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Executive Summary

An Interagency Agreement (IAG-08-1719) between the U.S. Environmental Protection Agency
(EPA) and the U.S. Department of Energy (DOE) was put into place to assist EPA in evaluating
the potential to use wind energy at selected brownfield locations. DOE assigned the National
Renewable Energy Laboratory (NREL) to facilitate this process by arranging the installation of a
60-m MET tower on the site of a brownfield located on the Mille Lacs reservation in Minnesota.

This report describes the wind resource measured at this location and examines the economic
feasibility of a wind energy project. The dataset analyzed in this report includes a general
validation and summarization of the 10-minute data taken from May 11, 2011, through
November 20, 2012. For many of the analytic techniques applied to the data, a 1-year dataset
from June 1, 2011, through May 31, 2012, was used.

The mean annual wind speeds from the data collected at the Mille Lacs MET tower were
analyzed and then adjusted to reflect long-term data trends from the Modern Era Retrospective-
Analysis for Research and Applications (MERRA) dataset M0202. Overall, the MERRA dataset
indicated that the average wind speed during the monitoring period was slightly greater than the
long-term average from the past 15 years, so the data collected at Mille Lacs should be adjusted
downward accordingly. A correlation of the Mille Lacs data to the MERRA dataset was
performed and then adjusted for the vertical wind shear patterns measured at Mille Lacs. This
analysis resulted in the adjustment downward of -0.74% for the anemometer at 60 m. Vertical
wind shear factors from Mille Lacs were applied to project the estimated wind speeds at multiple
levels above the met tower as can be seen in Table ES-1.

Table ES-1. Mean Annual Wind Speed Before and After Long-Term Correlation

Source Height Short-term Mille | Long-term Mille Lacs | Adjustment to Long-
Lacs Mean Wind | MCP Synthetic Mean | term Mean Wind
Speed Wind Speed
(m) (m/s) (m/s) %
Measured 50 5.09 5.04 -0.98
Measured 60 5.38 5.34 -0.74
Extrapolated 80 5.84 5.80 -0.68
Extrapolated 100 6.20 6.15 -0.81

The expected long-term mean wind speed was used to model the energy performance of a
representative low wind speed turbine—in this case the GE 1.6-100. The results can be seen in
Table ES-2.

This report is available at no cost from the
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Table ES-2. Characteristics of the Representative Low Wind Speed Turbines

Turbine Model Rated Hub Rotor Mean Hub Mean Net Net
Power Height Diameter Height Wind Energy Capacity
Speed Output Factor
Turbine (kw) (m) (m) (m/s) (kWh/yr) (%)
Acciona AW 82/1500 1,500 80 82 5.8 2,626,420 20.0
Gamesa G97-2.0 MW 2,000 80 97 5.8 3,631,685 20.7
GE 1.6-100 1,500 80 100 5.8 3,512,175 25.1
Nordex N117/2400 2,400 80 117 5.8 5,291,483 25.2
Vestas V100 - 1.8 MW 1,800 80 100 5.8 3,761,152 23.7

Three business structures were examined using the System Advisor Model (SAM). The first case
assumes the project is owned directly by the Mille Lacs reservation Tribe. In this case the project
is not subject to federal or state taxes but is also not eligible for federal incentives such as the
production tax credit (PTC), investment tax credit (ITC), or depreciation.

The second case assumes a for-profit venture with an equity partner that makes use of the PTC.
This analysis assumes that the PTC can be fully monetized. One disadvantage of this is that
maintaining a Tribal equity stake in a project while fully monetizing the tax credits requires a
more complicated business structure that will probably involve an outside partner. An example
of this is the “Minnesota Flip” model.

The third case also assumed a for-profit venture but used the ITC rather than the PTC. The ITC
is especially attractive for a project located in lower resource areas because the value of the
incentive does not depend on the energy production of the project.

Table ES-3 summarizes the key analysis assumptions. For each case, the analysis determined the
minimum initial power purchase agreement (PPA) price required for the project to be
economically viable.

This report is available at no cost from the
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Table ES-3.

Economic Analysis Assumptions

Tax Exempt PTC ITC
Turbine Model GE 1.6-100 GE 1.6-100 GE 1.6-100
Rated Capacity (kW) 1,600 1,600 1,600
Tower Height (m) 80 60 60
Losses (%) 15.0% 15.0% 15.0%
Annual Energy Production 3,512,000 3,512,000 3,512,000
(kwh/yr)
Net Capacity Factor (%) 25.1% 25.1% 25.1%
Installed Capital Cost (S/kW) $2,600 $2,600 $2,600
Installed Capital Cost (9) $4,160,000 $4,160,000 $4,160,000
Operations & Maintenance $42 $42 $42
(O&M) ($/kW/yr)
O&M ($/yr) $67,200 $67,200 $67,200
O&M Escalation Rate 1.0% 1.0% 1.0%
(%/year)
Net Salvage Value ($) SO S0 SO
Project Lifetime (years) 20 20 20
Inflation Rate (General) (%) 1.0% 1.0% 1.0%
Discount Rate (Real) (%) 6.0% 6.0% 6.0%
Discount Rate (Nominal) (%) 7.1% 7.1% 7.1%
Debt Percentage 70% 50% 50%
Debt Rate 7.0% 7.0% 7.0%
PPA Escalation Rate (%) 1.0% 1.0% 1.0%
Initial PTC Value (S/kWh) $0.023
PTC Escalation Rate (%) 1.00%

Table ES-4 summarizes the analysis results.

This report is available at no cost from the
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Table ES-4. Analysis Results

Metric Tax Exempt PTC ITC
Annual Energy Production (kWh/year) 3,512,000 3,512,000 3,512,000
Required Initial PPA Price (S/kWh) S 0.132 $ 0.101 $ 0.078
LCOE Nominal (S/kWh) S 0.142 S 0.109 S 0.084
LCOE Real ($/kWh) $ 0131 S 0.100 $ 0.077
Internal Rate of Return (%) 10.0% 10.0% 10.0%
Minimum DSCR 1.44 1.47 1.05
Net Present Value (S) S 330,199 S 219,269 S 57,364
PPA Escalation Rate (%) 1.0% 1.0% 1.0%
Debt Fraction (%) 70% 50% 50%
Windfarm Capacity (MW) 1.6 1.6 1.6
Capacity Factor 25.1% 25.1% 25.1%

A sensitivity analysis reveals that the inputs that most affect the Required Initial PPA price, aka
“PPA Price” or “Initial PPA Price,” are the turbine installed cost and the annual energy output. A
20% change in the value of these variables resulted in a 15%—-30% change in the initial PPA
price ($0.01-$0.03/kWh).

The economic analysis indicates that the minimum PPA price for a project at this location ranges
from $0.078-%0.132/kWh, with the ITC case giving the lowest initial PPA price. This is much
higher than both the regional 2012 average PPA price of $0.031/kWh and the national 2012
average price of $0.038/kWh. The analysis used two somewhat optimistic assumptions. The first
of these assumptions is that the site is suitable for a low wind speed turbine, such as the

GE 1.6-100. The high turbulence at this site may preclude the use of these types of turbines. One
thing to note is that turbulence generally decreases with increasing height, so the turbulence at
80 m (or 100 m) is more likely to be sufficiently low to allow for the use of a low wind speed
turbine. The other optimistic assumption is that the equity investor will accept a 10% internal
rate of return (IRR). As noted earlier, this is at the low end of the range of minimum rates of
return required by wind energy project investors. Fortunately, the initial PPA price is not
particularly sensitive to the minimum IRR. For the ITC case, increasing the IRR from 10% to
12% increased the PPA price by $0.003/kWh from $0.078/kWh to $0.081/kWh. The analysis
further assumes an extension of the PTC and ITC.

Model results show that a turbine project at this location, selling into the wholesale market, is not
economically competitive. Even significantly reduced cost and improved energy capture is not
sufficient to provide economic viability. Taking the ITC case as an example, reducing the
installed cost by 20% and increasing the energy production by 20% reduces the PPA price to
$0.055/kWh. This is still significantly above the 2012 averages for the region and nation. To be
economically viable, a project at this location will require some combination of a buyer willing
to pay above-market rates for the energy, a large grant, or very low interest rate financing.

In principle, the Tribe could use the energy from the project to offset electricity use at Tribal
facilities. However, this arrangement, sometimes called virtual net metering, is uncommon and
would require the cooperation of the local electric utility.
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1 Wind Resource Assessment at Mille Lacs Indian

Reservation

An Interagency Agreement (IAG-08-1719) between the U.S. Environmental Protection Agency
(EPA) and the U.S. Department of Energy (DOE) was put into place to assist EPA in evaluating
the potential to install wind turbines at brownfield locations. EPA’s brownfield program assists
local communities in reusing previously contaminated land parcels (brownfields). DOE tasked
the National Renewable Energy Laboratory (NREL) with arranging for the installation of a 60-m
MET tower at a brownfield site on the Mille Lacs reservation in Minnesota.

This report describes the wind resource measured at the monitoring location. The dataset
analyzed in this report includes a general validation and summarization of the 10-minute data
taken from May 5, 2011, through November 30, 2012. For many of the analytic techniques
applied to the data, a 1-year dataset from June 1, 2011 through May 31, 2012, was used.

1.1 Station Location

The monitoring site is located within the Mille Lacs reservation on the “Ledin” parcel, located
just west of Lake Mille Lacs. Grid coordinates are: N 46.17921°, W 93.80546°. The monitoring
location is shown in Figure 1-1. The MET tower is located on a ridge top within an open field.
The general terrain is hilly and wooded.

"State Wikdife e
A Management
"@ 2 ush-kur
D
:; Lakew
Cemeten Yy
<& Mille Lacs MET Tower
=l Elevation: 399 m (i)
Lat: 46.17921° N
Lon: 93.80546° W
Grass Island
)
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2000 ft >
et Map data @2013 Google

Figure 1-1. Mille Lacs MET tower location (map view)

Source: http.//www.Googlemaps.com
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Figure 1-2 shows the heavily forested terrain, broken up by occasional open fields, that
surrounds the monitoring site.

Mille Lacs MET Tower
Elevation: 399 m
Lat: 46.17921° N

on: 93.80546° W

el : Imagery @2013 TerraMetrics, Map data @2013 Google

Zoam U

Figure 1-2. Mille Lacs MET tower location (satellite view)

Source: http:.//www.Googlemaps.com

The complete dataset runs from May 5, 201 1-November 30, 2012. To reduce errors caused by
double counting the portions of the year where the data overlaps, a 1-year dataset running from
June 1, 2011-May 31, 2012, is used for reporting and referencing to longer-term datasets. This
portion of the dataset appeared to be the most complete and robust. Table 1-1 summarizes the
details of the monitoring station over this 1-year period. The data was processed using
Windographer' software (version 3).

! Mistaya Engineering, Incorporated. Accessed September 20, 2013: http://mistaya.net/index.htm.
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Table 1-1. MET Tower Dataset Summary at Mille Lacs, Minnesota

Variable Value
Latitude N 46.17921
Longitude W 93.80546
Elevation 399 m
Start date 6/1/2011
End date 5/31/2012
Duration 12 months
Length of time step 10 minutes
Calm threshold 1m/s
Mean temperature 8.1°C
Mean pressure 65.3 kPa
Mean air density 0.810 kg/m?3
Power density at 50m 81 W/m?
Power law exponent 0.354
Surface roughness 2.86m
Roughness class 4.79

1.2 Wind in Minnesota

There have been a significant number of wind farm installations in Minnesota during the past
20 years. With almost 3,000 MW installed (as of the end of 2012), Minnesota ranks seventh in
the United States for total installed wind capacity. As can be seen in Figure 1-3, there is a wind
resource throughout large regions of the state, particularly in the southwest part of the state.

Wind resources are very site specific. Different sites in close proximity to each other, but with
varying vegetation (e.g., tall trees versus grassland or cropland), topographical features (e.g.,
ridges versus valleys or canyons versus mountains), and surface roughness (e.g., city skyscrapers
versus flat or rolling farmland) may have entirely different wind regimes. One may prove to be
economical and one may not. Wind maps are useful for determining, from a high-level view, the
relative wind resource. Wind maps are not used to site large wind turbines/farms, as they do not
have the degree of accuracy necessary. They are used to determine where it is merited to further
investigate the wind with installation of an on-site wind monitoring station.
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Minnesota - Annual Average Wind Speed at 80 m
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Figure 1-3. 80-m wind map of Minnesota

Source: http:// www.windpoweringamerica.gov/wind resource maps.asp?stateab=mn
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2 Instrumentation and Equipment

The project instrumentation consisted of an NRG 60-m XHD NRG Tall Tower, six
anemometers, two wind vanes, temperature sensor, barometric pressure sensor, and a data
logger. Details of the sensor configuration are summarized in Table 2-1. At each height (60 m,
50 m, and 40 m), two anemometers were installed: one at 315°, the other at 225°. The
anemometers at 315° are labeled 60mA, 50mA, and 40mA, respectively. The anemometers at
225° are labeled 60mB, 50mB, and 40mB, respectively.

Table 2-1. Instrumentation Summary at Mille Lacs, Minnesota

< % Boom Deadband
£ 3 % Orientation Orientation
S 3 Sensor Type Measurement Slope Offset T [degrees] [degrees]
1 60mA |NRG #40 Calibrated Anemomter Wind Speed (m/s) 0.761 0.36 60 315
2 60mB |NRG #40 Calibrated Anemomter Wind Speed (m/s) 0.760 0.38 60 225
3 50mA |NRG #40 Calibrated Anemomter Wind Speed (m/s) 0.757 0.45 50 315
13 | 50mB |NRG #40 Calibrated Anemomter Wind Speed (m/s) 0.761 0.38 50 225
14 | 40mA |NRG #40 Calibrated Anemomter Wind Speed (m/s) 0.762 0.37 40 315
15 | 40mB |NRG #40 Calibrated Anemomter Wind Speed (m/s) 0.760 0.39 40 225
7 NRG #200 Wind Direction Vane Wind Dirctn (deg) 0.351 0 58 0 0
8 NRG #200 Wind Direction Vane Wind Dirctn (deg) 0.351 0 38 0 0
9 NRG #110S Temperature Sensor Temp (deg C) 0.136 -86.381 2 N/A
10 NRG BP-20 Barometric Pressure Pressure (mbar) 0.4255 652.86 2 270

Sensor
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3 Data Recovery and Validation

The data logger sampled the sensors every 2 seconds and recorded the 10-minute average value
for each sensor. Andy Boyd with the Mille Lacs Department of Natural Resources visited the
MET tower periodically to collect the wind data and inspect the tower. He downloaded the data
and emailed it to NREL for analysis. Flagging rules were applied to the data to detect and flag
suspected anemometer and direction vane icing. The flagging rules are summarized in Table 3-1.
The flagged data was excluded from the analysis.

Table 3-1. Mille Lacs Data Flagging Rules

Sensor Rules

Speed Period longer than 2 hours where

e Speed is less than 0.6 m/s (minimum speed sensor reading) AND
e Standard deviation of the speed is equal to zero AND

e Temperature is less than 5°C

Direction Period longer than 2 hours where
e Standard deviation of the direction is equal to zero AND
e Temperature is less than 5°C

Table 3-2 shows the recovery rates for the entire dataset, May 5, 201 1-November 30, 2012.
Valid records consist of unflagged, collected data. Flagged data points are any points with which
there is a problem or suspected problem, such as speed sensor freezing. The recovery rate for the
60mB speed sensor is low because that sensor stopped working on June 19, 2012. The remaining
channels all have high recovery rates of more than 99%, except for the speed sensors, which
have recovery rates of more than 98%. The recovery rate is the proportion of total data for a
given sensor that is unflagged (i.e., “good”).
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Table 3-2. Mille Lacs Data Column Summary May 5, 2011-November 30, 2012 (Entire Dataset)

Possible  Valid Recovery

Label Units Height Records Records Rate (%) Mean Min Max Std. Dev
Speed 60 m A m/s 60m 82,762 82,247 99.38 4.905 0.4 17.4 2.187
Speed 60 m A SD m/s 60m 82,762 82,247 99.38 0.927 0 6.9 0.498
Speed 60mA Max m/s 60m 82,762 82,247 99.38 7.257 0.4 26.6 3.099
Speed60m A Min  m/s 60m 82,762 82,247 99.38 2.543 0.4 11.4 1.684
Speed 60 m B m/s 60m 82,762 58,800 71.05 5.386 0.5 17.1 2.23
Speed 60 m B SD m/s 60m 82,762 58,800 71.05 0.839 0 5.1 0.493
Speed 60mBMax m/s 60m 82,762 58,800 71.05 7.614 0.5 26.2 3.264
Speed 60mBMin  m/s 60m 82,762 58,800 71.05 3.196 0.5 11.1 1.541
Speed 50 m A m/s 50m 82,762 82,372 99.53 4.459 0.4 16.5 2.126
Speed 50m A SD m/s 50m 82,762 82,372 99.53 0.942 0 6.3 0.489
Speed 50mA Max m/s 50 m 82,762 82,372 99.53 6.938 0.4 26.6 3.038
Speed 50mA Min  m/s 50m 82,762 82,372 99.53 2.218 0.4 10.3 1.58
Direction 58 m ° 58 m 82,762 81,886 98.94 233 0 359 99.4
Direction58 mSD  ° 58 m 82,762 81,886 98.94 10.3 0 127 7.2
Direction 58 m Max ° 58 m 82,762 81,886 98.94 0 0 0 0
Direction 58 m Min  ° 58 m 82,762 81,886 98.94 0 0 0 0
Direction 38 m ° 38m 82,762 81,818 98.86 226.3 0 359 97.5
Direction38mSD ° 38m 82,762 81,818 98.86 10.9 0 122 7.4
Direction 38 m Max ° 38m 82,762 81,818 98.86 0 0 0 0
Direction 38 m Min  ° 38m 82,762 81,818 98.86 0 0 0 0
Temperature °C 2m 82,762 82,756 99.99 10.1 -28.9 35.8 10.9
Temperature SD °C 2m 82,762 82,756 99.99 0.1 0 1.6 0.1
Temperature Max  °C 2m 82,762 82,756 99.99 10.4 -28.9 35.9 11
Temperature Min ~ °C 2m 82,762 82,756 99.99 10 -28.9 35.9 10.9
Pressure mbar 2m 82,762 82,756 99.99 652.9 652.9 653.2 0
Pressure SD mbar 2m 82,762 82,756 99.99 0 0 2.7 0
Pressure Max mbar 2m 82,762 82,756 99.99 652.9 652.9 673.7 0.1
Pressure Min mbar 2m 82,762 82,756 99.99 652.9 652.9 652.9 0
Speed 50 m B m/s 50m 82,762 82,483 99.66 4.474 0.4 16 2.113
Speed 50 m B SD m/s 50m 82,762 82,483 99.66 0.935 0 6.4 0.492
Speed50m B Max m/s 50m 82,762 82,483 99.66 6.932 0.4 26.3 3.04
Speed 50mBMin  m/s 50m 82,762 82,483 99.66 2.248 04 9.9 1.564
Speed 40 m A m/s 40.5m 82,762 82,419 99.59 4.004 0.4 15.3 2.035
Speed 40m A SD m/s 40.5m 82,762 82,419 99.59 0.923 0 5.8 0.482
Speed40mA Max m/s 40.5m 82,762 82,419 99.59 6.539 0.4 27 3.003
Speed40mA Min  m/s 40.5m 82,762 82,419 99.59 1.899 0.4 10 1.363
Speed 40 m B m/s 40.5m 82,762 82,555 99.75 4.079 0.4 15 2.013
Speed 40 m B SD m/s 40.5m 82,762 82,555 99.75 0.919 0 6 0.478
Speed40mBMax m/s 40.5m 82,762 82,555 99.75 6.59 0.4 26.6 2.974
Speed40mBMin  m/s 40.5m 82,762 82,555 99.75 1.975 0.4 9.5 1.382
Air Density kg/m3 82,762 82,762 100 0.804 0.736 1.179 0.032
Speed 60mATI 82,762 82,247 99.38 0.22 0 1.85 0.15
Speed 60m BTI 82,762 58,800 71.05 0.18 0 1.25 0.1
Speed 50m ATI 82,762 82,372 99.53 0.24 0 1.75 0.16
Speed 50m B TI 82,762 82,483 99.66 0.24 0 1.82 0.16
Speed40mATI 82,762 82,419 99.59 0.27 0 1.79 0.17
Speed 40m B TI 82,762 82,555 99.75 0.26 0 1.7 0.16
Speed 60mAWPD W/m? 82,762 82,247 99.38 77 0 2091 102
Speed 60 M BWPD W/m? 82,762 58,800 71.05 96 0 1984 116
Speed 50m AWPD W/m? 82,762 82,372 99.53 62 0 1783 89
Speed 50mBWPD W/m? 82,762 82,483 99.66 62 0 1626 89
Speed 40mAWPD W/m? 82,762 82,419 99.59 48 0 1413 75
Speed 40m BWPD W/m? 82,762 82,555 99.75 49 0 1413 75
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At each height, the readings from both anemometers were merged to create a consolidated 1-year
dataset for use in the analysis. The consolidated dataset includes data for the period June 1,
2011-May 31, 2012. Generally, the readings from the “A” anemometers are used in the
consolidated dataset. To minimize tower shadow effects, readings from the “B” anemometers
were used when the wind direction (as measured by the closet wind vane) was in the range of
105°-165°.

The tower can influence the wind speed that is measured by the anemometers. This effect is
known as tower shading. The effect can most easily be seen mathematically or graphically by
comparing the wind speed ratios of the redundant anemometers.

The wind speeds for two anemometers at the same height are expected to be the same or very
close to the same. The ratio of the wind speeds of these two anemometers should typically be 1
or very close to 1. Predictable impacts of the tower can be seen when the wind must go around
the tower (i.e., “in the tower shadow”) to reach one of the anemometers. The sensor in the
shadow of the tower sees turbulent wind often at reduced wind speeds compared to the other
anemometer at the same height. Though the absolute difference in wind speeds may be small, the
ratio can be an identifiable marker for the impact of the tower. It can be seen graphically in
Figure 3-1. The wind speed data from the anemometer not in the tower shadow is used when the
wind is coming from directions that will cause tower shading. In this case, data from
anemometer B was used when the wind direction was from 105°-165°.

Median Ratio of Wind Speed Sensors
345° 0" 15

CH1Avg to CH2Avg
=== CH3Avg to CH13Avg
=== CH14Avg to CH15Av g

3009

2859

270°

255°

240°

Figure 3-1. Tower shadow impact on wind speed ratios

Table 3-3 shows the recovery rates for the consolidated dataset used in the analysis, June 1,
2011-May 31, 2012.
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Table 3-3. Mille Lacs Data Column Summary June 1, 2011-May 31, 2012 (Consolidated Dataset)

Possible Valid Recovery

Label Units Height Records Records Rate (%) Mean Min Max Std. Dev
Speed 60 m m/s 60 m 52,704 52,191 99.03 5.381 0.4 17.4 2.22
Speed 60 m SD m/s 60 m 52,704 52,191 99.03 0.887 0 5.1 0.496
Speed 60 m Max m/s 60 m 52,704 52,191 99.03 7.609 0.4 22.8 3.264
Speed 60 m Min m/s 60 m 52,704 52,191 99.03 3.185 0.4 11.4 1.532
Speed 50 m m/s 50 m 52,704 52,369 99.36 5.086 0.4 16.5 2.094
Speed 50 m SD m/s 50 m 52,704 52,369 99.36 0.886 0 49 0.49
Speed 50 m Max m/s 50 m 52,704 52,369 99.36 7.334 0.4 23.2 3.188
Speed 50 m Min m/s 50 m 52,704 52,369 99.36 2.907 0.4 10.3 1.379
Direction 58 m ° 58 m 52,704 51,861 98.4 236.6 0 359 98.5
Direction58mSD  ° 58 m 52,704 51,861 98.4 10.2 0 112 6.8
Direction 58 m Max ° 58 m 52,704 51,861 98.4 0 0 0 0
Direction 58 m Min  ° 58 m 52,704 51,861 98.4 0 0 0 0
Direction 38 m ° 38 m 52,704 51,804 98.29 228.3 0 359 96.2
Direction38mSD ° 38 m 52,704 51,804 98.29 10.8 0 122 6.9
Direction 38 m Max ° 38 m 52,704 51,804 98.29 0 0 0 0
Direction 38 m Min  ° 38m 52,704 51,804 98.29 0 0 0 0
Temperature °C 2m 52,704 52,698 99.99 8.1 -28.9 35.8 11.3
Temperature SD °C 2m 52,704 52,698 99.99 0.1 0 1.4 0.1
Temperature Max  °C 2m 52,704 52,698 99.99 8.3 -28.9 35.9 11.3
Temperature Min  °C 2m 52,704 52,698 99.99 7.9 -28.9 35.9 11.3
Pressure mbar 2m 52,704 52,698 99.99 652.9 652.9 653.2 0
Pressure SD mbar 2m 52,704 52,698 99.99 0 0 2.7 0
Pressure Max mbar 2m 52,704 52,698 99.99 652.9 652.9 673.7 0.1
Pressure Min mbar 2m 52,704 52,698 99.99 652.9 652.9 652.9 0
Speed 40 m m/s 40m 52,704 52,411 99.44 4.651 0.4 15.1 1.989
Speed 40 m SD m/s 40m 52,704 52,411 99.44 0.892 0 4.5 0.491
Speed 40 m Max m/s 40m 52,704 52,411 99.44 6.954 0.4 23.6 3.136
Speed 40 m Min m/s 40m 52,704 52,411 99.44 2.502 0.4 9.5 1.219
Air Density kg/m3 52,704 52,704 100 0.81 0.736 1.179 0.033
Speed 60 m TI 52,704 52,191 99.03 0.18 0 1.25 0.1
Speed 50 m TI 52,704 52,369 99.36 0.18 0 1.25 0.09
Speed40m Tl 52,704 52,411 99.44 0.2 0 1.14 0.1
Speed 60 m WPD W/m? 52,704 52,191 99.03 96 0 2091 114
Speed 50 m WPD W/m? 52,704 52,369 99.36 82 0 1783 99
Speed 40 m WPD W/m? 52,704 52,411 99.44 64 0 1,366 83
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4 Wind Resource Summary

This section examines in detail the characteristics of the wind resource based on the on-site
data collected.

4.1 Measuring Power in the Wind

Wind speeds vary by season, time of day, and according to weather events. Uneven heating of
the earth’s surface creates wind energy. Variation in heating and factors, such as surface
orientation or slope (azimuth), absorptivity (albedo), and atmospheric transmissivity, also affect
the wind resource. In addition, the wind resource can be accelerated, decelerated, or made
turbulent by factors such as terrain, bodies of water, buildings, and vegetative cover.

The wind speed and air density determine the amount of power the wind contains. The power
available is given by:

Equation 4-1. Power in the Wind
P=Y*A*p* )
where

P =power of the wind [W]

A = windswept area of the rotor (blades) [m’] = tD*/4 = nr?
p = density of the air [kg/m3] (at sea level at 15°C)

V' = velocity of the wind [m/s]

As shown, wind power is proportional to velocity cubed (°). This is important to understand
because if wind velocity is doubled, the available power is increased by a factor of eight (2° = 8).
Consequently, what may appear to be a small increase in average speed yields a significant
increase in available energy. Typically, wind developers looking to capture energy from higher
velocity winds select taller wind turbine towers. Accordingly, the wind industry has been
steadily moving toward taller towers, with the industry norm increasing from 30 m to 80+ m
over the last 15-20 years for utility-scale turbines.

4.2 Wind Speed Data

Wind speed data was collected at 60 m, 50 m, and 40 m with a redundant wind speed sensor at
each level. The wind speed data from the “A” anemometers was used, except when the winds
came from the direction sector 105°-165°, in which case the “B” anemometers were used. These
consolidated wind speeds are used in data displays and calculations through the rest of this
report, unless otherwise noted.

The wind varies widely throughout the day and night and by season as illustrated by the

3 months of collected data at 60 m in Figure 4-1. As shown, there are 10-minute periods that
have wind speeds less than 3 m/s. Likewise, there are periods that have wind speeds in excess of
10 m/s. This sort of variability is typical, but further statistical analysis will illuminate important
trends and patterns.
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20 Time Series Data for 60m
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Figure 4-1. Wind data at 60 m at Mille Lacs for January 2012—March 2012

A box plot indicating the monthly maximum wind speed, the average daily high, the monthly
mean, the average daily low, and monthly minimum wind speed of the collected 60-m data is

shown in Figure 4-2.

Monthly Statistics for Speed 60 m

2

Figure 4-2. Boxplot of the wind speed data at 60 m at Mille Lacs June 1, 2011-May 31, 2012

Figure 4-3 shows the wind speeds at each anemometer height as they are plotted against time to
depict the seasonal trends. Wind speeds typically increase with increased height above the
ground. The collected data follows that pattern. The fall through spring months (October—June)
are the windiest, and summer months (July—September) are the least windy.
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6 Monthly Wind Speed Profile
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Figure 4-3. Seasonal wind speed profile at Mille Lacs June 1, 2011-May 31, 2012

Figure 4-4 shows the annual average diurnal (daily) profile for the site. The diurnal profile for
this site is fairly flat for winds 40—60 m above ground level (AGL), with the wind speeds
typically highest at night and in the afternoon. The wind speeds dip in the late morning and early
evening. At low heights, the wind speeds typically peak just after mid-day, while higher up, the
wind speeds peak at night. The figure captures this transition, with the 40-m winds peaking in the
afternoon, while the 60-m winds peak at night.

5 Mean Diurnal Profile
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Figure 4-4. Diurnal wind speed profile at Mille Lacs June 1, 2011-May 31, 2012

Figure 4-5 depicts the diurnal (daily) wind pattern by month, revealing a great deal of month-to-
month variation. The profile tends to be a bit flatter in the winter months. March shows high
wind speeds at night and low wind speeds during the day. The late summer and early fall months
(August—October) have a “double dip” profile with the winds dipping in the morning

and evening.
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Figure 4-5. Diurnal wind speed profile by month at Mille Lacs June 1, 2011-May 31, 2012

4.3 Wind Direction Data

The wind frequency rose on the left in Figure 4-6 shows the frequency at which the wind comes
from each direction for the 58-m direction vane. As can be seen, the winds most frequently come
from the south with a secondary peak from the northwest.

The total wind energy rose on the right in Figure 4-6 indicates that most of the wind energy
during the course of the year comes from the south, with a secondary peak from the northwest. In
siting a wind turbine at this location, attention should be paid to ensuring a clear fetch to the
south and northwest of the wind turbine to the greatest degree possible as these winds will
produce the bulk of the turbine annual energy production. Surface obstructions (trees or
buildings) to the south or northwest should be avoided as they will increase the turbulence
intensity (TI) the wind turbine will experience.

This report is available at no cost from the
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Figure 4-6. Wind frequency and wind speed rose at Mille Lacs June 1, 2011-May 31, 2012

Figure 4-7 shows how the total wind energy rose varies by month. In general the south winds are
the most energetic, but there is a great deal of month-to-month variation.
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Figure 4-7. Wind energy rose at 60-m by month at Mille Lacs June 1, 2011-May 31, 2012
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4.4 Wind Frequency (Probability) Distribution

Figure 4-8 illustrates the frequency (%) of time that the wind (at 60 m) is at a given wind speed.
This probability distribution is typically described using a Weibull distribution. There are two
commonly used factors to describe the characteristics of this distribution function, the Weibull k
and Weibull ¢ factors. The Weibull k value is a unit-less measure indicating how
narrowly/widely the wind speeds are distributed about the mean with values ranging from
1.0-3.5. The Weibull c is the scale factor for the distribution related to the annual mean

wind speed.

The best fit Weibull distribution parameters for the measured data at 60 m are k = 2.57 and
¢ = 6.04. The distribution in Figure 4-8 shows that the most frequent winds are between 4 m/s
and 7 m/s, as measured by the speed sensor at 60 m.

Probability Distribution Function

Frequency (%)

5 10 15 20
Speed 60 m (m/s)
== Actual data === Best-fit Weibull distribution (k=2.57, c=6.04 m/s)

Figure 4-8. Wind speed distribution at 60 m at Mille Lacs June 1, 2011-May 31, 2012

Figure 4-9 illustrates how the wind speed distribution varies throughout the year. To make the
graph easier to read, representative distributions are shown only for selected months. As can be
seen, the profiles for July, August, and September are shifted to the left indicating lower average
wind speeds in those months. Likewise, the windier winter through spring months show a similar
shift to the right.

This report is available at no cost from the
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Figure 4-9. Monthly wind speed distributions at 50 m at Mille Lacs June 1, 2011-May 31, 2012

4.5 Vertical Wind Shear

Vertical wind shear is defined as the change in wind speed with the change in height. Typically,
wind speed increases as the height above the ground increases. This variation of wind speed with
elevation is called the vertical profile of the wind speed or vertical wind shear. In wind turbine
engineering, the determination of vertical wind shear is an important design parameter because:
(1) it directly determines the productivity of a wind turbine on a tower of certain height, and (2)
it can strongly influence the lifetime of major components, such as the blades and gearbox.

One of two mathematical relations is typically used to characterize the measured wind shear:

e Power law profile, aka power law
e Logarithmic profile, aka log law.

The power law equation is shown in Equation 4-2. Depending on what data is known and what is
sought, the equation can be manipulated to solve for any of the variables.

Equation 4-2. Power Law Equation

Z a
V= Vy|l—
ref
[Zref ]
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where



V' =wind speed at height of interest (e.g., hub height)
Vier = wind speed measured at height Z,.¢

Z = height of interest (e.g., hub height)

Z.or = height of measured data

o = wind shear exponent

The wind shear exponent, a., is often referred to as the vertical wind shear factor. It defines how
the wind speed changes with height. When the actual wind shear value is not known, a typical
value used to estimate the wind shear exponent is 0.14 (i.e., /7" power law). When wind speed
readings are available at multiple heights, the wind shear factor can be calculated using the
power law equation. This was done with the collected data at Mille Lacs. Table 4-1 and

Table 4-2 list the calculated wind shear values between the various anemometer heights.

The vertical wind shear factors from several heights with known wind speeds are used to
estimate both the vertical wind shear factor and wind speed at other heights of interest above the
measured data (e.g., turbine hub height). Depending on the type of terrain and surface roughness
features, the wind shear factor typically varies from 0 to 0.4.

The log law uses a parameter known as the surface roughness length (measured in meters) in
predicting the wind shear profile. Smooth surfaces, such as calm, open sea, have very low wind
shear values (e.g., 0.0002 m), while crops are a little higher at 0.05 m of surface roughness
length. Areas with few trees have surface roughness of about 0.1 m, while cities with tall
buildings would be about 3.0 m.

The surface roughness parameter is “solved for” from the existing wind speed data at various
heights. The resultant surface roughness characterization may not always match the actual
surface conditions, but it serves as a descriptor of the vertical wind shear profile. The resultant
surface roughness lengths have been calculated for Mille Lacs and are shown in Table 4-1,
Figure 4-9, and Table 4-2. The surface roughness and shear factor were calculated using the
40-50-m and 50-60-m data.

Table 4-1. Power Law Exponent and Surface Roughness Length at Mille Lacs June 1, 2011-

May 31, 2012
Wind Speed Time Mean Wind Power Law Surface
Sensor Height Steps Speed Exponent Roughness
[m] [#] [m/s] [-] [m]
Speed 60 m 60 52,180 5.38 0.296 1.870
Speed 50 m 50 52,180 5.10 0.398 3.62
Speed 40 m 40 52,180 4.67

In Figure 4-10, the wind speeds from each pair of anemometers at 40 m, 50 m, and 60 m have
been consolidated for both the power law and log law calculations. As shown, both the power
law and log law approach yield comparable results at the heights of measured data. However, for
extrapolating upwards to 80 m or 100 m, the log law yields slightly more conservative values
than the power law for the increased wind speed at higher elevations. Because the data shows the

This report is available at no cost from the
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shear declining going from 40-m to 60-m AGL, the more conservative log law is more
appropriate for extrapolating upwards from 60-m AGL.
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Figure 4-10. Power law and logarithmic law at Mille Lacs, June 1, 2011-May 31, 2012

Table 4-2 shows the mean wind speeds at each height, power law exponent, and surface
roughness calculation for each direction sector taken from the wind vane at 58 m. These surface
roughness factors, in combination with subsequent factors, will be used later in the report to
calculate the adjustment to the 40- and 50-m wind speeds to normalize the Mille Lacs data to the
long-term data from the Modern Era Retrospective-Analysis for Research and Applications
(MERRA) dataset.

This report is available at no cost from the
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Table 4-2. Power Law Exponent and Surface Roughness Length by Direction at Mille Lacs,
June 1, 2011-May 31, 2012

Direction Sector  Time Steps Mean Wind Speed (m/s) Best-Fit
Power Law Surface
@60m @50m @40m Exp Roughness

[deg] [#] [m/s] [m/s] [m/s] [m]
348.75° - 11.25° 3,193 5.23 5.00 4.60 0.321 2.141
11.25° - 33.75° 2,120 4.80 4.64 4.28 0.288 1.478
33.75° - 56.25° 1,976 4.27 4.14 3.84 0.262 1.048
56.25° - 78.75° 2,246 4.62 4.46 4.07 0.317 2.037
78.75° - 101.25° 2,653 4,74 4.59 4.17 0.323 2.148
101.25° - 123.75° 2,260 4.79 4.59 4.16 0.352 2.784
123.75° - 146.25° 1,857 5.11 4.84 4.46 0.338 2.503
146.25° - 168.75° 3,306 5.71 5.35 4.96 0.347 2.737
168.75° - 191.25° 5,511 6.20 5.87 5.38 0.355 2.877
191.25° - 213.75° 4,700 5.90 5.56 5.04 0.391 3.736
213.75° - 236.25° 3,787 5.63 5.26 4.78 0.402 4.034
236.25° - 258.75° 3,021 5.24 4.88 4.46 0.395 3.863
258.75° - 281.25° 3,347 5.13 4.82 4.44 0.354 2.878
281.25° - 303.75° 4,158 5.61 5.29 4.84 0.365 3.124
303.75° - 326.25° 3,900 5.51 5.20 4,74 0.370 3.243
326.25° - 348.75° 3,748 5.47 5.18 4.72 0.367 3.163

The average daily wind shear profile for each month of the year can be seen in Figure 4-11. This
is a reasonably typical set of diurnal shear profiles. The shear is higher at night because in the
absence of the sun’s heat, the air at different heights becomes more stratified. The air at a given
height is less affected by the air at different heights. During the day the air closest to the ground
tends to be heated the most and thus rises leading to air mixing and lower shear. Note that the
summer months (July—September) tend to have higher shear, especially at night. The shear is
lower during the winter months.

This report is available at no cost from the
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Figure 4-11. Daily wind shear profile by month at Mille Lacs, June 1, 2011-May 31, 2012

Table 4-3 shows the mean wind speeds at each height. Power law exponent and surface
roughness calculation are shown for each month with the 58-m wind vane as the reference.

Table 4-3. Power Law Exponent and Surface Roughness Length by Month at Mille Lacs,
June 1, 2011-May 31, 2012

Month  Time Steps Mean Wind Speed Best-Fit
Power Law Surface
@60m @50m @40m Exp Roughness
[#] [m/s] [m/s] [m/s] [m]

Jan 4,464 5.65 5.32 4.97 0.317 2.076
Feb 3,809 5.31 5.06 4.68 0.312 1.963
Mar 4,464 5.70 5.41 4.99 0.331 2.357
Apr 4,306 5.70 5.45 5.08 0.285 1.441
May 4,464 5.52 5.25 4.82 0.336 2.454
Jun 4,320 5.62 5.34 4.88 0.351 2.782
Jul 4,464 4.61 4.41 3.92 0.406 4.047
Aug 4,458 4.75 4.48 3.93 0.470 5.694
Sep 4,320 5.06 4.78 4.26 0.425 4.564
Oct 4,464 5.63 5.33 4.82 0.388 3.643
Nov 4,307 5.59 5.34 4.89 0.332 2.371
Dec 4,340 5.44 5.05 4.77 0.326 2.309
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4.6 Turbulence Intensity

Turbulence intensity, (TI) is defined as the standard deviation of the wind speed within a time
step divided by the mean wind speed over that time step. It is a measure of the gustiness of the
wind. High turbulence can lead to increased turbine wear and potentially increased operations
and maintenance (O&M) costs. At lower wind speeds, the calculated TI is often higher as can be
seen in Figure 4-12. At low wind speeds, the turbulence is of little consequence to the wind
turbine itself. Turbulence at higher winds speeds is of greater interest and concern to wind
turbine manufacturers.

Turbulence analysis determines the suitable types of turbine designs for a given wind energy
project. Because wind turbines must withstand a variety of wind conditions, design standards
have been developed by the International Electrotechnical Commission (IEC). The IEC 61400-
1:2005 has two components—one for wind speed and one for turbulence—and can be seen in
Table 4-4.” The standard designates four different classes of wind turbines—I through IV—
which are designed for varying degrees of wind resource, with Class I turbines designed for a
very high mean wind speed and Class IV designed for a relatively low mean wind speed. Also
shown are corresponding classifications for extreme wind events (i.e., 50-year gust), which is of
particular importance due to the periodic occurrence of high wind speeds events.

The standard also designates a wind turbulence classification—A through C—that describes the
amount of turbulence a turbine must be designed to withstand, with A being the highest
turbulence and C being the lowest. In recent years, wind turbine manufacturers have introduced
turbine designs for sites with lower wind speeds and low turbulence known as low wind speed
turbines. These turbines have larger rotors, for a given generator size, and are thus capable of
producing significantly more annual energy at a low wind speed site than the Class I or II or
Class A or B turbines of similar generator size.

Several different metrics are used to characterize TI. The representative TI, for a set of
10-minute time steps, is equal to the 90" percentile of the TI values. Assuming a normal
distribution of these values, it represents the mean value plus 1.28 standard deviations. The mean
TI is the mean value of all of the TI data at a particular wind speed.

? International Electrotechnical Commission (IEC). “International Standard IEC 61400-1 Third Edition.” Geneva,
Switzerland: IEC, 2005.
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Table 4-4. IEC Wind Turbine Classes, Ratings, and Characteristics of Turbulence Intensity3

Wind Turbine Generator Class IEC | IEC Il IEC Il IEC IV
High Medium Low Low
Wind Wind Wind Wind

V. - average wind speed at hub-height (m/s) 10 8.5 7.5 6

Vs - extreme 50-year gust (m/s) 70 59.5 52.5 42

Mean turbulence intensity at 15 m/s - turbulence Class A 14%—-16%

Mean turbulence intensity at 15 m/s - turbulence Class B 12%-14%

Mean turbulence intensity at 15 m/s - turbulence Class C 0%—12%

Figure 4-12 shows the representative and mean TI as a function of wind speed at 60 m at

Mille Lacs.
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Figure 4-12. Turbulence intensity at 60 m at Mille Lacs, June 1, 2011-May 31, 2012

Figure 4-13 shows the IEC turbulence ratings relative to the representative T1. A point of
primary interest is the mean TT at 15 m/s, which is 0.15 (15.0%). This indicates relatively high
turbulence that may preclude the use of low wind speed turbines that would maximize energy
production at this site. The potential wind loading due to extreme winds must be addressed
during the turbine selection process.

31EC/TCS8, 61400-1 ed. 3, Wind turbines - Part 1: Design Requirements, International Electrotechnical
Commission (IEC), 2005.
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