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1 EXECUTIVE SUMMARY

The Saskatchewan Research Cowatiducteda wind assessment f@proposedsinglewind turbine
generatorat the Saskatoon Laritlf a project managed by Saskatoon Light and Powke wind
assessment was conducted over a period from October 2010 to October 2011.

The assessment was conducted withauerruption and quality data was collectedBased on the data,
one maymake the following statements, which characterize the $kguitabilityfor wind power
generation:

- The wind measured at 60 meters above ground level had an average annual sgetsinofs.

- The power density at 50 meters is 202 W/which puts the site in a wind peer class of 2
(marginal).

- Turbine output projections (assuming 10% total losses) indicate that net capacity factors of 25%
to 30%, or more, could be expected with the selection of the right turbine.
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2 PROJECT OVERVIEW

2.1 Timeline
The Saskatchewan Researchufil, contracted through Stantec Incgnducteda twelve month wind
assessment for the City of Saskatoon. The site for the wirebsis®nt wa the Saskatoon Landfill.

The project began in the summer of 2040d was completed in November 201Importantmilestones
were as follows:

September 2010: Site preparation and tower installation

October 9, 2010: Start of data collection

October 2010 thru October 201$ite inspections and monthly reports
May 2011: Submission of wind assessment interim report

May 211: Submission of initial sound and shadow flicker report
June 2011: SRC participation in project public forum

October 13, 2011: End data collection

October 2011: Tower decommission

November 2011: Submission of final reports

= =4 =4 =4 -4 4 a8 -8 4

2.2 Site Information

After consideing various locations around the city, including Innovation Place and Diefenbaker Park, the
location selected fothe proposed wind turbine isvithin the land area currently usedr the Saskatoon
Landfill. The landfikite presents many advantages farwind turbine, especially in consideration of
exposure to high winds. Prevailing winds in Saskatoon are from thenegbiwest. The top of the
landfill is higher than the surrounding area, and it has a clear view to the west without any natural
elevatad obstacles or tall buildings. The location of et tower in relation to a map of Saskatods
shown inFigurel.
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Figurel - METtower location and proposed turbine location

Atfter finalizingon thelandfill, the specific site for thdlet tower needed to be selectedViany factors
had to be taken into accourtincethe site was a active landfill. The location that was finally selected
wasatpHCc ¢cQ M®PHpE b amaneeon thaitep@sneastodire nqutl and east slopess
possible This area had been filled with freshly compacted waste right upraidiSeptember 2010

The area was covered with approximately 0.3 ndiaffill before tower installation.

Figure2 - Site visit looking at various Met Tower locations

3



Confidential Report
Saskatoon Landfill Site Wind Assessment

Traditional anchoring techniques could not be used due to the uncertain waste mechanics of the landfill
ground. As a result,ie Met tower guy cables were anchored to an assembboatrete barrier blocks
designed to serve as dearkight anchors. The guy tensions were monitored regularly throughout the
assessment period and adjusted for any uneven shifting that occurred as the waste settled. -knkhain
fencewith locking gatevas set up around the base of the tower to provide security for the equipment
installed at the base. An orange snow fence was set up arpericheter of the tower to identify the
fall-radius of the tower, which established a safety barrier for workerseratfea. Saskatoon Light and
Power provided power to site by an above growarchoredcable. Thispower was usedor auxiliary
instrumentation and to keep backup batteries charged.

2.3 Methodology

The keys to a successful wind assessment program are goagkdtgion andjuality data capture. For
this project the site selection was ideal since the assessmasfor a single turbine, and the Met tower
was installed only a few meters from where the proposed turbine wilhballed The quality of data
wasensured by using industry standard instrumentation set up in a redundant configuration.

— T Y = Y T

Figure3 - View from westof the landfill; Met Tower on the horizon

Two tower heights, 60 meter and 80 meter, were considered for the assggsrihe benefit of the 80

m tower is that it provides a means of direct measurement at 80 meters, whighdssiblehub height

for the turbine. However, an investigation of the towers available at the time indicated that the 60 m
was a more reliablelptform given the relatively higbollapserate of 80 m towers (due to weather
conditions such as icingExtrapolating wind speeds to higher elevation can be done accurately by
measuringvind at multipleheights along a towerSeveral turbine manufactas were consulted and all
responded that data from 60 m towers was acceptable to meet their requirements. Givearttiithe
potential for extreme weather in Saskatchewarheavy duty tubular style 60 m tower was used. Wind
speed was measured at foavels to providedata forshear calculation®r extrapolatingwind speed to
higherelevations

The longer the wind is monitored the more certain the assessments and energy projections will be.
Ideally, wind assessments would be two or more yeditse reuirements for this project were for a
one-year wind assessmenfohelp put the wind that occurred ovethe assessmerperiodinto
perspectivea regional comparison was made against another site that contained long term data.
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Data quality and managememntas monitored throughout the assessment periddatawaswirelessly
transferreddaily to SRCandwas checked over on a regular basis to ensure instruments were
functioning properly. Data was stored in several places for redundancy: data loggerdoagésbnline
data storage, and SRC network file storage (also with backup redundancy).

2.4 Tower and Instrumentation

The tower for this projecivas an NRG Systems 60m XHD TallTower. The 60m XHD was selected for its
solid design and proven track record incdolimate wind assessments. This tower atux the

coloured marking required by NAV CANADAe 60m XHDPould also be set up with a small footprint,
which was necessary to fit in the small area on the top of the land fill.

Figure4 - Looking up the tower from below

The tower was furnished with a full suite of instruments to capture a thorough wind data set for the site.
The proposed turbine would likely have a hub height in the order sh8@Wind speed generally

increases egxonentially with height. Multiple levels along the measurement distance provide better
resolution for shear calculations which project the wind speed to higher elevations. For this study there
were four levels of measurement: 30, 40m, 50m and 60m. The instrumentatiorsetupincludedNRG

cup anemometers (2 at each level for redundancy) and direction vanes, as well as temperature,
barometric pressure and relative humidity. NRG provides one of most commonly used packages in the
industry. In additiond the NRG equipment, an RM Young ultrasonic sensor was installed at the 60m
level, providing further redundancy as well as high precision. The ultrasonic sensor captures very high
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resolution (4 Hz) wind speed and direction in three dimensighsompletelist of instrumentation is
shown inTableA, with placement on the tower shown Figureb.

TableA ¢ Tower Instruments with Installatior_evel and Orientation

Height | Direction | Sensor

30M South Speed 30n A

30M North Speed 30n B

30M West Direction 30m

40M South Speed 40n A

40M North Speed 40n B

50M South Speed 50 m A
50M North Speed 50 m B
50M West Direction 50 m
60M South Speed 60 m A
60M North Speed 60 m B
60M East Direction 60 m
60M West 3-Axis Ultrasonic Anemometer
59M East PTZ Camera

3M South Barometric Pressure
3M West Relative Humidity
3M North Temperature

2M East Datalogger

2M East Wireless Modem
3M South Solar Panel

2.5M South Serial Logger Pahe
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3DUltrasonic Anemometer || = Direction 60 m Speed BOmM & ———f=— Speedf0m B
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Speed 40m & ~—j=" Speed40mB

Direciton 30 m e Speed 30m A Speed 30m B

MET Taower ~ Looking Narth MET Tower —Looking YWest

Figure5 - Tower profiles showing instrumentation placement

All the NRG instrumentation wagred to a battery powered, solar charged, datager and cellular
data transmitter,both housed iraweathersealed enclosure. Datas transmitteddaily to SR@here
it was checked and archived

Two deep cycle 12V batteries proveteower for the ultrasoni@nemometer as well as theerialdata
loggerused torecord data from thaultrasonic anemometer The batteriesvere conneced to a
charging system powered by the 115VAC supply. The battenidd mower the system for several
weeks even without the charging system. Feealdataloggerwas capable of storingver a month of
data from theultrasonic anemometer.



Confidential Report
Saskatoon Landfill Site Wind Assessment

Figure6 - Instrumentation inspection at the base of the Met Tower

2011=06=-12 10:03:47

Figure? - View from camera installed at 60m on the tower, looking NW over the road construction.
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3 ANALYSIS

3.1 Measured Data

The wind assessment coeer a twelve month periofom 9:00 AM October 9, 2010 to 9:00 AM,

October 13, 2011 The data set consisted of some 53,000 records for each of the eight anemometers,

three direction sensorg)ne barometric pressure sensasnerelative humidity sensor andne
temperature sensorFor each instrumengndfor each 1@minute period, the average, minimum,
maximum and standard deviation was storeteble B showssomeannual statistics from the

measurements taken.

Table B- Climatic Conditions, Annual Summary

Wind Speed
Level [m] Mean [m/s] Minimum [m/s] Maximum [m/s] Std. Dev
60 6.13 0.35 17.70 2.86
50 5.88 0.35 17.15 2.73
40 5.64 0.35 16.75 2.61
30 5.36 0.35 16.15 2.51
Wind Directio
Level [m] Mean [° Magnetic North]
60 239.3
50 226.6
30 212.8
Temperature
Mean [°C] Minimum [°C] Maximum [°C]
3.15 -35.00 35.00
Barometric Pressure
Mean [kPa] Minimum [kPa] Maximum [kPa]
94.71 91.90 97.20

Relative Humidity (RH)

Mean [%RH]

Minimum [%RH]

Maximum [%RH]

71.83

14.60

98.40

Wind speed averages for each month are plotted and showkigare8, followed by the diurnal wind

speed profiles as shown kigure9.
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Figure8 - Monthly average wind speeds from Oct 2010 (1) to Oct 2011 (13)
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Figure9 - Diurnal Wind Speed Profile

A rose plot of wind frequency by direction is showrrigurel0. Rose plots are alsaseful for relating
wind speed to directionFigurell shows the mean wind speed by direction. The plots show the
prevailing WestNorthwest winds, with close secondary E&stutheast winds.

10
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3.2 Wind Power Calculations

Wind speed is the most important factor to consider for the generation of electrical power from a wind
turbine. This is beesse the power in the wind has a cubic relationship to the wind spded. power of
wind flow is gneralizedby the following equation:

o Pmo
C

Where
P= power [W]
" = air density [km/rmj]
A= area swept by the turbine rotor [th
v = wind velocity [m/s]

One carnlso see from this equation that air density is also important. Air deissiglated to air
pressure and temperature, as is stiointhe following equation:

0
M o8 Y oly 2

| O

E
Y
Where

" = air density [km/m]

P = barometric pressure [kPa]

T = temperature [K]

3.3 Weibull Distribution

The Weibull distribution is typically used in wind analysis to characterize the distrikaftivind speeds

at a particular site. Thisan represent the asymmetry in the wind frequency distribution. With known
shape, scale and mean air density, it is possible to estimate the output of a wind turbine with satisfying
accuracy. The probabilidensity function of the wind speed is given by:

e D"

s c
e c

"Qw Aob
Where
f(V) = the probability density function of the wind speed

k = shape parameter

! The value 3.4837 is derived from dry air having a molar mass of 28.9664 kg/kmol, divided by R, the universabgastconst
8.314472 rikPa-K-kmol".

12
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c=scale parameter.

The shape of the curve is determined bfaktor, where higher values offlactors lead to naower
frequency distribution. Typical values for shape parameters are in the range of 1.5 to 3fatierc
determines the scale of the curve. The shape and scale parameters are derived by fitting the curve to
the wind speed data, which directly correlatthem to the wind resource characteristics: the lower k
factor, the greater probability of the higher winds.

The values of ¢ and k parameters for wind measured at 60 m are 6.86 m/s and 2.2. The Weibull
distribution for this project for winds at 60 meteis presented irFigurel2.

Frequency (%)

5

Figurel2 ¢ Bestfit Weibull distribution (k=2.2, ¢=6.86 m/s) for 60 m.

3.4 Wind Shear

Wind shear defines the change in horizontal wind speed with a change in height. It sdeepecific

as it is influenced by surface roughness, surrounding terrain and atmospheric stability. The wind shear is
described by the wind shear exponéntz g KA OK Aada RSTAYSR | &y

i ¢l
p — ~UD
- ac
I I C&
(’:Q‘p

wherevlis the wind speed at heiglztlandv2is the wind speed at heighz2

13
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The wind shear value of 0.189 was calculated and a plot of wind speed versus height above ground is
shown inFigurel3.

=== |ieasured data
= Power law fit
= Log law fit

804

404

Height Above Ground (m)

0 1 2 3 4 5 )
Mean Wind Speed (m/s)

Figurel3¢ Vertical wind shear profile.

By using wind shear calculations and extrapolating the data collected from all sensors over the
assessment period, the averaganual wind speed at 80 meters is estimated to be 6.48 m/s.

3.5 Turbulence
Another important wind characteristic is wind turbulence, which describes the disturbances in the wind

speed, direction and vertical component. High wind turbulence may significadilizceeamount of
produced power and cause increased load and wear on turbine parts. Wind turbulence intensity (TI) is
RSAONAOGSR o6& | NYXdAz2 2F adlyRFENR RSGAFGAZ2Y 2F 4GAY

4 A

) B

The low level of turbulence intensity iscdnR SNBER 6 KSy ¢L X nomnI Y2RSNI GS
noOMMXELXndup YR KAIK tS@Sta 2F (dz2Nbdz SyOS AyiaSya
intensity at the COS landfill met tower location are presentefigurel4.

0.14
] —— | ]
N I —— e SR I S
012 —
T \‘__\_ —
] ——
0.1
o.o{\\\
0.06-}
0_04: — 60.0m_
E — 50.0m
E — 400m
0.02- — 300m~
1 2 3 4 5 6 7 8 9 10 1 12

Figurel4 - Mean turbulence intensity over the ongear period
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3.6 Analysis Summary

The data set was analyzed using Windographer and WindPRO, both of which are professional software
packages designed for wimghalysis and turbine power output prediction§he data was run through

SI OK LINEZ 3 Ndoorkaril thé rngsulfs weteAcdmpared for verification.

Key values from the analysis are summarized and showabteC TableD, andTableE Turbulence
intensity by directionis plotted inFigurel5.

TableC- Important values from data analysis

Parameter Inferred Value
Height for conditionsMeters Above Ground Leve 60
Weibull shape parameterk 2.225
Weibull scale parameter®t 6.89 m/s
Average wind speed 6.13 m/s
Power density at 50m 202 W/nt
Wind PowelClass 2 (marginal)
Average turbulence intensity (TI) at 15 /s 0.125
Represetative Tl at 15 m/d 0.162
Standard deviation of T 0.028
Average air density, ., 1.198 kg/ni
Maximum air densityr nax 1.41 kg/m®
Minimum air densityr min 1.07
Wind shear power law exponefia 0.197
Maximum 16min mean wind spe€d Vso 10min 21mls
Maximum Gusts wind speéds, custs 32.1m/s

TableD - Turbulence Intensity, by Direction

Sector Frequency Standard Representative
Sector | vridpoint [ | [%] Mean Tl | beviation of Ti T] ezl
1 0 7.40 0.149 0.0855 0.2585 0.746

2The Weibulk value is the unitless shape factor from the Weibull distribution.

$Weibullc value is thescalefactor from theWeibulldistribution. This factor is related to the average wind speed
by the following equ#ion: | I' (/04 1), where U = average wind spe&il the gamma function, anklis the
Weibellk factor

* As defined per IEC614@DEdition 3

® As defined per IEC614@0Edition 3.

® Air density r , is defined as the mass of a quantityadf divided by its volume Using the ideal gas law,= 3.4837- P
/ T [kg/n?’], where P = air pressure [kPa], and T = temperature [K]

"Power law assumes that the wind speed varies with the height above ground according to the following equation
U(z) 3 #, where Yz) is mean wind speed at some height above grouhdsconstant, and is the power law exponent.

® Finds the maximum wind speed in each time periiasa Gumbel distribution to those maxima using tHarris
1996 algorithm and uses that bedit Gunbel distribution to calculate the 5@ear extreme wind speed.

15
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2 30 8.02 0.146 0.0875 0.2575 0.8495

3 60 5.17 0.1595 0.1045 0.293 0.854

4 90 6.98 0.147 0.0905 0.263 1.013

5 120 11.00 0.1265 0.0865 0.2375 1.125

6 150 8.36 0.1405 0.0935 0.2605 0.9285

7 180 9.97 0.1225 0.0845 0.2305 0.8845

8 210 7.76 0.106 0.096 0.229 0.8295

9 240 6.76 0.1065 0.098 0.232 0.95

10 270 7.90 0.1055 0.091 0.2225 0.9885

11 300 12.87 0.121 0.0805 0.224 0.9585

12 330 7.81 0.134 0.0835 0.241 0.846

Figurel5- Turbulence Intensity at 60 m
TableE- Directional Statistics
Mean Median | Maximum
Sector : ) ) Std. :
Sector | Midpoint Frecluency Bl Gl bl Deviation| Weibull k bzl
] [%6] Speed Speed Speed [mis] [m/s]
[m/s] [m/s] [m/s]

1 0 7.40 5.4115 5.1 16 2.9131 1.92 6.0916
2 30 8.02 5.2625 5.1 16.2 2.5494 2.15 5.928
3 60 5.17 5.0735 5 12.6 2.4778 2.122 5.7076
4 90 6.98 5.9933 6 15.3 2.6945 2.32 6.7263
5 120 11.00 6.5205 6.5 16.2 2.8811 2.381 7.3232
6 150 8.36 6.3855 6.4 16.9 2.9087 2.28 7.1689
7 180 9.97 5.8446 5.9 14.6 2.4697 2.514 6.5633
8 210 7.76 5.7405 5.9 14.8 2.5745 2.302 6.4283
9 240 6.76 5.9947 6 15.5 2.8085 2.225 6.7439
10 270 7.90 6.4385 6.3 17.7 3.0039 2.218 7.2293
11 300 12.87 6.9816 7 17.1 3.0415 2.418 7.8385
12 330 7.81 6.2542 6.2 16.8 3.092 2.099 7.0397

16
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3.7 Turbine Output Estimates

Energy output from wind turbines is calculated using data collected and verified from the landfill MET
tower against power curves providdy turbine manufacturers. A number of turbines were selected for
this report for comparative purposes. This should not be considered a complete list of potential turbines
for this site. The estimates were made with 10% loss factors applied as recommendaadhndustry
experts.

TableF- Estimated turbine energy output (10% loss estimate)

Hub  Hub Height Time At Time At Mean Net Mean Net Met Capacity

Height Wind Speed Zero Output Rated Output Power Output Energy Output Factor
Turbine {m)  (m/s) (%) (%) (kW) (kWh/yr) (%)
Enercon E33 73 6.36 2.52 1.7 219.8 1,925,874 27.5
Enercon EB2 78 6.45 2.58 3.33 557.1 4,880,468 27.9
Enercon ES2 93 6.8 245 3.54 631.3 5,530,047 316
Enercon EB2 2300 78 6.45 2.62 0.95 562.5 4,927,458 24.5
Enercon EB2 3000 78 6.45 2.68 0.01 571.7 5,008,117 195.1
Enercon EB2 3000 85 6.58 2.64 0.02 602.5 5,277,805 20.1
DeWind D8.2 80 6.49 10.38 0.14 351.8 3,081,419 17.6
Dewind D9.2 80 6.49 23.54 1.57 233.8 4,675,933 26,7
Clipper Liberty C93 80 6.49 14.27 1.02 615.1 5,388,281 24.6
Clipper Liberty C99 80 6.49 14.23 157 692.3 6,064,950 27.7
GE 1.5xle 80 6.49 14.42 2.36 394.9 3,459,185 26.3
GE 1.6-82.5 30 6.49 14.24 1.59 479.8 4,202,864 30
GE 2.5xI 75 6.4 14.46 1.39 641.8 5,022,571 25.7
GE 3.0s 70 6.3 21.03 0.04 436.1 3,820,562 14.5
Mitsubishi MWT92/2.4 70 6.3 7.18 1.17 269.1 4,985,034 23.7
Vestas VB0 - 2.0 Mw 60 6.1 20.62 0.14 405.6 3,553,292 20.3
Vestas V32 - 1.65 MW 39 6.07 15.07 0.51 402.8 3,528,315 24.4
Vestas VB2 - 1.65 MW 80 6.49 14.06 0.94 474.6 4,157,448 28.8
Vestas V90 - 1.8 MW 30 6.49 14.31 1.7 547.5 4,795,876 30.4
Vestas V90 - 2.0 MW 80 6.49 14.33 1.57 572.9 5,018,217 28.6
Vestas V90 - 3.0 MW 109.4 dB(A) 80 6.49 14.03 0.03 632.7 5,542,208 21.1

17
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3.8 Regional Comparison
To gain perspective on the data collected over the relatively shory@ae assessment period, a
comparison was madegainst long term wind speed data. The purpose of this compavissrtio

understand how the wind speed measured over the last twelve months relates to long term averages.

The closest site with long term datadsy A NB y Y Sy (i

I Iy BdRKataiDietenbakeér A 2 y

International Airport some 8 km north of the landfill (52.17° N 106.72° W, 504.Fu} this site,
Environment Canada provides monthly averages for 10 nveitedl speeddata, as well as historical

average normalsompiled with data fron1971to 2000. The recent and long term averages for October

2010 toSeptember2011 are shown iffableG. Asis shown the wind speedsvere lower on average
duringthe assessment periodompared to the long term normal

TableG- Recent versus long term monthly average wind speeds for Diefenbaker International Airport

Month As;essment Period Long Term Average | Percentage Difference
Wind Speed [m/s] Wind Speed [m/s] [%0]
October 4.05 4.50 -10.5
Novembe 3.65 411 -11.9
December 3.98 4.19 -5.2
January 4.10 4.17 -1.7
February 4.81 4.25 12.3
March 4.44 4.39 1.3
April 4.42 4.78 -7.8
May 4.53 4.69 -3.7
June 4.05 4.61 -13.0
July 4.43 411 7.5
August 3.64 4.03 -10.2
September 3.84 4.42 -14.1
Averages 4.2 4.4 -4.7

Given the close proximity and elevation, amgghtassumehe landfill location has also experienced

below average wind speed condition$o validate this comparison, the monthly average wind speeds
5ASTFSyol 1SN LYGQa

TNRY (G(GKS

1A NLJ2 NJi

ards

in Figurel6. The plot clearly shows the wind patterns are Embetween the two sitesThis
comparison does two things: t)verifies data collected at the landfill; andi2)ndicates that thewind
was below normal for most of thassessment perigdhough eactly how much below average is not
within the scopeof this comparison.
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Wind Speed [m/s]
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s EC. Diefenbaker Int'| Airport

Figurel6 - Plot of monthly average wind speeds showing wind patterns are similar at the two sites
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4 CONCLUSIONS

The wind assessment was successfully completed within the time frame set out by the project
reguirements. Somechallengeselated tothe sitebeing an active landfilvere successfully resad at

the start of the project, and the remainder of the project was carried out without any major disruption
or incident.

Data capture and retention was maamned at 100% for a period of 369 days, resulting in a good quality
data set to use for wind assessment calculations. The data could also be used by potential turbine
manufacturers to satisfy theparticularmodeling requirements.

TableH - Classes of Wind Power Density (according to NREL)

. 50m
ULt (HERE (Sl Wind Power Density [W/fh Wind Speed [m/s]

1 X HAnN H6.6

2 X onn He.4

3 X nnan X T On
4 X pnan X T ®p

5 X cnan X oy ©n
6 XK ynn Koy ®dy
7 X HAonn X Mmmdd

According to the National Renewable Energy Laboratory (NREL) classification table as SraiMeHn
the site fitswithin a Wind Power Clasgsjustabove the Class 1 category. The site, therefore, would be
considered marginal for supporting wind power generation. Howenre must consider manyother
factors such aseconomicreturn, service, reliability, etc. when considering the viability of power
generation from avind turbine Such analysisis outside the scope of this study. The wind available at

the Saskatoon Landfill site has been thoroughlynonitored over a oneyear period, with analysis and
findings summarized in this report.
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5

5.1

APPENDIX AT MONTHLY MEAN WIND PARAMETERS

October 2010
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Figure 171 Mean wind speed [m/s] measured in October 2010 at 60m, 50m, 40m and 30m.
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Figure 18 1 Mean wind direction [deg.] measured in October 2010 at 60m, 50m, 40m and 30m.
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Figure 1917 Mean wind turbulence measured in October 2010 at 60m, 50m, 40m and 30m.
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Figure 201 Mean air temperature [°C] measured in October 2010.
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Figure 217 Wind Direction Frequency measured in October 2010 at 60m, 50m, 40m and 30m.
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5.2 November 2010
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Figure 2217 Mean wind speed [m/s] measured in November 2010 at 60m, 50m, 40m and 30m.
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Figure 231 Mean wind direction [deg.] measured in November 2010 at 60m, 50m, 40m and 30m.

Figure 241 Mean wind turbulence measured in November 2010 at 60m, 50m, 40m and 30m.

Figure 257 Mean air temperature [°C] measured in November 2010.
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