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Wind turbine
wake:

Advanced controls allow
us to steer wakes to
reduce wake impacts
(turbulence, power
production) on downwind
turbines

Image credit WaPT

0

Fleming et al. 2019, Wind Energy Science, https://doi.org/10.5194/wes-4-273-2019



Aggregate Wind
S Farm wake:

https://doi.org/10.1038/s41560-018-0281-2

Reduced wind speeds
downwind can extend for
10s of km, visible from

satellite, with surface
J.K.Lundquist©'?*, K. K. DuVivier3, D.Kaffine* and J. M. Tomaszewski’ .
tem peratu re m pacts

Costs and consequences of wind turbine
wake effects arising from uncoordinated

wind energy development

Optimal wind farm locations require a strong and reliable wind resource and access to transmission lines. As onshore and off-
shore wind energy grows, preferred locations become saturated with numerous wind farms. An upwind wind farm generates
: - - e

Lundquist et al. 2019, Nature Energy, https://doi.org/10.1038/s41560-018-0281-2
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http://eerscmap.usgs.gov/uswtdb/viewer Caracas

Wind farms are often co-located

: : In 2016, the US
U.S. Wind Turbine Database
e had 994
| individual wind

ALTA

Edmonton MAN Map Interface:

N.L
The USWTDB provides onshore & offshore wind
turbine locations in the United States, corresponding
QUE. facility information, and turbine technical fa r m S
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o 4 N.B. .
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US Offshore Plans

[

MA
Atlantic Outer Continental Shelf Renewable Energy Leases P’°"“’°"°eqt Xl

New Bedford Hyannis=
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Y,

Fenwick Island]
Ocean City3]

BOEM Lease Areas
Fed/State Boundary

Bathymetry (m)

Shallower than -30
-30 to -45

Virginia Beach
PN

A

https://www.boem.gov/Renewable-Energy-Lease-Map-Book/

-45 to -60

-60 to -90

Deeper than -90

German Offshore Plans

Offshore Wind Farms, Grid Connections and Natura 2000 Sites in the German Exclusiv Economic Zone (EEZ)
of the North Sea
Designed by: Federal Agency for Nature Coaservaticn (8fN), Marine and Coastal Conservation Unit, As of: 01.03.2015 [ Joprme®¥

PLATFORNS
Natura 2000 Sites Offshore Wind Farms Grid Connections Converter Plath Trans!
m accocding to the Birds Directive o use —inuse ® uvcerconstruson [l nuse
[] sccording to the Mabitats Dvective MBI under construction = under construction @) approved Bl under consnction
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BN inapproval process < in approval process Bl  inspprovat process



Wind turbines affect their ambient environment

1.6
1.4
Turbines reduce wind speeds and .|
increase turbulence downwind
(i.e. “wake effects”) = 1.0
=
« 0.8
, )
Consequence: downwind, waked g
. 0.6
wind farms generate less power! o
0.4
0.2
0'00 3 6 9 12 15 18 21 24

Wind Speed (m s)

INygaard, N. G., 2014: Wakes in very large wind farms and the effect of neighbouring wind farms. J. Phys. Conf. Ser., 524, 012162,
doi:10.1088/1742-6596/524/1/012162



] KK DuVivier
D. Kaffine

J. Tomaszewski

What are the costs and consequences of wake effects arising
from uncoordinated wind energy development?
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Weather Research and Forecasting (WRF)
with Wind Farm Parameterization (WFP)!

Two effects:
- Increased drag at rotor height
- Added TKE at rotor height (IMPORTANT?)

Three cases simulated:
Upwind + Downwind + Control (UDC)
Downwind + Control (DC)
No wind farms

46°N

42°N

38°N

34°N |4

30°N

26°N

22°N

18°N

109°W  103°W 97°W 91°W

IFitch et al., 2012: Local and Mesoscale Impacts of Wind Farms as Parameterized in a Mesoscale NWP Model. Mon. Wea. Rev., 141, 1395-1395, doi:

10.1175/MWR-D-12-00341.1

2Vanderwende et al., 2016: Simulating effects of a wind turbine array using LES and RANS. It Journal of Advances in Modeling Earth Systems, 8, 1376—1390,

doi:10.1002/2016MS000652




Wake effects can be simulated with WRF WFP

Horizontal resolution |27>9>3>1km
......................................... T TS
Vertical resolution 12 m in lowest 200 m 46°N DOl L‘ | Ve
......................... -,-4 7 & A
Initial O e = 1. AT e ]
nitial .&boundary ERA-Interim a2Nf [ 3 : y
conditions .
N TR
PBL MYNN N
Time Step 30 sec 34°N -._ ....... .
Output resolution 10 min 30Nl L ST | D04
e ., ............................... .03
Period simulated Jan 2013, in 24-hr analysis periods 26N o __________________________ | }k
Spin-up time 12 hr 22°N .,
5 - i
18°N | i -
] ] GE 1.5 MW SLE (80 m hub height & T i ; @S “ : H
Turbine parameterized rotor diameter) 121°W  115°W  109°W  103°W  97°W  91°W  85°W
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pwind + Downwind + Control (UDC) Simulation

farm present
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Downwind + Control (DC) Simulation
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ay, strongest at night

24 January 0000 UTC
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B Only Downwind : _ :

Downwind waked :
300 =2 by Upwind
B Only Upwind

Total farm power and winds (MW, kts)
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Number of Hours
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Strong wakes are not frequent

Downwind farm is undermined by 20% of
its capacity (total 209 MW) 28 hours this
month: <4% of the time

67

38 39

31 27 | = 20% or more of capacity

1
16 18 14

10 20 30 40 50 60
Power Deficit over the hour (MW-hr)



1.6

1.4

GE 1.5 MW SLE Turbine Power Curve

0 3 6 9 12 15 18 21 24
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cur In stable conditions
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metrics find significant wake effects

Predicted capacity factor minus Actual at Downwind site

u‘_|3- . Upwind Phase | Phase Il I
Completed Completed Differences show |
\ productivity loss I

A
!

.05
|

0
|

D. Kaffine

Capacity Factor Difference

Daniel.Kaffine@colorado.edu

1 05

| |

——— )
—_—

1108 1109 1110 1111 U112 1113 U114 1/1/15
Date

——— With wake effects — —+~—- Without wake effects

Uses publicly-available EIA power data, NOAA surface wind data to compare electricity
generation at Downwind site before and after Upwind site was built

Predicts a total generation loss of 405,443 MWh ($5M) due to wakes Nov 2009 — Dec 2015


mailto:Daniel.Kaffine@colorado.edu

Legal constructs rarely consider wind farm wakes

» Siting laws are not based on empirical study of
physical or economic effects of wakes

Exception: Minnesota, US
3 RD (on secondary) & 5 RD (on predominant axis)
as the standard buffer for internal and external
spacing

KK DuVivier
kkduvivier@law.du.edu

» This decentralized wind development results in wind
developers ignoring wake effects on other wind farms

Will become more consequential as
onshore/offshore sectors grow


mailto:kkduvivier@law.du.edu

akes Offshore

One-year of lidar observations from offshore lidar?
show far less turbulence offshore, suggesting that
wakes will be significant and persistent

200

ONSHORE Dail
0.1
0.01
“o
0.001 NE
_ OFFSHORE Daily Cycle >
J. Tomaszewski -
(O]
<
g 0.0001
5
4
1Bodini, N., J. K. Lundquist, A. Kirincich, 2019: Offshore wind turbines will 1e-05

encounter very low atmospheric turbulence. Geophysical Research Letters.

0 5 10 15 20
https://doi.org/10.1029/2019GL082636 Local Time



D. Kaffine

Paper forthcoming in Journal of
Environmental Economics and
Management, “Microclimate effects
of wind farms on local crop yields”
Daniel.Kaffine@colorado.edu
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8D x 8D 92.9%

::/

8D x 12D 93.3%

8D x 15D 93.8%

A

C

Figure 25. MA WEA for Alternative 3 leasing area delineation showing the effect of turbine spacing
and buffers on array efficiencies with two 500-MW projects in each leasing area: (A) 8 Dx 8D
spacing; (B) 8 D x 12 D spacing; (C) 8 D x 15 D spacing

Musial et al. 2013: Assessment of Offshore Wind Energy Leasing Areas for the BOEM Massachusetts Wind Energy Area,

(Source: NREL)

NREL/TP-5000-60942, https://www.nrel.gov/docs/fy14osti/60942.pdf

KK DuVivier

kkduvivier@law.du.edu
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1. Wake impacts seen in econometric
analysis can be captured by WRF WFP

2. Wake effects depend on wind speed,
wind direction, and stability (through
mediation by ambient turbulence)
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Lundquist et al. 2019, Nature Energy,
https://doi.org/10.1038/s41560-018-0281-2
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Thank you!

Any questions?
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WFP simulations could aid in “voluntary bargaining”

1 Parcel U Parcel D
Suppose-: o,
Q.. .

Parcel U profits best from current proposed layout Site uz% 9’///@”

. n
However, wake studies show conflicts with Parcel D | >'t€Y? ‘ \%
degrade overall productivity of the region ‘ .
Bargain: D pays U to relocate to Site U, . Site D2
Avoid: “Rule of Capture” laws that plagued oil extraction Sl L

in 19t century US

DANIEL DAY-LEWIS

THERE
WILL BE
BLOOD

> = Property
U Drink Your M. b
Paramount Vantage and Miramax Films, 2007

Troy Rule, 2018: The economics of wind turbine wakes. Energy Policy Research Conference, Boise, ID. '




Wake effects can be simulated with WRF WFP

WFP! imposes a momentum sink on
the mean flow at realistic heights
within rotor-swept area

Kinetic energy in wind becomes
electricity & TKE

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

IFitch et al., 2012: Local and Mesoscale Impacts of Wind Farms as Parameterized in a Mesoscale NWP Model.
Mon. Wea. Rev,, 141, 1395-1395, doi: 10.1175/MWR-D-12-00341.1
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stimating the private costs of turbine wake interference

Methodology:

1.Select a wind farm that operated before and after a neighboring project
was built upwind
* Was already operating when the Upwind wind farm was constructed

I”

2. ldentify a nearby “control” wind farm
* Needed to account for wind speed/direction variations in the area
during the study period

3. Use public data to compare electricity generation at Roscoe before and
after Upwind was built (accounting for variations in wind speed and
direction)

e Quantified using an econometric model

4. Compute the dollar value of the resulting electricity generation losses at
Downwind
* Multiply quantities of lost electricity generation by local wholesale
electricity prices
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— reduces wake impact that can be computed from the simulation at 3-km resolution




ity factor in Jan

I Only Downwind |

Downwindwaked | | 1 mta iaaio L g g e b g
300 = by Upwind 5 L T A | AT At AR 1Y/ Rt IR S A it RN R At [ I

EE Only Upwind

i WL

200 3 3

s e [
31’ i P2t

=074
e

Total farm power and winds (MW, kts)

N T

T —‘

‘?7 X /ﬁV'*'\ver/‘ﬁ -
2N S

i é 21 EI'> é % é é 1|0 1|1 1|2 1|3 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30 31

Time (UTC day of month, Jan)
Only Downwind (unwaked) = 0.39 CF

5.1 % drop (vs.6.8in 1k
Downwind waked by Upwind = 0.37 CF l 0 P (vs. 6.8in 1 km)



3 km 1 km

All turbines in cell receive same inflow wind Increasing resolution allows more turbines
speed, disregarding waking within cell to feel waking, creating larger wake impacts



