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Renewable energy sources in demand globally

Global wind energy capacity
500,000 MW

Power generation mix
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bt
@]’j@ Wind turbines generate electricity - and wakes

Wind turbines generate electricity by
using the momentum in the wind to
turn their blades and spin a generator,
leaving a “wake” behind them

|

Wakes are characterized by:

Wind speed deficit &
increased turbulence downwind

N
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Wind turbines generate electricity by
using the momentum in the wind to
turn their blades and spin a generator,
leaving a “wake” behind them

Wakes are characterized by:

Wind speed deficit &
increased turbulence downwind

|Ol

2 m/s
Credit: Kenny Gruchala, NREL
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Wind turbines generate electricity by
using the momentum in the wind to
turn their blades and spin a generator,
leaving a “wake” behind them

Wakes are characterized by:
Wind speed deficit &

increased turbulence downwind
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Wakes impact their ambient environment

40

Hub-height wind speed deficits cause
loss in power and revenue for
downwind wind farms?-?
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INygaard, N. G. Wakes in very large wind farms and the effect of neighbouring wind farms. J. Phys. Conf. Ser. (2014).

2Lundquist, J. K. et al. Costs and consequences of wind turbine wake effects arising from uncoordinated wind energy development. Nat. Energy (2019).
3Siedersleben, S. K. et al. Micrometeorological impacts of offshore wind farms as seen in observations and simulations. Environ. Res. Lett. (2018).
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Wakes impact their ambient environment

Siedersleben et al. 2018

a) Obs.

Hub-height wind speed deficits cause
loss in power and revenue for
downwind wind farms?'2

A
Increased turbulence mixes warmer B
air from nighttime inversions to
surface3 ‘
km
F———
0 12 25

® wind farms

290.6 291.0 2914 291.8
potential temperature (K)

INygaard, N. G. Wakes in very large wind farms and the effect of neighbouring wind farms. J. Phys. Conf. Ser. (2014).
2Lundquist, J. K. et al. Costs and consequences of wind turbine wake effects arising from uncoordinated wind energy development. Nat. Energy (2019).
3Siedersleben, S. K. et al. Micrometeorological impacts of offshore wind farms as seen in observations and simulations. Environ. Res. Lett. (2018).
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The wind data shown are wind speeds #
BO-m hub height dertved from modeled
resource estimates developed by AWS

tion,

<30 >
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U.S. Wind Turbine Database

Database Release: October, 2018

Data Source:

Map Interface:

The provides onshore & offshore wind

turbine locations in the United States, corresponding

facility information, and turbine technical

specifications.

The USWTDB contains turbines with
a total rated capacity of 90,500 MW
(zoom in to an area to calculate regional statistics)
When zoomed out, display turbine data as:
Density Heatmap (@ ) Point Locations

Relative density of turbines
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https://eerscmap.usgs.gov/uswtdb/viewer/
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U.S. Wind Turbine Database

Database Release: October, 2018
DETERLIT{AH . H
Map Interface:

The provides onshore & offshore wind
; Legend turbine locations in the United States, corresponding
O G 5 0 WS G, % Cultivated Cropland facility information, and turbine technical

0
Kilometers g County boundaries i o
Albers Equal Area Projection g ¢ 1 [] State boundaries specifications. Sa qto
; Domingo

Major Rivers The USWTDB contains turbines with
Map ID: m14186_RAD
Data Source:

Water Bodi o
SeLSoCs a total rated capacity of 90,500 MW
Cropland Data Layer (CDL) 2014, National Agricultural Statistics Service (NASS)

(zoom in to an area to calculate regional statistics)

When zoomed out, display turbine data as:

Cultivated cropland is based on the 2014 NASS . .
Density Heatmap (@ ) Point Locations Caracas

Map Source: Cultivated Layer and categories 37 - Other Hay/Non Alfalfa,
U.S. Department of Agriculture, ( 59 - Sod/Grass Seed, and 60 - Switchgrass from the 2014

Natural Resources Conservation Service (NRCS)
Soil Science and Resource Assessment (SSRA)
Resource Assessment Division (RAD) Beltsville, MD June, 2017

NASS Cropland Data Layer. It also includes areas where CRP
lands intersect with 2011 NLCD categories 81 - Hay/Pasture
and 82 - Cultivated Crops.

Chances for wind farm wakes to impact cropland
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Objectives

Encourage deployment of
sustainable energy
sources and integration
into society

Simulate the impacts of
wind farm wakes as
accurately as possible

Hypothesis: choices in WRF WFP settings impact the surface
temperature and wind speed deficits of wind farm wakes
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Wake effects can be simulated with WRF WFP

)

200 [m]

Weather Research and Forecasting (WRF)
Wind Farm Parameterization (WFP)?!

WFP imposes a momentum sink on the mean flow at

. realistic heights within rotor-swept area
-’V\-m‘o" __________________________________________ —————— P

/ \ o o .
—> ( Kinetic energy in wind becomes electricity & TKE
—_—>

User can input thrust coefficient, power curve of
desired turbine, define locations of turbines

1Fitch et al. Local and Mesoscale Impacts of Wind Farms as Parameterized in a Mesoscale NWP Model. Mon. Wea. Rev. (2012)
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We test several WRF WFP configurations

Constant settings
el f- % P
Initial & boundary . 2i7km , A
. ERA-Interim 45°N ) ' - f
conditions . 5
ol ¢
PBL MYNN a1 1,9_km 2
. / $
Period simulated 24-28 Aug 2.013’ in 24-hr Bkmy (i
analysis periods 37°N b 4
Spin-up time 12 hr
33°N '
200 GE 1.5 MW SLE (80 m g I ;
) hub height & rotor - '
ol Rl diameter) turbines from
Story County wind farm* Json
*Site of the Crop Wind Energy Experiment (CWEX)!-2 e REET eEE R T PRE 820\,0

1Rajewski, D., et al. Crop Wind Energy Experiment (CWEX): Observations of Surface-Layer, Boundary Layer, and Mesoscale Interactions with a Wind Farm. Bull. Amer. Meteor. Soc. (2013).
’Lee, J. C. Y. and Lundquist, J. K. Evaluation of the wind farm parameterization in the WRF model with meteorological and turbine power data. Geosci Model Dev. (2017).
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We test several WRF WFP configurations

\(A(> ;4§‘§

Varied settings

Horizontal resolution (dx)

27,9, 3, 1km

Vertical resolution 0-200 m (dz) 30, 10 m

Time step (dt) 30, 10 sec

Turbine-generated TKE option

(tke/ntke) O, @i
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Results Conclusions 9 of 17



Subtract model solutions to isolate wake effects

18.0

15.0

12.0

42.4°N
42.4°N

80 m WS (m s—1)

42°N
42°N

94°W 93.6°W 93.2°W 92.8°W 94°W 93.6°W 93.2°W 92.8°W

WEFP — NWF =
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Subtract model solutions to isolate wake effects

) N \
P] \
A

0.0
j&??fuzcg RN
§ j J J J J T;: 0.8
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SR RN &
g m o
dx03, ‘dzlo dt30, tke - Oy
94°W 936W BIW  SIEW

WFP — NWF = wake effect
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WFP — NWF = wake effect
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@]’j@ 80 m WS deficit is sensitive to WRF WFP config

42 .4°N

j;A
)
4
JJ‘QJJA

dx0|3 dle dtBOtheJ

94°W 934W 92.8°W

42°N
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80 m WS deficit is sensitiv

to WRF WFP config

i

Coarse dx (a,b)
reduces WS deficit
but spans larger area

Coarse dz (d) or TKE
opt. off (e) modifies
far-wake shape
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delB dzI 0, dt30 tke

94°W 934W 92.8°W

80 m WS deficit (m s™1)

Changing dt (f) has
minimal impact
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i Quantify “area of impact” for all configs each hour

L

How much space does the
config predict is impacted by
large WS deficits of 2 m s1?

Orof 1 ms?t?

Of 0.5 m s-1?

Introduction Motivation
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JJ
J
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dx03 dle dtBOthe

94W 934W

92 8°W
80 m WS deficit (m s~1)

20 -1.6 -1.2 -0.8 -0.4 0.0
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Results

Conclusions

And how often?

During which times of day?
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Smaller dx needed to capture higher WS deficits

2.2 Focus on varying dx dx27, dz10, dt30, tke &
2.0- . ® e - dx09, dz10, dt30, tke =< 1000

~ g . . mess dx03, dz10, dt30, tke D
' mmmm dx01, dz10, dt30, tke © 500

n ©

1.6- e ® ® o o e o o ° . o

€

1.4' e 0@ 0 o o »-—
© 100
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@]’j@ Near-sfc T is also sensitive to WRF WFP set up
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Even the sign of sfc T change depends on config

Coarse dx (a,b) has
larger areas of subtle

42.4°N

warming = ,J %
<|dx03,dz10, dt3thke
94°W 93 4° W 92.8°W
Coarse dz (d) or TKE
opt. off (e) changes Reducing dt (f) has
sign of T change minimal impact

1km dx (h) warms sfc only
of cells with turbines

Near-sfc T change (K)

-0.50 -0.25 0.00 0.25 0.50
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Even the sign of sfc T change depends on config

@i

Coarse dx (a,b) has
larger areas of subtle
warming

Coarse dz (d) or TKE
opt. off (e) changes
sign of T change

TKE opt. off (g)
cools surface even

at finer dx

Introduction
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42.4°N

Sy b a1 N R Y
S dx27, dle dt3(D tke < d||x09 dzllo,dtli%o,t—ke A4 dx0|3,dz|10 dt30;tke
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| J Jg:-.v J J | J%_A j J | J!‘J J J minimal impact
= i = "3‘ =
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N P t g 1) werme e ol
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= = N — . . »
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Wake effects are sensitive to WRF WFP settings

Wi

WRF WFP Recommendations:

1. Horizontal resolution (dx): no coarser than 3 km

2. Vertical resolution (dz): 10 m preferable to 30 m

3. Time step (dt): 30 sec at 27 km dx (3.33 at 3 km ;:i:

dx) is sufficient

4. TKE option must be turned on to match

observed sfc T change
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Thank you!

Any guestions?
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Computation expense per simulated day

config core-hrs >7km B \
dx27, dz10, dt30, tke 12 45°N | L . A
' e
dx09, dz10, dt30, tk 48 47, v
X ) Z ) ) e 41°N 9J<m 4 -
dx03, dz10, dt30, tke 200 17 % 4 jB_km g ”
37°N & | @ )
dx01, dz10, dt30, tke 630 7 |
dx03, dz30, dt30, tke 156 >N -
S
dx03, dz10, dt10, tke 650 29°N |
dx03, dz10, dt30, ntke 200
25°N
dx01, dz10, dt30, ntke 630 118°W 112°W 106°W 100°W 94°W 88°W 82°W

(each run 12 hrs spin-up + 24 hrs analysis)
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Power curve
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All WRF configs see high WS bias

250 ' 7, dz10, dt30, tke
200
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= S
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Larger dz predicts larger areas of low deficits

2.27 Focus on changing dz, dt, tke opt. dx03, dz30, dt30, tke &
2.0 1 O wesm dx03, dz10, dt30, ntke =< 1000
wemm dx03, dz10, ts10, tke T
e -~
|9
. g 500
i £
@ 100
<
25 Aug 26 Aug 27 Aug 28 Aug
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Wakes impact their ambient environment

Hub-height wind speed deficits cause
loss in power and revenue for

downwind wind farms?2 A @) warming A b) cooling
Increased turbulence mixes warmer % £
air from nighttime inversions to ‘= £
surface3 /#
/4 > >
potential temperature potential temperature

Siedersleben et al. 2018

INygaard, N. G. Wakes in very large wind farms and the effect of neighbouring wind farms. J. Phys. Conf. Ser. (2014).
2Lundquist, J. K. et al. Costs and consequences of wind turbine wake effects arising from uncoordinated wind energy development. Nat. Energy (2019).
3Siedersleben, S. K. et al. Micrometeorological impacts of offshore wind farms as seen in observations and simulations. Environ. Res. Lett. (2018).
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We test several WRF WFP configurations

8 configurations

dx dz dt tke opt.
dx27, dz10, | dx03, dz30, |dx03,dz10, |dx03, dz10,
dt30, tke dt30, tke dt10, tke dt30, ntke
dx09, dz10, dx01, dz10,
dt30, tke dt30, ntke
dx03, dz10,
dt30, tke
dx01, dz10,
dt30, tke
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