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Background:
The State of Wind Power

= U.S. grid-connected wind power capacity has
increased tenfold since the 1980s (Wiser and
Bolinger 2008)

= |ncreases due in part to wind power production
« within complex terrain (Gazzilli et al. 2001)

)g = Before wind power can be integrated into the
power network, accurate estimates of its potential
contribution are necessary to ensure efficient
utilization (Brown et al. 1984)

= Accurate atmospheric modeling within complex
terrain is essential for forecasting wind power
production but still remains a challenge.



Background:

California Coast Ranges

= (California Coast Ranges
— Up to 1.3 km in elevation above mean sea level
— Parallel to California coastline

— Topographic barrier separating the Pacific Ocean from
California’s Central Valley

ey " Late-spring through mid-fall (LSMF) synoptic
— conditions ideal for wind power production

— Eastern Pacific surface high pressure vs. Central
Valley / Great Basin thermal low pressure

— Pressure gradient results in onshore flow of stable
marine air

— Sea breeze and mountain circulations couple to
enhance near-surface wind speeds

(Fosberg and Schroeder 1966; Burk and Thompson 1996;
Zaremba and Carroll 1999; Archer and Jacobson 2005)



Background: Mountain

Atmospheric Circulations

= Coast Range LSMF synoptic drivers that lead
to increased wind speeds at mountain ridge
crest and lee side slopes:
— Vertical compression of atmosphere (Barry 1992)

— Gap flow acceleration (Doran and Zhong 2000;
Jaramillo and Borja 2004; Sharp and Mass 2004)

— Gravity wave formation (Doyle and Smith 2003; Zangl
2003)

— The combination of all three leads to the highest
sustained wind speeds (Zangl 2003; Gabersek and
Durran 2004; Gabersek and Durran 2006)

The whole is greater than the sum of its parts
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Wind Power Forecast Modeling:
Calculating Wind Power

Wind Power (Watts)

]
P =—pAU’
zp

P = Air Density (kg m-3)
A = Rotor Area (m?)
' U = Rotor Area Mean Wind Speed (m s")

Wind Turbine
Rotor Area

How is the rotor area mean wind speed
determined?



Calculating Wind Power:
Determining U

= Horizontal Turbulence Intensity (unitless)

of

[, =——
U
U(z)
= True Flux Wind Speed (m s)

U, =i/U(z)’ (1+31,%)
= Equivalent Wind Speed (m s)

H+r

2
U — |U,(r*-H* +2H Vza
= f (r’ z-7°)"%dz

equiv
H-r

(Wagner et al. 2009; Wharton and Lundquist 2010)



Wind Power Forecast Modeling:

Calculating Wind Power

= Wind turbines maximize power production at
their turbine power rating (Pr)

= Capacity Factor (CF) measures the ratio of
actual to optimal performance

P A(Ue mv)
CF =— = 2PAU,

PR PR

= Typically, modern wind turbines have an

annual CF of 35 to 48 percent (Wiser and
Bolinger 2009).
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The Weather Research and
Forecasting Model (WRF)

= Community supported mesoscale model developed by
NCAR/NCEP (Skamarock et al. 2010)

— Eulerian mass dynamics
— Full suite of physics

= All aspects of WRF are user specified
— Time step of prognostic equations
— Physics and Dynamics Parameterizations

= High temporal and spatial resolution modeling using
domain nesting

= Better suited for resolving the near surface atmospheric
conditions in complex terrain (Rife et al. 2004; Zagar et
al. 2006; Jimenez et al. 2010)



The Weather Research and
Forecasting Model (WRF)

Gridded Atmos. Initial and Boundary

Data: NAM, GFS, Conditions of Model
ECM Merged Atmos. Domains are

(Time Varying) and Terrestrial Formed

Data
Terrestrial Data:
Elevation, Land Run Prognostic
Cover / Land Use Equations
(Static)

WPP (NCL)

Graphics, point
interpolations, etc.
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Goals

During LSMF synoptic conditions:

1. Simulate the near-surface winds in
Coast Ranges

2. Simulate winds and wind power in
Altamont Pass

3. Assess the accuracy and potential of
WRF as a wind power forecasting tool



WRF Model Configuration:
Domains

Spatial configuration of domains for WRF simulation: three domains two-
way nested with 9, 3, and 1 km resolution.



WRF Model Configuration:

Domains

= Horizontal Resolution:
= California = 9 km
= Central California = 3 km
L = San Francisco Bay Area — 1 km

5 = Vertical Resolution:
=

= 52 terrain-following hydrostatic pressure
levels

= Top Level: 50 hPa
= 18 levels below 300 m AGL



WRF Model Configuration:

Case Model Runs
= Five 84-hour case model runs

Case Beginning Date Ending Date
1 0000 UTC July 6 2010 1200 UTC July 9 2010
2 0000 UTC July 18 2010 1200 UTC July 21 2010
3 0000 UTC July 24 2010 1200 UTC July 27 2010
4 0000 UTC July 29 2010 1200 UTC August 1 2010
5 0000 UTC August 4 2010 1200 UTC August 7 2010

* Near ideal LSMF synoptic conditions

= Initial and boundary conditions were
obtained from NAM 218




Observational Data and
Comparlson Sltes
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The comparison sites used for WRF evaluation are from the RAWS (triangles), METAR (circles), CARB (squares),

CWORP (stars), and LLNL (diamonds) observation networks. The six white blob Areas are comparison regions of the
Altamont Pass wind farm.




Modeled and Observed
Comparisons

= Wind Direction
= Horizontal Turbulence Intensity
= Daily Wind Power Production




Wind Speed Statistical

Comparisons
= Mean Absolute Error (MAE) Wind Speed Statistical Performance
1 MAE |RMSE| ACC
MAE = ;E‘F — A| Grade |(m s)|(m s) | (unitless)
= Root Mean Square Error Poor >30| >3.0 | <0.50
(RMSE)
|
RMSE = ;E(F - A) Acceptable| 30 | 30 | 0.50
= Anomaly Correlation (ACC) R I S
ol nEFA;EFEA 2
\/lnEF2 —(EF) ”nEAZ —(EA)] Excellent | 20 | 2.0 0.75
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Wind Speed Statistical
Comparisons

Model Evaluation

o Periods Time Period
= Statistical performance
was calculated for the Day 1 0 to 24
whole 84 hour model run Day 2 24 to 48
as well as individual 24
. Day 3 48 to 72
hour periods
Day 4 72 to 84
All Days 0 to 84

= Day 1 and Day 2 model accuracy is much

more critical in terms of energy plannin
(Bathurst et al. 2002; Kariniotakis et al.
2004), and their results are highlighted

g
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a. Coast Range Near-Surface
Winds: Wind Speed MAE

Case 2
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Wind speed MAE statistic plots for the five
LSMF case studies at the eleven near-surface
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a. Coast Range Near-Surface
Winds: Wind Speed RMSE

Case 1 Case 2
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a. Coast Range Near-Surface
Winds: Wind Speed ACC
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a. Coast Range Near-Surface
Winds: Additional Parameters

= |n addition to the wind field, several other near-
surface atmospheric parameters were tested
for these eleven sites

= Qver all five cases at all eleven sites:

Atmospheric MAE RMSE ACC
Davanmsnén~w

2 m Temperature 20K 25K 0.70

2 m Relative Humidity 10 % 12 % 0.60

Surface Pressure 2 hPa 2.5 hPa 0.65

= Qverall...Good to Excellent performance




a. Coast Range Near-Surface
Winds: Summary

= LNL and SCK
— Lowest MAEs and RMSEs and highest ACCs
— Good wind direction agreement
— Excellent model performance

= MTH and LVM

| L — Highest MAEs and RMSEs and lowest ACCs
. )( — Poor to acceptable wind direction agreement
— Poor to Acceptable model performance

= AAT and VAQ
— Average MAE and RMSE

— Average ACC for AAT and below average ACC for VAQ
— Good wind direction agreement
— Acceptable to Good model performance



Case 1

b. Altamont Pass Winds:
Wind Speed Statistics
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the six Altamont Pass observation areas.




b. Altamont Pass Winds:
Wind Direction

Area 1

T

*+ Case 1
A Case 2

+ Case 3
< Case 4
r0 Case 5

Modeled Wind Direction (degrees

180 270

Modeled versus observed wind direction for the five LSMF case studies at the six
Altamont Pass observation areas.



b. Altamont Pass Winds:
Horizontal Turbulence Intensity
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Modeled versus observed turbulence intensity for the five LSMF case studies at the six
Altamont Pass observation areas. Horizontal and vertical lines indicate stable (dotted),
neutral (solid), and convective (dash-dotted) atmospheric conditions.



b. Altamont Pass Winds:
Horizontal Turbulence Intensit
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b. Altamont Pass Winds:

Summary

= Areas 1 and 2

— Acceptable to Good MAE and RMSE performance
— Poor ACC performance
— Good wind direction and /,, agreement

= Area 4

— Good to Excellent wind speed statistical performance
— Good /, agreement

— Poor wind direction agreement

= Areas 3, 5,and 6

— Good to Excellent wind speed statistical performance
— Good wind direction and /,, agreement



c. Wind Power Modeling

= WRF-modeled winds and atmospheric stability

used to determine rotor area equivalent winds
(Ue)

= Wind power (P) and capacity factor (CF)
= Case 3: typical LSMF 24 hour period

} — Gravity wave conditions were seen, especially during
~ the evening and night hours

— WRF modeled and observed conditions were in good to
excellent agreements (MAE =2.4 ms’, RMSE =2.8 m
s-1, and ACC = 0.74)



c. Wind Power Modeling
July 24 1800 UTC (7/24 11 LT)

Equivalent Wind Speeds CF
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c. Wind Power Modeling
July 24 1800 UTC (7/24 11 LT)

Light Winds and low CF
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c. Wind Power Modeling
July 24 2100 UTC (7/24 14 LT)

Winds and CF reach minimum in early afternoon
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c. Wind Power Modeling
July 25 0000 UTC (7/24 17 LT)

Winds and CF increase by 2-5 m s and 0.2 t0 0.3
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c. Wind Power Modeling
July 25 0300 UTC (7/24 20 LT)

Wind increases an additional 4-6 m s-' and CF of >0.9
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c. Wind Power Modeling
July 25 0600 UTC (7/24 23 LT)

Further wind and CF increases... near peak values
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c. Wind Power Modeling
July 25 0900 UTC (7/25 02 LT)

Winds and CF decrease back down to 2000 LT levels
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c. Wind Power Modeling
July 25 1200 UTC (7/25 05 LT)

Winds and CF continue to decrease
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1. (b) Hub-height CF. CFs > 0.5 are



c. Wind Power Modeling
July 25 1500 UTC (7/25 08 LT)

Winds and CF continue to decrease
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c. Wind Power Modeling
July 25 1800 UTC (7/25 11 LT

Winds are once again light...low CF
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c. Wind Power Modeling:

Summary

= \WRF model results show Altamont Pass

—  With CF of 0.5 or greater for 16 hours of a LSMF day
— With near optimal CF for at least 6 hours during the late

afternoon into evening
= Wind directions through Altamont Pass remain
relatively constant
— NW to W upwind
— WSW through Pass
— W to NW downwind

= Matches findings of Zangl (2003) and
Gabersek and Durran (2004)



Wind Power Modeling:

Performance

= The hourly wind power,
was summed for 24
hour periods to
determine modeled
daily CF

-
o ;- ECompared to area

turbine observations
provided by an
Altamont Pass wind
power company




d. Wind Power Modeling

Performance
Comparing modeled to observed daily CF:

All Areas
Within Obs. [Within 10 of Obs Over- Under-
Time Period Range Area Avg. Predicted Predicted
Day 1 100% 66% 17% 17%
Day 2 90% 53% 30% 17%
Day 3 90% 36% 47% 17%
Excluding Areas 1 and 2
Time Within Obs. |Within 10 of Obs Over- Under-
Period Range Area Avg. Predicted Predicted
Day 1 100% 75% 25% 0%
Day 2 95% 55% 45% 0%
Day 3 90% 25% 75% 0%
Excluding Areas 1 and 3
Time Within Obs. | Within 10 of Obs Over- Under-
Period Range Area Avg. Predicted Predicted
Day 1 100% 90% 10% 0%
Day 2 95% 75% 25% 0%
Day 3 90% 50% 50% 0%

Improved Worsened




d. Wind Power Modeling

Performance

= Modeled daily CF was outside the range of
observed daily CF values in only 6 out of 90
Instances!

= = |nterpolation sites within each area may be
| ‘)( better at representing the high/low end of
- ‘ .
power production spectrum



Summary and Conclusions:
Goals Revisited

During LSMF synoptic conditions:

1. Simulate the near-surface winds in
Coast Ranges

2. Simulate winds and wind power in
Altamont Pass

3. Assess the accuracy and potential of
WRF as a wind power forecasting tool.



Summary and Conclusions:
Findings
_______ Simulation | WRF Model Performance _

Coast Range Near-Surface Winds Good
Altamont Pass Low-Level Winds Acceptable to Good
Altamont Pass Wind Power Good

- = While modeled hour-to-hour variance was not exact, WRF-
g modeled wind speeds were close to those observed.
- )£

= Combined with good agreement between modeled and observed
wind directions and atmospheric stability, modeled daily capacity
factors were within the range of observed daily capacity factors
in 93% percent of instances

= WRF can be used as a wind power forecasting
tool for Altamont Pass and possibly other coastal
complex terrain regions.



Summary and Conclusions

= Sources of Error
— Errors fed in by NAM 218 boundary conditions
— Internal model chaos
. — Interpolation sites

<~ K

= Future Work
— More case studies
— Adjust for model biases
— Gradient forecasting
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