is seen, but not validated sufficient — but round 0.47-0.48 is probably possible to reach
today. The improvements are a mix of better blade design, permanent magnets, and better control systems.

Ce-KURVER

4 18 2 24

0.00 R
c 8

Uinchastighed (m/s)
—— DK-NEW NORDTANK 150 24.6 LM12 WTTRI
------- DK-OLD NORDTANK 150 24.6 LM12 1.0
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Comparison of C, curves from WTGs of similar construction and size is also a good way to look for possible
overestimations of the power curve. The figure above shows a power curve measurement that should have
been rejected in the first place due to an unrealistically high C, value.

Ionventionclle stallregulercde vindmoller
Arscnergiproduktion pr. kvadratmeter rotorarcal, kWh/mz, som funktion af mid-
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~
&
< . 2
£ . 0.65 kw/m®
> 2000 0.60 & -
3 | o0.s5 .:J
E 0.50 & |
b Lo.45 o
S : 5
2 / Lo.40 %
M 1500 b 0235 K /m]
b /
E /
a
M .
o /
3
Z 1000 / -
“ - /
o .
¢ /
o
-
o Lz
X Al
-3 500 ~
(s
i
(=3
-
o
M
@
c .
@
i o LA
S 6 7 8 9
Middelvindhastighed i navhojde, m/s
. Figur 1.2

Another possible method of verification is to compare the estimated production by using the “Helge Petersen”
(HP) curves with the production based on the power curve. The HP curves are shown in the above figure.
These curves show key figures based on a large number of rather new turbines ranging from 150 kW to 2 MW.
These curves have been updated in 2001, and a printout from the WTG Catalog will give the values from these
curves for the specific WTG. Comparisons with actual power curve calculations are performed. A portion of the
printout from the WTG catalogue is shown below.

HP curve comparision

\mean [mfs] 5 6 7 8 9 10
HP value [MWh] 206 331 464 578 665 754
WT/TRIPOD 1.22525.00-0.80 [MWh] 206 331 457 572 671 749
Check value %1 0 0 2 1 -1 1

From version 2.4, the HP values have been improved with the following:
WTGs smaller than 150 kW are given reduced HP values based on experience, so that:
e 50-149 kW is reduced to 90% for 50 kW, and linearly reduced up to 100% at 150 kW.
e WTGs below 50 kW are reduced to 90%.
e 1 generator, pitch-regulated WTGs are reduced by 4% for mean wind speeds below 7 m/s.

With these corrections, the HP values will be more accurate for all WTG sizes.

From version 2.8 further improvements are made. There are now 5 check tables:

Stall — 1 generator Pitch — 1 generator

Stall — 2 generator/variable Pitch — 2 generator (updated 2012)

Pitch — variable speed (NEW 2012)

NOTE: It is when using the HP check VERY important that field in the turbine catalogue “Generator type” is
correct filled. From ver. 2.8 there 2-generator and variable speed means two different check tables, where the
“variable speed” version more reflect the 2000-12 generation of modern turbines.

The updates are based on comprehensive analyses by Per Nielsen based on 23 reasonable new power
curves (2000-12 turbines). These are divided into Specific power classes and analyzed part by part (foot, leg,
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shoulder and arm) and are basis for establishment of “artificial power curves”, which then are basis for
calculation of the “HP-table values”.

New HP/PN production figures per Square m
rotorarea at different specific power
3.000
2.500 <
e 200
2.000 —_— 250
< e 300
(o]
§ 1.500 — 350
2 = 400
1.000 40
500
550
500
600
3 4 5 6 7 8 9 10 11
Mean wind speed (m/s)

The results of the analyses for the Pitch-variable speed modern 2000-12 turbine.

A more comprehensive documentation will be available at WindPRO help desk at a later stage.

3.5.3 Verification by using existing WTGs

The best check is to use production information from other WTGs in the area for which reliable information is
available. Information on the energy production and the power curve is essential. Regarding the production, it's
important to adjust data from short measuring periods (less than 3 years) to long-term wind conditions (normal
year). For Denmark, Holland, and Germany, there are good wind energy indices available. Please note the
comments at the end of this section regarding possible errors when making production verifications. In other
countries where no energy indices are available but where several WTGs have been installed, you can
establish your own index based on the WTGs with more than 3 years of operational data. But note that the 3
years is only valid if there is sufficient long-term data to correct the production. Latest experience shows that in
e.g. Northern Europe, even 25 years is not enough to establish reliable long-term wind expectations. Up to 50
years may be required.

Performing the production check involves performing a production calculation for the existing WTGs while
using the same assumptions and data as used for the new WTGs (adjusted to the existing terrain conditions if
the terrain of the existing sites vary from the terrain conditions of new site). If the calculated production differs
by more than approximately 5%, you should be able to find the explanation.

Possible reasons for errors in the production check for shorter production periods (less than 3 years):

1. The wind direction
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The production of a WTG sited in terrain with very different roughness in the different direction sectors will be
very sensitive to the prevailing wind directions during the reference period.

2. Seasonal variations

A WTG sited in an area with many crossing hedges and/or high roughness will produce much less of its annual
production during the summer with relatively weak wind than a coastal or offshore WTG, which, on a relative
basis, does not benefit as much from the strong winter storms as the low-wind sited WTG, even when both
WTGs would be running at their maximum output.

3. Geographic differences
Even over distances of a few hundred kilometers in simple terrain, there can easily be significant differences in
the geostrophic winds.

4. The Power Curve

The ratio between the swept rotor area and the nominal generator rating will have significant influence on the
production check, as will the power regulation system (stall or pitch regulation). During a period with high
winds, some WTGs with pronounced stall characteristics will only produce approximately 2/3 of their rated
power, while other WTGs may produce even 1/3 above their rated power. Lastly, some WTGs will have lower
cut-out wind speeds than others.

3.5.4 Verification by using additional wind data

If no reference turbines are available in the area, then verification calculations on the basis of other wind data
will give a good indication of the level of uncertainty by a simple comparison of results. One should generally
never base production estimation on only one set of wind measurements unless these have been verified
through other measurements. The risk of not noticing errors is simply too high. EMD has made a more
comprehensive study regarding the checking of existing wind farms energy production against calculations,
where many different investigations have been performed. The complete study can be downloaded from
EMD’s home page: www.emd.dk.

Below main result graphic is shown.
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3.5.4.1 Overview of the case studies and main specifications

Meteorologi- Meteorologi- Wind speed Goodness, NCAR
0 cal mast on cal mast near Measure- at40mon ‘“standard" Highest Lowest based
P e B d 1a Start site site ment height  site ) i d d
Flat, open, inland, close
01 |pk  [Kim Fjordholme |to fjord 35X 600 kW Vestas 1996|No Parallel 10 7.0 1.00 1.02 0.98 -
02 |ok Torrild Hilly, inland 15 x 150 kW Bonus 1989 |Parallel 0 30 6.2 1.05 1.10 1.0 =
03 |pk Torrild, Windsim  [Hilly, inland 15 x 150 kW Bonus 1989 |Parallel 0 30 6.2 1.15 - - -
Avedsre Harbour, close to large
03 ok (Kgbenhavn) city 12 x 300kW Bonus 1993|No Parallel 0 6.9 1.02 1.02 0.80 0.90
Lynetten Harbour, close to large
03 |pk  |(Ksbenhavn) city 7 x 600kW Bonus 1996|No Parallel 0 6.4 1.00 1.05 0.70 0.90
Dragsr Flat, close o large city
03 |bk (K and sound 8 95 kW Tellus 1989|No Parallel 0 6.3 0.98 1.00 0.74 0.90
Offshore, close to large
03 |pk [Middelgrunden |city 20 x 2 MW Bonus 2001|No Non parallel 50 6.9 0.96 - - -
04 |pk  |Tung knob Offshore 10 x Vestas 500 kW 1995|No No 0 7.8 1.03 1.04 1.00
Hiltopp, coastnear, local |4 x 55 KW Nordtank +
05 |pk |Knebel obstacle 150 KW NTK 1982|No No 0 75| 098 1.10 0.97 -
06 |ok Brokilde Coastal open flat land |12 x 600 kW Vestas 1996|No Parallel 10 7.2 1.05 1.06 091 1.156
Hilly, inland, close fo
07 |ok Silstrup flord 3x 225kW Vestas 1990 |Parallel jan-00 10 7.2 0.98 1.02 0.83 =
Flord with skerries, 3% 225 kW Vestas +6 x
08 |se Géteborg close to open sea 600 KW Vestas 1996 |No No 0 7.0 0.83 1.02 0.83 0.85
At open sea, flat, 7% 1 MW Bonus + 300
09 |Fn Pori skerries KW NTK 1999 |Parallel 0| 38,62, 87 6.2 1.01 1.20 0.90 0.81
Mixed; Bonus, Enercon,
10 |oe Fehmemn At open sea, flat, dikes |HSW, Vestas 1987 |Parallel 0 10, 30 7.8 0.93 1.07 0.89
Complex obstacles, | Tacke, Enercon E18 +
11 [pe  |Knul medium mountainous  [E40 1993 [Parallel 0 10 6.0 0.85 1.24 0.78
Complex obstacles,  [Mixed, Bonus, Tacke,
12 |pE  |Har i medium mountainous |Enercon, HSW, Enron | 1993 |Parallel 0 10, 30 6.0 0.73 0.85 0.70
13 [N Rotterdam At large fjord, flat, dikes |Mixed 1999|No No 0 6.5 1.00 1.05 0.89 -
4 X Vestas V39 (+1 x
14 |rr Port La Nouvelle | Coast near, hilltop V25) 1993|No No 0 7.5 0.90 1.20 0.85 1.99
5 x Vestas V39 600 kW+
15 |eRe |[Cronalacht Coast near, hilliop 3 x Vestas V47 1997 Non parallel 0 10,30 9.6 1.00 1.00 0.94 1.04
Coastal, gentle hill,
16 |por |Sines close to city 12500 KW WindWorld | 1995|No No 0 6.0 154 1.80 0.59 1.47
Flat plateau in complex
17 |er Sitia, Modi mountainous region 17 x 600 kW Bonus 1998 |Parallel 0 40 9.0 0.97 1.04 0.92 2.60
Coast near, mountain (12 x Vestas V44 + 3 x
18 |r Cesme region Enercon 1999|No Parallel 10, 20, 30 7.2 0.92 0.94 0.86
19 |aus |Esperance Coast near, hilly 9xVestas V27,225 kW | 1994 |Non parallel 0 10,30 7.5 0.93 1.05 - 1.26
20 |usa |Fargo, Minnesota |Fiat inland 2xNEG-Micon 750 kW | 1999 |Parallel 0 30, 40 6.1 1.08 1.10 0.94 1.00
") The expected "real" mean wind speed at site based on all gained experience 0

The table shown above provides an overview of the various case studies.

The goodness is defined as: actual wind farm production divided by the calculated production, corrected for
differences in the wind energy index for the production period and the wind data period, if they are non-parallel.

The column “Standard calculation” corresponds to what we would consider as the calculation based on the
best-available data for the site but not necessarily the calculation that yields the most accurate results.

Many different calculations and parameter variations have been tested in each case. The highest and lowest
goodness values give an indication of the uncertainty in each case, and are due to the very different setups in
each case; they are not directly comparable. In some cases, the lowest and highest goodness values are
based on individual differences from WTG to WTG, but in most cases, the lowest and highest goodness values
are based on using different wind data for the calculations. The “NCAR based goodness” is based on
calculations using the nearest NCAR upper-air data taken down to the specific site by the WAsP model.

3.5.4.2 Examples of wind data uncertainties

The two following examples illustrate how uncertain the basis for the production calculation can be when
working in new areas where WTGs with some years of operation are not yet available and where the quality of
measured data is poor.

Portugal
A wind energy project was established based upon on-site wind measurements.

The actual production turned out to be only half of the estimated production. The following errors and
uncertainties were found:

e The wind measurements were based on instant readings, which were taken at irregular intervals and
written down by hand. There were no guarantees that the data was representative. For example, the
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readings were carried out primarily during the day, which may cause large error margins since wind
often blows less during the night.

e The measurement equipment was not calibrated and the measurement height was only 8 m agl.

e The measurements were made on a hilltop where the conversion of wind data from measuring height
to hub height can be quite uncertain.

e The use of the Wind Statistics from the nearest meteorological station would have given much more
precise results. However, this station was rejected in the first place due to its complex location close to
the ocean and the city.

Ireland
In connection with a project, on-site measured data was received from the client. Data from the European
Wind Atlas was available from 3 stations, all within about 70 km from the site.

The calculations based on the data from the European Wind Atlas and the on-site measurements respectively
gave the following results:

Data origin Relative calculated
production
Station 1 100%
Station 2 92%
Station 3 56%
On-site measurements 163%

It can be seen that the deviations are large (a factor of 3 from lowest to highest production). This clearly
indicates that one should never rely on only one set of data unless it is very well documented.

3.5.4.3 Verification by using additional Wind Atlases for a large area

If a large number of Wind Atlases (Wind Statistics) are available for a large area (e.g. a country or a province),
you can verify these by calculating the energy production on the basis of the same WTG and the same
assumptions (e.g. Roughness Class 1 in all directions), and calculate the associated production indices (using
the average of all the production figures). The resulting indices (e.g. in percent) are marked at the
corresponding geographic positions on a map. You can then try to fit smooth curves through points of equal or
close to equal indices. In general, the geotropic wind (which the Wind Atlases should represent) will only
change a little over a certain area. It should therefore be possible to fit smooth curves without sharp bends.
This exercise will often reveal an incorrect Wind Atlas.

The next figure shows a check of some Swedish Wind Atlases. As supporting data for the curve fitting around
Denmark, the actual production from a number of turbines was also used.
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3.6 ENERGY - Wind Resource Maps

3.6.0 Introduction to Wind Resource Map

A wind resource map is a useful tool, which has many purposes, for example:

e Planning of wind energy projects, where the search for good sites is a part of the process.

e Evaluation of the wind energy potential in a region or a country.

e Support for wind farm layout, where the best sites within a certain area are desired. This can be
automated from the OPTIMIZE module, see chapter 8.

A wind resource map where you just want to find the best spots can be established for very large areas as well
as small areas.

With WindPRO, you can handle very large areas in one process. The software can handle an unlimited
number of .map files (roughness and orography), and it can automatically work with several Wind Statistics
that will be changed and weighted according to the distance to the sites in question. WASP is used as the
calculation engine.

It is also possible to calculate RIX corrected resource maps. Thereby the optimization of the layout can
consider the bias, the differences in ruggedness gives.

3.6.1 Background Data for the Wind Resource Map

The following data is needed to generate a Wind Resource Map:

e One or more digitized roughness maps covering the calculation area plus the additional area
extending approximately 10-20 km beyond the Wind Resource Map area.

e One or more digitized height contour line maps covering the calculation area plus the additional area
extending approximately 5-10 km beyond the Wind Resource Map area, depending on the terrain
complexity at the site.

e One or more Wind Statistics valid for the calculation area. Weighting can be automatically based on
distance to wind statistics.

e Optional: Obstacles in the area. These are often not taken into account when calculating wind
resource maps, but it's possible via WindPRO.

3.6.1.1 Digitized Roughness Map
You can create a digital roughness map in the following ways:

Manual digitizing

This involves a combination of field studies and map studies, followed by digitizing in WindPRO. In WindPRO
you can digitize directly by using the Line Object, or indirectly by using an Area Object followed by exporting to
roughness lines. The Area Object is strongly recommended for larger areas or complicated areas since this
avoid problems such as crossing lines or discontinuous lines, which can cause dramatic errors in the WAsP
calculation.

Automatic generation

You can generate roughness maps based on information from databases which contain information on land
use, or GIS systems. In this case also, the Area object should be used. EMD did use a more refined
processing method when we made a detailed roughness map of the entire country of Denmark for calculating
a detailed wind resource map. Please check On-line data in Area object or contact us for further information on
the subject.

(see also Basis, Section 2.8, Line object for further information).
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3.6.1.2 Digital elevation data

This data will often be available from public sources, check the On-line data from the line object or elevation
grid object. As an alternative, you can digitize manually from maps (see Basis, Section 2.8, Line object or 2.10
Elevation grid for further information).

3.6.1.3. Wind Statistics

For more information on Wind Statistics, see Section 3.2.1.2 and 3.2.4. A unique feature in the RESOURCE
modaule is that it can change Wind Statistics automatically and weight them during the calculation.

3.6.1.4. Local Obstacles

Local obstacles can be added to the calculation as described in Section 3.1.5. It should be noted that the
calculation speed will be reduced significantly by adding just one local obstacle. The reason for this is that
WindPRO calls a “normal” WAsP calculation for each calculation point in order for it to be able to treat the
obstacle correctly. If no obstacles are included, the WASP resource option is called, which operates much
faster.

3.6.2 Entering data for the calculation

When the data has been established it must be attached to a Site Data Object.

|

"5‘ Site data (Site data for generation of wind resource map - no long-term correction) "t | [
Position and Setup 1 Layers } Wind Stalislics] Roughness | WAsP Orugraphnybstacles] Map files and Iimits]
‘Position Userdefined j Cancel
X(East) 450.366
Y (Morth) 5.110.713

Z (Offset): [M v Automatically from DHM (639)

Description: JSite data for generation of wind resource map - no long-term correction

Label: ‘
Prev
[ Paosition locked Q
Symbol label 1
i Mext
(& None (~ User label (~ Coordinate

(" Description [~ System label (T Result

Use of Object

(" For use in ATLAS Calculation (Simple energy calculation model for non-complex terrain)
(" For use in WAsP Calculation (Advanced model, requires WAsP from RIS@ on hard disk)
(" For use in both ATLAS and YWAsP calculations

("~ For use in STATGEN (Generation of Wind Statistics)

(@ For use in RESGEN and CFD-export (Calculation of Wind Energy Resources)

= = — —

First select the Site Data Object that is to be used in RESGEN. It's of minor importance where the object is
positioned.
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1
‘5‘ Site data (Site data for generation of wind resource map - no long-term correction) | S S
Position and Setup] Layers Wind Statistics | Roughness | WAsP OrographyﬁObstacles] Map files and Iimits] Ok
Type of wind statistics - —
Select wind statistics | Cancel |
(" Single
(@ Mean value of more wind statistics Qe sk |
Convert wind statistic |
ave current wind statistics as default
Prav
Clear default wind statistics
: : : Mext
Name ] | Distance [km]| Weight| Weight [%]| Path ] )
Local wind data long term corrected. wws | 0.58| 172,52| 80,00 E\Users\Per. EMD\De
US NARR_Basic_\W99.621_N46.223 - 30,00 m.wws | 508 19.70] 20,00|E-\WUsers\Per EMD\Dc
l =
\| [¥ Update distances and weight when Site data object is moved and in resource calcul: 4
Maximum weight per wind statistic:]| 80,0 %
| Refresh distance and weight based current Site data position
||
= — = A

The wind statistic selection — in the example, “mean value of more wind statistics” is chosen, and it is set to
update distance weight when moving from one calculation point to the next. A maximum weight per wind
statistic of 80% has been set. Thereby you can avoid small local minima or maxima just around the wind
statistic points, and you can decide to trust more an partly average than fully trust one wind statistic.

After having selected the Wind Statistic(s) (see the previous comments) and added information regarding
obstacles, you add the maps and define map limits for the calculation area.
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i — — — — -— W— -— -
Y Site data (Site data for generation of wind resource map - no long-term correction) - l | B X

Position and Setup] Layers I Wind Statistics | Roughness | WAsP Orography/Obstacles Map files and limits l Ok

MName ] X Min | i
@E:\Users\Per.EMD\Documents\WindF’RO Data\Samples'WisheK\DEM\DEMO SHP FILE HCLVIOft ... 443 - Canc
(B E-Wsers\Per EMD\Documents\WindPRO Data\Samples\Wishek\ROUGHNESSLINE Wishek 0wpo 422 .

| | 2

W

57,8 km

1 Limits for resource calculation

@ vz 511193 0

x| 4498004 x2 | 4516444 0 | 0

Y1 [5.108.467=] 0 Ned

Preyv

Limit map files | Points in map files for WASP calculation

Radius read from map files in each Press calculator to see file sizes. Press ? to see
calculation. Checked means no radius limit. current WAsP Version and fimits.

Roughness points 479
Roughness 20.0003:
9 r Orography points 14.150

Lastopny 5000 I Sum (WASP 10.2 ) 14629 7|
Maximum (WAsP 6-10) 14.150

% = A

"% Map limits - tﬂhjw

71,4 km

57,9 km

==Point here to show more info<<

Distances in used maps from "outrmost point" to closestWTG or calculation point:

Distances used for validation:
Morth 5.2 km 38,5 km Orography: 5.0 km (recommended value: 7 km)
East 5.6 km 421 km Roughness: 20,0 km (recommended value: 20 km)
South 4.9 km 15,9 km Fedwalues indicates too low distances
West 6,1 km 274 km

MOTE: Testis performed based on highest/lowest pointin map files. The test does notwerify if terrain
is described propertly within these points. For some sites, ifthere e.g. is a mountain § km from site, or
a roughness change from land to sea at 21 km. recommended distances might be too low. For ather
sites, where the terrain only changes slighthy at distance, less distance is needed. Note also that
larger hub heights requires larger distanses. recommendations are for round 100m

The important setting in the form above is the “Radius read from map files in each calculation”. By limiting the
radius, combined with “tiled calculation” (WindPRO divides the resource map calculation in tiles like 1 x 1 km
squares), unlimited large resource maps can be calculated, and the calculation can be shared on more
processors. The radius limit is to avoid sending too large map files to WAsP calculation for each tile. So, if the
map file contains a lot of points (high point density), it might be necessary to limit the radius for reducing the
map area sent to a WAsP calculation. Below is shown the capability of the different WAsP versions. The form
below will, at present, only be available when site data object purpose is set to WASP calculation (or
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STATGEN). To get some help for analyzing if the WASP capabilities seem to be violated by your file sizes,
change the purpose to WAsP calculation temporarily and press the calculator button.

Pressing the ? gives info on the WAsP:

[ Site data l M1

Your current WAsP version is: WAsP 6-9

Map files are handled differently depending on WAsP version and calculation.

Resource calculation:
If no limits all the map files are used without reduction as calculated with the size calculator. When a limit is typed a map file will be created for
each tile. This file will cover a square given by the tile size increased with the limitation radius. In this case the size calculation will not be carrect.

All other calculations:
A common map file for the area will be used. The file will cover a rectangle surrounding the selected WTGs or Meteo objects increased with the
" limitation radius if selected, otherwise the entire file is used.

WAsP 6-9 + 10
Roughness files and orography files are used separately meaning that the limit is the maximum number of points.

Limit: App. 1,000,000 points

WASP 10.2 and later
)| Roughness files and orography files are combined meaning that the limit is the total number of points.

Limit: App. 2,000,000 points (Sum of contour points and roughness line points)

ﬂ With the “pick tool” you can set the calculation region directly on the background map.

NOTE: At calculation time you can decide to let a WTG-area decide the area to be calculated and the selection
in the site data object is thereby overruled.
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3.6.3 Calculating a Wind Resource Map

"& Model: RESOURCE (Wind/AEP resource map) L | [

Main ]Resource] RIX ] Description]

Name I

(@ Calculate resource map

(" Use existing RSF file

[v Calculate RIX corrected resource map

ok | Clancel ‘ J

You can choose to use a previously calculated resource file, which basically give you the option to utilize the
features of the resource module (presentation etc.), but based on an “external file”, that could come from a
CFD calculation.

You have the option to chose to calculate RIX corrected resource map. A RIX tab then appear.
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— — I

"5‘ Model: RESOURCE (Wind/AEP resource map) — =

Main RESOUFCE] RIX ]Description]

Site data for calculation of resource map

Site data for generation of wind resource map g-term correction

[~ Use obstacles (increases calculation time)

Hub heights [m]

80,0 Add Resolution |50 ~ | m(Same resolution in X and Y diraction)
S r ] [~ Owerride area selection in Site data object with WTG areais) (Windows WAsP) 1

Selected area, Width: 1.8 km, Height: 3,5 km
Calculation points, Width: 36, Height: 63, Sum: 2484

[v Auto generate file name
]Wishek_Res_S[]_Hub_B[]_[]_[].rsf Browse

File name setup

Parameter | Hub |WTG | Use | Editline | Use |Editraster| Show in result |
I L [Pnemne | e NS serupgs il isasten S sehp, ) et
Mean wind speed (m/s) »[80.0 ]| | ™ | _Edt | ™ | Edt | [v
| : : [
Choose the DEFAULT presentation above (to show on map and/or in reports) — can later be changed fo any parameter
calculated.
Multi core/PC setup ‘ Edit WAsP parameters ‘ Current WAsP version: WAsP 10.2

View WindPRO Documentation: WAsP Paramei

Ok J Cancel ‘

b

In the Resource tab sheet, you start to specify up to five different hub heights (heights above terrain level) to
be calculated and the grid resolution. Other settings are optional.

You can “Override area selection in Site Data Object with WTG Area”. Instead of using the rectangle defined in
the Site Data Object, a freely definable area digitized in a WTG Area Object can be used. This has two
advantages:

1. You do not need to calculate a lot of unnecessary points which saves calculation time.
2. You can get a nicer presentation. For example, if a map is calculated for a municipality, only the municipality
is covered by the resource map.
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3.6.3.1 Multi core / PC setup
[ " MultiCoreSetupResourceForm ' l ==

WindPRO performance on this computer: MNumber of cores: 2

i Max performance (All processors/cores is used for WindPRO calculation)
(" Balanced (if more processsors/cores, all except one is used for WindPRO calculation)
" Don't use this computer for WindPRO calculation (requires use of other computers)

[~ Use other computers in local network:

IMPORTANT:

To utilize this option, you need to start the tool "WAsPResCalc" from "Program
Files\EMDYWindPRO2.7" on each computer that shall help with the calculation.

~-WarmnWW A e P
coitempWWAsSPC

o

Specific setup for wind ressource calculation:

Tile size 1.000 m  The calculation will be split in 180 tiles_ (Calculated from settings in site data
object - if "override with WWTG-area" the tile calculation is incorrect)

The tile size setup make the calculation work like this:

The wind resource map calculation is divided in tiles of tile size x tile size. Using more processors each processor
will look for "next tile in calculation queus”.

For each tile the same wind statistic is used meaning that using weighted wind statistic, will result in using the same
weight within the tile

This can result in slightly different results from the WindPRO 2.6 calculation where wind statistics were weighted for
each calculation point

To get exact same calculation results as inver. 2.6, set tile size = resolution and in site data object check "use the
entire map file" - this is in general not recommended due to calculation time

For each tile the map files loaded is defined by settings in site data object. This mean that large areas can be
calculated even if the entire map file is too large for a WASP calculation

If a small area (like 1000 x 1000 m) is calculated with high resolution and/or weighted wind statistics, the tile size
should be reduced to like 100 x 100 m to get a more continuous weighting

Also for small areas with high resolution tile size should be reduced to utilize more processors - if there is only one
tile, only one processor will handle the calculation

If the number of tiles is smaller than the number of processors available for the calculation, not all available
processors will be used.

DOk Cancel Save as default

J

With the multi core/PC setup, more cores in the local processor as well as other processors in the network can
be used in helping to calculate the wind resource map. This will make calculations much faster. All functionality
should be explained by the above shown screen. NOTE: There must be a WASP license on each PC that
takes part in the calculation. There are no requirements for a WindPRO installation, just the WaspResCalc
program mentioned on the screen above.
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Y&’ Model: RESOURCE (Wind/AEP resource map) = ﬂ_ﬁ]

Description]

Main ] Resource

[v Auto generate file name

{Wishek_RixCorrRes_QSU_Hub_SU.U_U.rsf Br
File name setup

Assumptions
Based on radius 3.500 m
Based on terrain slope 218 degrees
i 40,0 %

[ Directional weighted

Formula used for correction
Ucorrected = Ucalculated/Exp(alfa x DeltaRlIX)

Alfa 0.0 (From 0.7 - 1.5 recommended. depending on site)

Mo RIX correction in the interval: 0,09% - 0.0 % [If site in general has |deltaRIX|<5% no correction is
recommended. If RIX correction, also these might need to bj
adjusted.

Calculation | Use | Editline | Use |Edit raster| Show in result |
| lines | setup |raster| setup layer

RIX [ Edit [ | Edit [

Delta RIX | T | Edit r Edit 2

Note: These settings are default values for the report sefup — when printing the report, settings can be revised.

For RIX corrected resource file
Note: Same settings for RIX comected resource map as for the standard resource map

Ok ] Cancel ‘

RIX setup, read more about the parameters in 3.4.1.3 PARK RIX calculation.

Note you can include as well RIX as delta RIS map as result layers on your map.

3.6.4 Printout of Wind Resource Map

"% Report Setup -’ | (O] | -
Repaorts ] Pag... J Options Orientation and legend position]
[#] Main result 1 Map ]mﬂk Topo map L]
[#]Map: Resource 1
[¥] Map: Resource, RIX corr... 1 Print scale / Size of map
Map: RIX 4 Automatic based on used objects L]

[#] Map: Delta RIX 1
Center of map on report
jCenter of all objects in calculation L]
Result to file ]
-Background map quality
Report |
EPU. kLt (@ Mormal (" Enhanced
]Engllsh LJ
@[ Ruler
[ Use selected as default @ Site data
[ Clear default @[ Raster
Preview | Print | @[ Lines
Ok Cancel ]

After the calculation has been performed, the new resource map is ready for printing. At this point, you can
select parameters for presentation (resolution, colors, etc). If WTG production is chosen for presentation, they

© EMD International A/S e www.emd.dk e WindPRO 2.8 ¢ May 12


www.emd.dk

3.6 ENERGY - Wind Resource Maps ¢ 288

will not be air density corrected — production figures as “wind resource maps” will only be seen as relative
figures.

Raster and or line presentations can be specified, see Basis, 2.11.2.3 Color scheme editor.

3.6.5 Analyze site with roses on Wind Resource Map

Result Layer | Map

Locked

Properties <Alt+Enter>
Delete

Reload

Show result layers
Show legend

Show rose

Manual update

Right click on the result layer object and click on the “show rose”.

Rose Legend @

I Average wind speed m/'s
[~ Wind energy W/m2
[ Production MWh/year

Hub height: [4p g _:j

In the rose legend, wind speed as an average, as energy, or as production can be chosen

'@. Generic WTG m E@'ﬁ
Power Diameter (meter) Power control Constant™ariable RPM
|600 RARIE | [Pitchrequiated  ~|  [(EEEIREL v
2k Cancel

When production is chosen, a generic turbine can be selected. The HP-standard power curve values will be
used. Note: they will not be air density corrected — production figures as “wind resource maps” shall only be
seen as relative figures.
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Rose Legend E =

¥ Average wind speed m/s
¥ Wind energy Wim2
v Production MWhiyear

Hub height: ]40_0 -

" Show at cursor position

| 12,36 m/s

& Show at cursor position

e T L

[

Choose "Shov

-
-

\ 0 B0

| 2070 Wim2

" Show at cursor position

L

R P

| 3099 MWhiyear

The legend shown here contains all three options. The energy (green) here is selected for “show at cursor
position”. When the cursor is moved around on the resource map, the three legends are updated and the roses
are shown for the cursor position. And, on the map itself, the selected one is shown for the cursor position.
This is an efficient tool to analyze a resource map and see how wind conditions changes on the site. Note: The
example shown pertains to the position where the little crosshair is located NW of the hand symbol.

3.6.5.1 Roses at site data objects

A special variation of the above example is explained here to show roses at site data objects. When more site
data objects are shown on map and the option (right click at site data object) “show energy rose” is chosen, the
wind energy rose is calculated based on the specifications in the site data object. This can e.g. be used if there
are more measurement masts on the site, to establish an energy rose for each of them based on concurrent
data for each of the masts. Then it can be visually inspected if the masts seem to agree, and eventually errors
in data for specific masts can be identified — or changes in the wind flow over the site can be seen. See
example below.
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energy rose” and select it again.

Energy roses at 3 site data objects. For an update (if e.g. more are added), you must deselect the “show

[i ] Ross, Sheldon M.: Introduction to Probability And Statistics For Engineers and Scientists, John Wiley &

Sons, 1987.

['] Efron, Bradley & Robert J. Tibshirani: An Introduction to the Bootstrap, Chapman & Hall, 1998.
["] Cramér, Harald: Mathematical Methods of Statistics, Princeton University Press, 1946.
['] Troen, | & E.L. Petersen, European Wind Atlas, Risg National Laboratory, 1989, ISBN 87-550-1482-8.
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