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Outline
• Introduction
• Wind Farm Layouts and Climatology
• Short-Term Wind Forecasting (Ramp 

Events)
• Mesoscale Modeling as a Resource 

Assessment Tool
• What’s Next?
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Offshore Wind Power
• Various studies have indicated that 

the eastern United States has a 
tremendous offshore wind resource, 
located near a very populated area

• Offshore wind is still in its early 
stages
– Only one operating farm in US 

so far (Block Island Wind Farm, 
seen here)

• Dynamics of the offshore 
environment are dramatically 
different than those onshore
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US East Coast OWE resources and their relationship to peak-time electricity demand M. J. Dvorak et al.

(a) Mean wind speed (ms−1 ) (b) Wind power density (Wm−2 ) (c) REpower 5M, 5MW turbine capacity factor)

Figure 3. Annual, 24-hourly wind resource of the US EC at the 90 m hub height for the modeled years 2006–2010.

Table II. Annual mean OWE energy statistics for combined North and South domain areas for 5.0 MW turbine, based on the five
modeled years of 2006–2010.

Depth Area 5 MW Capacity Mean Mean power Annual energy
(m) (km2) turbines Availability (GW) CF (%) (GW) (TWh)

(a) CF gross ! 45%
1–30 10,125 2k 1/3 11 48.2 4.2 37

31–50 25,750 11k 2/3 54 47.9 21.3 186
51–200 101,550 43k 2/3 213 48.4 84.6 741

1–200 137,425 56k 278 48.3 110.4 965

(b) CF gross ! 40%
1–30 47,875 10k 1/3 50 43.4 17.9 157

31–50 49,825 21k 2/3 105 45.5 39.0 342
51–200 121,775 51k 2/3 256 47.5 99.7 873

1–200 219,475 82k 411 46.5 156.6 1372

The total CF gross is a weighted mean, weighed by capacity. The loss factor of 17.9% stated in Section 4.4 was applied to the mean
power and annual energy calculations.

WRF-ARW modeling domains shown in Figure 1 is 506k, 200k and 455k km2, respectively. Relative to the land surface
area of the New York state, these offshore areas are about 3.6, 1.4 and 3.2 times larger, respectively, which has a land and
territorial water area of 141,299 km2 (see USCB,56 p. 71).

The entire wind resource in bulk, with the use of only high-quality OWE areas with CFgross ! 45% and CFgross ! 40%,
could provide up to 965 and 1372 TWh of energy annually (110–157 GW average), respectively. If the turbine spacing was
reduced from 10D " 10D to a more compact 10D " 3D, this amount could grow by possibly a factor of 3, although array
losses would be higher. To put this amount in perspective, the amount of electricity sold in the entire US was 3597 TWh
for 2009,3 which the USEC wind resource alone could provide 24–35% of. The resource could provide 79–112% of the
electricity for the USEC states (1227 TWh in 2009) from Florida to Maine. A likely near-term scenario is only developing
the shallow water area regions out to 50 m depth, which excludes floating turbine technology. With the use of the 45%
and 40% CFgross cutoffs, these shallower waters could provide between 6–13% of US and 18–41% of USEC 2009
electricity sales.

Wind Energ. (2012) © 2012 John Wiley & Sons, Ltd.
DOI: 10.1002/we

Dvorak et al. 2012

48% to 55% 



Active Federal Wind Energy Leases

August 2018   |   2

BOEM’s Renewable Energy Program
Department of the Interior’s Bureau of Ocean Energy Management (BOEM) is responsible for 
overseeing offshore renewable energy development in Federal waters.  

For more detailed information about the status and lineage of these activities, visit our website:   
www.boem.gov/Renewable-Energy-State-Activities

Atlantic Outer Continental Shelf Renewable Energy Leases

Fed/State Boundary

BOEM Lease Areas

Bathymetry meters

Shallower than -30

-30 to -45

-45 to -60

-60 to -90

Deeper than -90

Lease Year
CVOW            Dominion/Ørsted 2020

Vineyard Wind 2021

South Fork            Deepwater 2022

Ocean Wind              Ørsted 2022

Bay State Wind         Ørsted 2022

US Wind MD 2022

Revolution Wind Deepwater 2023

Skipjack/GSOE     Deepwater 2023

Dominion 2025

US Wind NJ 2026

Empire Wind           Equinor 2027

Kitty Hawk              Avangrid 2027

Source: BOEM May 2018



State Commitments
 

   
 

         

               

Connecticut 

Massachusetts 

Rhode Island 

New York 

New Jersey 

Maryland 

Offshore 
Solicitation (MW) 

Offshore 
Goals (MW) 

Renewable 
Goals 

400 1,600 25% by 2030 

400 N/A 38.5% by 2025 

250 N/A 20% by 2020 

800 2,400 50% by 2030 

1,100 3,500 N/A 

368 N/A 25% by 2020 

3,318 MW 7,500 MW --TOTAL 

Atlantic OCS Renewable Energy: “State Leadership” 

5/14/2018 Bureau of Ocean Energy Management / Department of Interior 4 

State OSW Goal (MW) Renewable Goal
Massachusetts 1,600 25% by 2030
Rhode Island 400 38.5% by 2025
Connecticut 250 20% by 2020
New York 2,400 50% by 2030
New Jersey 3,500 50% by 2030
Maryland 368 25% by 2020
Total 8,518

Source: BOEM Aug 2018

New Jersey Solicitations Year
1,100 MW 2018 (now!)
1,200 MW 2020
1,200 MW 2022



Challenges: Wind Turbine Wakes
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Challenges: Seasonal Load and Wind

Sources:  PJM 2013, Dhanju et al. 2008

• Summer peak in power 
consumption does not 
correspond with winter peak 
in wind power production

• Do we optimize regional 
farm layouts to give 
maximum annual power?

• Or is a winter baseline 
sufficient, seeking to 
maximize summer 
production?

• How do various weather 
phenomena (i.e. sea 
breezes, storms, ramp 
events) impact this?
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Two Cycles in Electricity Demand
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Veron et al. 2018
Source:  PJM Load 2005-2011



Weather Research and Forecasting
• WRF is already in widespread use for weather forecasting 

and research uses
• v. 3.3+ includes a wind farm parameterization (Fitch et al. 

2012)
– Rotor disk extracts KE from atmosphere
– Some KE converted to electrical energy
– Remainder dissipated as drag in form of TKE

• Extracted KE results in a change in wind
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V = Velocity
"# = Number of turbines
$% = Thrust coefficient
& = Rotor area
', ), * = +, ,, - grid cell coordinate

,

- &



WIND FARM LAYOUTS

The Impacts of Array Losses, Influenced by Climatology
Brodie and Veron 2018 (in final preparation)
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Idealized Wind Farms
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• 36 turbines
• 5 MWc each
• 100 m hub height
• 1 km turbine spacing
• 0.5 km grid spacing
• 13 m/s wind speed
• Neutrally stable 

atmosphere



Idealized Productivity

FIG. 7. Normalized power at Nysted for a free-stream wind speed of 8 6 0.5 m s21: the comparison of models with
observations. Error bars shown are 60.5 * standard deviation of the observations. Note that observations from
WindFarmer and Wakefarm simulations are 62.58 from the center angle, but WAsP simulations are 658. Each point
represents the average normalized power of a column of turbines shown by distance from the first column.
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WEST EAST

SOUTH

NORTH

3.5 − 5.5

5.5 − 7.5

7.5 − 9.5

9.5 − 11.5

11.5 − 13.5

13.5 − 15.5

15.5 − 17.5

17.5 − 19.5

19.5 − 30

Buoy 44009, 100 m, 1999−03−17 to 2012−12−02

m/s

Taking Advantage of Climatology
Rectangle Custom Shape
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Improved Productivity by Design
40�
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341 MW

345 MW
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Turbine Output
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Custom Shape Power Output

38

200�

Control Rectangle Custom

Annual Power (Pannual, MWh) 2,141,412 1,630,689 1,666,753

Difference from Rectangle (MWh) - - 36,064
Difference from Control (MWh) - 510,723 474,659

Percent Loss Due to Wakes 0% 23.85% 22.17%

Bottom Line: +$3.8 million annually!
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SHORT-TERM WIND 
FORECASTING

Rapid Wind Changes Influence the Power Grid
Veron, Brodie, Shirazi, & Gilchrist 2018
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What is a Ramp Event?
• Sudden and rapid change 

in wind speed
• Results in rapid change to 

power output
• Tricky to forecast

– Timing error
– Intensity error
– Shape error

• NWP advances have 
improved forecasting, but 
not sufficiently for wind 
industry (i.e. Marquis et al. 
2011)
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Detecting Ramp Events
• 50% increase in power 

output in 1 hour or less
• 428 ramp up events 

between 1 Mar 2005 
and 31 Dec 2012 

• Selected 12 monthly 
analogs to represent 
“average” events

• Selected 12 “extreme” 
events based on ramp 
magnitude and potential 
grid impacts
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Model Performance is Variable
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Overall Model Performance
• Timing Error

– Model may predict ramp several hours early or late
– WRF more likely to predict ramps to occur too early

• Intensity Error
– Modeled wind speed tended to be too high prior to 

ramp (9 extreme, 5 analog)
– 2 extreme events, 1 analog event entirely missed

• Shape Error
– WRF tended to predict ramps to be more gradual
– Often sustained wind speed too high after the ramp

• Serves to demonstrate the challenge of 
predicting ramps

21



It’s More Than Just Winds
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Ramps Can Have Significant 
Grid Impacts

• Three types of ramp errors
1. Large change in forecasting error 
2. Large change in net load
3. Modest change in forecasting error, high load demand

• Two variants for each
– (+) : power surplus
– (–) : power deficit

• (–) events are more challenging

23

Type !" Type !# Type $" Type $# Type %" Type %#
Analogs 1 3 7 15 5 2

Extremes 6 13 23 17 7 2

Improved model performance in summer morning 
and winter evening would be most beneficial



MESOSCALE MODELING 
AS A TOOL

Connecting the Dots to Improve Resource Assessments

24



Regional Modeling Design
• Capture variability 

with limited time and 
computational 
resources

• How does power 
output respond to real 
weather systems?

25

Image adapted from BOEM



Atmospheric Stability
• Offshore during the day, generally well-mixed and 

unstable
– Increased ambient turbulence improves wake 

recovery
• Offshore during the night, generally stable

– Can lead to reduced wake recovery, and longer 
wakes

• Stable conditions often lead to a low-level jet
• LLJ frequently occurs at heights within turbine rotors
• Case-study selection must include:

– Variety of stability conditions
– Diurnal cycles

26



Accounting for Variability
• Synoptic Typing (Suriano and Leathers 2017)

– PCA using surface weather observations
– Describes the overarching synoptic weather 

conditions
– Used in various other climatological studies 

(hydroclimatology, lake effect snowfall, ramp 
events, ozone pollution, coastal storms)

• 13 winter types; 10 summer types

27
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Domains and Vertical Structure
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Custom Shape Performs Better
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“Productive” Summer Day: 2010-08-17
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Capacity Factor: 0.456
Avg Turbine Energy: 54.7 MWh

Capacity Factor: 0.462
Avg Turbine Energy: 55.4 MWh



Wake Effects in Action (05GMT)
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“Calm” Summer Day: 2008-08-03

32

Capacity Factor: 0.145
Avg Turbine Energy: 17.4 MWh

Capacity Factor: 0.154
Avg Turbine Energy: 18.5 MWh



How Much Does Layout Matter?

• The additional 13.4 GWh of electricity generated 
by CUST in these two seasons provide enough 
power for more than 1200 additional homes

• But, energy production isn’t the only factor in 
deciding wind farm layouts
– Land (ocean) lease area
– Cabling and platform costs
– Geological considerations

• Need to evaluate regional interactions
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RECT CF CUST CF Add’l Energy Improvement
Winter 0.5322 0.5399 7132 MWh 1.4%
Summer 0.2491 0.2654 6224 MWh 2.4%



WHAT’S NEXT?
Real-Time WRF Forecasting as a Wind Energy Resource and 
Operations Tool
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Real-Time Weather Modeling with RU-WRF
• Run Continuously 2011 – Present
• Triple nested: 9km-3km-1km

– 9km: 0, 6, 12, 18Z cycles
– 3km: 0, 12Z cycles
– 1km: 0Z cycle (Research Mode)

• Hourly forecast: 
– 9km: out 5 days
– 3km: out 2 days
– 1km: out 1 days

• Lateral Boundary Conditions:
– 9km: 0.25 degree Global Forecast System
– 3km: RU-WRF 9km
– 1km: RU-WRF 3km

• Vertical Levels:
– 40 levels more tightly packed near the 

surface.
• Surface Boundary Condition:

– RUCOOL Coldest Dark Pixel Composite
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RU-WRF Wind Resource

Modeling 
at 3km grid 
spacing, 
10m height

Hourly 
winds

8.5 to 10 m/s

3 Year Mean One Hour Sample
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RU-WRF Wind Resource

Modeling 
at 3km grid 
spacing, 
10m height

Hourly 
winds

48% to 55% 

3 Year Mean One Hour Sample
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RU-WRF Wind Resource

60% of energy extracted 
below turbine rated speed

8 MW wind turbine
12.5 m/s rated speed

Virtual Met Tower
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RU-WRF and Ramp Events
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Improving Wind Predictions
• Evaluate the synoptic conditions where the 

model does well, and where it doesn’t
• Other factors: sea surface temperature, 

ocean heat content/upwelling, waves
• The land is not the ocean! Better 

observations of the atmospheric boundary 
layer over the ocean can lead to dramatic 
improvements in our ability to model it 
accurately 



To Bring it All Together:
• Considering wind climatology is an important 

factor in wind farm layouts
• Wake effects on a regional scale are 

important when considering multiple farms, 
and new lease locations

• Wind ramp events remain an important area 
of research for wind forecasting improvement

• Mesoscale atmospheric (and better yet, 
coupled) models are an ideal tool for 
exploring these issues, and more



Goal: Better 
Inform and 

Engage Key 
Stakeholders

Rutgers Energy Institute – Wind Working Group: 
“Triple-E” Multidisciplinary Expertise

Environment Economy

Engineering

Metocean
Observations  

and Model 
Forecasts

Fisheries Impacts

Electricity Markets

NJ Economic Impacts

Grid Operations

Distributed and 
Grid-Scale 

Generation Models

Air Emission 
Reductions

Structural 
Design

Energy Storage 
and EVs

rei.rutgers.edu
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Thank you! Questions?

Image: Vattenfall


