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Abstract. In August 2022, the U.S. Congress passed the Inflation Reduction Act (IRA), which
intended to accelerate U.S. decarbonization, clean energy manufacturing, and deployment of new
power and end-use technologies. The National Renewable Energy Laboratory has examined
possible scenarios for growth by 2050 resulting from the IRA and other emissions reduction
drivers and defined several possible scenarios for large-scale wind deployment. These scenarios
incorporate large clusters of turbines operating as wind farms grouped around existing or likely
transmission lines which will result in wind farm wakes. Using a numerical weather prediction
(NWP) model, we assess these wake effects in a domain in the U. S. Southern Great Plains
for a representative year with four scenarios in order to validate the simulations, estimate the
internal wake impact, and quantify the cluster wake effect. Herein, we present a validation of
the ”no wind farm” scenario and quantify the internal waking effect for the ”ONE” wind farm
scenario. Future work will use the “MID” scenario (more than 8000 turbines) and the “HI”
scenario (more than 16,000 turbines) to quantify the effect of cluster wakes or inter-farm wakes
on power production.

1. Introduction
In August 2022, the U.S. Congress passed the Inflation Reduction Act (IRA). This law intended
to accelerate U.S. decarbonization, clean energy manufacturing, and deployment of new power
and end-use technologies. Several possible scenarios for growth of wind energy deployment can
result from the IRA and other emissions reduction drivers [1]. NREL has defined several possible
scenarios for large-scale wind deployment. These scenarios respect limitations for development
(i.e. no wind deployment in urban areas or protected lands) and constraints such as spacing of
at least five rotor diameters between turbines, but the scenarios do incorporate large clusters of
turbines operating as wind farms grouped around existing or likely transmission.

As clusters of wind turbines wind farms extract momentum from the atmosphere, they may
generate “wake effects” (decreases in downwind wind speeds), which undermine downwind wind
turbines’ power generation. Depending on atmospheric conditions, wakes have been observed to
extend 50 km downwind or further [2], suggesting that these cluster wake effects between wind
farms should be considered in power systems modeling for lower carbon futures.

Wake effects exert stronger impacts during stably stratified conditions [3] because the low
levels of turbulence promote persistent wakes over large regions or for long periods of time.
However, despite stable stratification, if wind speeds are fast enough, in region 3 of a turbine’s
power curve, wakes may not impact the power production of downwind turbines because even
the reduced wind speeds will be in region 3. Due to this dependence on atmospheric stability
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Figure 1. Simulation extent. Domains are outlined by rectangles with Domain 1 (orange) and
Domain 2 (blue) and the ARM Southern Great Plains (SGP) central site (red triangle). Terrain
elevation is shown as the colored contour.

and wind speed, empirical rules of thumb which quantify wake impacts can be imprecise, so
atmospheric modeling provides a high-fidelity approach for cluster wake assessment. Numerical
weather prediction (NWP) models can represent the wind speed reduction and enhanced
turbulence in a cluster wake and resolve the spatio-temporal variability of cluster wake wind
speed deficits and turbulence based on interactions with the atmosphere [4, 5, 6].

Herein, we use the Fitch wind farm parameterization (WFP) [4, 5] in the Weather Research
and Forecasting (WRF) model to represent the effects of extensive wind energy deployment. We
focus on a domain in the Southern Great Plains due to the strong and consistent wind resource
as well as the availability of meteorological observations for evaluation of the simulations. This
investigation explores two ambitious scenarios for wind development. Both scenarios have
increased wind deployment in the region, but span a range of wind turbine densities to inform
how wake effects might change with increasing wind turbine deployment. Before the results
of these scenarios are assessed, we first evaluate the performance of the model by comparing
simulations with the existing wind farm deployment to instrumentation deployed in this region.
We also use a simulation with one wind farm to assess the internal waking effect. This paper
presents the modeling set-up and scenario in Section 2 as well as the details of the validation in
Section 3. Selected highlights of the results for future scenarios, focused on the internal waking
effect, are briefly summarized in Section 4.

2. Model Set-up and Scenario
2.1. WRF modeling setup
We execute numerical weather prediction simulations using version 4.2.1 of the WRF model
[7]. Our simulation domain focuses on a region with large current and planned wind energy
deployment and extensive observational data for model validation (Fig. 1). A 9 km outer domain
encompasses the Southern Great Plains, with a 3 km nested domain targeting Oklahoma and the
Texas Panhandle region. Note that the effective resolution of the model is roughly 7 times coarser
than the grid resolution [8]. Our modeling configuration includes a 10 min output frequency in
the innermost domain, an 18 s timestep for the outer domain, and monthly reinitializations with
two days of spin-up. We choose 10 m vertical grid resolution near the surface with stretching
aloft. This setup includes 58 total levels which reach a 50 hPa top.
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Figure 2. Characteristics of the 5.44 MW turbine with power production (green) and thrust
coefficients (orange dashed) along the y-axis and wind speed across the x-axis.

Hourly, 0.25 deg x 0.25 deg initial and boundary conditions are supplied by the European
Centre for Medium-Range Forecasts (ECMWF) fifth-generation reanalysis (ERA5) data set [9].
WRF physics and dynamics options are selected following a range of studies with primary focus
on the SGP region [10, 3, 11, 12, 13, 14]. We choose the Mellor-Yamada Nakanishi and Nino
(MYNN) Level 2.5 planetary boundary layer scheme with TKE advection turned on, the MYNN
surface layer scheme [15], the rapid radiative transfer model for shortwave and longwave radiation
[16], the Kain-Fritsch cumulus scheme [17] in the outermost domain only, WRF Single-Moment 5
microphysics [18], and the Noah land surface model [19]. The MYNN planetary boundary layer
scheme is one of two which are compatible with the Fitch WFP [20, 21]. For the simulations
with wind turbines, we use 100% of the possible TKE.

2.2. Turbine characteristics: future deployment
While actual wind energy deployment usually consists of a mix of different turbine types, for
these idealized simulations we assume one type of turbine will be deployed throughout the
domain. We select a turbine based on a Moderate Scenario of future technology advancement
from Gagnon et al. [1]. This scenario predicts a representative onshore turbine with a 120 m
hub height, 175 m rotor diameter, a specific power of 229 W m−2, and a nameplate rating of
5.5 MW. To maintain a 175 m rotor diameter and 120 m hub height, we scale the power and
thrust curves from the Vestas V150 4.0 MW turbine with a specific power of 220 W m−2.

Power and thrust curves depend on the air density, which we estimate at the center of the
domain (576.7 meters above sea level) to be 1.15 kg m−3 using a standard atmosphere. Power
production increases from the cut-in wind speed (3 m s−1) to the rated wind speed (11 m s−1)
and remains constant until the high-decibel threshold (20 m s−1) (Figure 2). At wind speeds
faster than this high-decibel threshold, power production decreases approaching the cut-out
wind speed (24.5 m s−1). Reduced thrust coefficients between the high-decibel and cut-out
wind speeds mimic turbine rotors curtailing to reduce noise levels in populated regions.
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2.3. Turbine characteristics: current deployment
The set of simulations compared to observed wind profiles during our selected year (2017 as
discussed below) used locations, ratings, turbine hub-heights, and turbine rotor diameters of
actual turbine deployments [22] with a normalized power curve.

2.4. Wind plant layouts
We site wind turbine locations for MID and HI growth scenarios [1] using the Renewable Energy
Potential Model (reV) [23]. In the reV model, valid turbine coordinates are subject to exclusions
such as land use, grid infrastructure, and a minimum of 5 rotor diameter spacing between
turbines. These criteria result in two separate layouts (Table 1) consisting of 16,532 turbines
and 8,592 turbines for the HI and MID growth scenarios, respectively. We further include a single
wind plant (ONE) consisting of 257 turbines which allows us to distinguish between internal and
external wake effects. The ONE plant is chosen for a located in the center of the domain and
for being surrounded by upwind neighbors at most wind directions. The NWF scenario is used
for assessing atmospheric stability, while the CWF scenario is used for model validation.

Table 1. Simulation details categorized by turbine specifications. All simulations run from 1
Jan 2017 - 31 Dec 2017. The ”varied” turbines for the Current Wind Farm Simulation are taken
from the USGS Wind Turbine database for the turbines deployed by 1 Jan 2017.

Simulation Type Simulation Label Turbine Type # Turbines

No Wind Farms NWF N/A 0
Current Wind Farms CWF Varied (1-3.3 MW) 7175

One Wind Farm ONE 5.44 MW 257
Medium Buildout MID 5.44 MW 8592
High Buildout HI 5.44 MW 16532

2.5. Year of investigation
We choose a representative modeling year based on turbine capacity factor. We use the
renewables.ninja model [24, 25] to obtain the hourly wind power produced by a General
Electric 2.5 MW xl wind turbine. This model incorporates 85 m hub-height wind speeds at
the model grid cell housing the Atmospheric Radiation Measurement Southern Great Plains
(ARM SGP) Central Facility coordinates (Fig. 3) from the Modern-Era Retrospective Analysis
2.0 (MERRA2) reanalysis product [26]. We divide the resulting hourly power production by
the total possible 2.5 MW production at each hour from 2009 to 2020 (Figure 3). The average
capacity factor of 44.3 % for the 11-year period is closest to the annual average capacity factor
of 44.2% in 2017. Thus, we chose 2017 as a representative modeling year.

2.6. Atmospheric stability assessment
Atmospheric stratification affects the interaction of the wake with the larger atmosphere. Stable
conditions with low ambient turbulence suppress vertical motion and limit wake wind speed
recovery. Stable conditions tend to dominate during nocturnal hours. Unstable conditions tend
to dominate during the day. These conditions are usually accompanied by larger values of
turbulence, driven by buoyant convection. This ambient turbulence promotes wake wind speed
recovery. We calculate the Obukhov length [27] L which dictates the height at which buoyant
production of turbulence equals mechanical shear production of turbulence.
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Figure 3. Annual Capacity Factor of a 2.5 MW turbine at the locating of the ARM Central
Facility based on MERRA-2 data.

L = − u3∗θv

κg(w′θ′v)
(1)

where u∗ is the friction velocity, θv is the virtual potential temperature, κ is the von Kármán
constant of 0.4, g is gravitational acceleration, and w′θ′v is the vertical turbulent surface heat
flux. Following [28], values between 0 m and 1000 m are considered stably stratified, and values
from -1000 m to 0 m are considered unstable. Values outside of this range are considered neutral.
While L−1 (referred to as RMOL) is a direct output from WRF simulations, we instead calculate
L using Equation 1 and WRF output values of UST (friction velocity) and HFX (surface heat
flux) as these fluxes are used directly by the planetary boundary layer scheme.

3. Assessment of NWF and Validation of CWF simulations
This section addresses the simulations using the deployment of turbines as they were at the
beginning of 2017.

3.1. Atmospheric stability assessment (NSF scenario)
As would be expected in an onshore situation, stratification in the NWF simulations exhibits
both seasonal and diurnal variability. For a point at the center of the domain, unstable,
stable, and neutral stratification occur 40.9%, 51.3%, and 7.8%, of the time, respectively . The
predominance of unstable stratification is greatest in July, reaching 54.7% of the time (Figure
4a). In the northern hemisphere, days are longer during the summer months and incoming solar
radiation reaches the surface at an angle more normal to the surface, causing stronger warming
than in other seasons. While the longest day is June 21st, seasonal temperature lag extends the
maximum occurrence of unstable conditions into July. The prevalence of stable conditions peaks
in February, reaching 60.4% (Figure 4b), as incoming solar radiation reaches the surface at a
shallower angle and the days are shorter. Neutral conditions occur most frequently during the
springtime transition in April, up to 17% of the time (Figure 4c). In each season, atmospheric
stratification exhibits a strong diurnal cycle due to daytime solar heating and nocturnal cooling
of the surface. While rare, neutral stratification occurs during the early-morning (11-13 UTC)
and evening hours (23-1 UTC) as surface heat flux approaches zero and changes sign.

3.2. Wind validation with lidar observations
We compare the simulated CWF wind speeds with meteorological observations from 2017 in the
modeling domain. A scanning lidar at the ARM SGP Central Facility site makes measurements
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Figure 4. The percentages of occurrence of stability conditions as assessed by the Obukhov
length from 01 January 2017 to 31 December 2017 at a point at the center of the domain. (a)
unstable conditions, (b) stable conditions, and (c) neutral conditions. CST lags UTC by 6 hours.

of wind speeds at 15 min intervals. We compute wind velocity from lidar-returned radial velocity,
azimuth, and elevation (above the horizon) angles following Frehlich et al. [29]. The elevation
angle of Plan Position Indicator (PPI) lidar scans remains constant at 60 degrees. Thus, we
select the 135 m range gate to assess wind speed measurements at 116 m, which is closest to
the 120 m hub height. Only lidar radial velocity values with a quality control value of 0 are
retained. Finally, we only consider lidar wind speeds between cut-in (3 m s−1) and cut-out (24.5
s−1) (Figure 2.

For comparison, we collect CWF wind speeds at the model grid cell that houses the ARM
SGP Central site lidar. CWF hub-height wind speeds are vertically interpolated to the 116 m
height and temporally interpolated to 15 min intervals to match the lidar output frequency.
Any timestamps containing NaN values or in which the quality control value requires removal
of lidar data are also removed from the CWF timeseries.

We verify model performance by calculating the correlation coefficient R, bias, and centered-
root-mean-square error (cRMSE), as recommended for wind resource assessment by Optis et al.
[30]:

r =

∑N
i (VNWFi − VNWF )(Vlidari − Vlidar)

NσNWFσlidar
(2)

Bias =

∑N
i (VNWFi − Vlidari)

N
(3)

cRMSE =

√∑N
i (VNWFi − VNWF )− (Vlidari − Vlidar)

NσNWFσlidar
(4)

where V is the horizontal wind speed, N is the timeseries length, and σ is a standard deviation
for the relevant quantity. We further calculate the Earth Mover’s Distance or the Wasserstein
metric, which we obtain from the Python SciPy function [31]. A correlation coefficient of 1 (Eq.
2) indicates that lidar and NWF wind speed timeseries increase and decrease in synchronization.
Negative bias (Eq. 3) signifies an underestimation of NWF wind speeds and positive bias signifies
an overestimation. A cRMSE (Eq. 4) of 0 indicates that lidar versus NWF wind speeds, with
model bias removed, lie on the 1:1 regression line. A cRMSE value greater than 0 represents
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Figure 5. Modeled versus measured wind speeds between CWF and the ARM SGP Central
lidar for the full year-long period from 01 Jan 2017 to 31 Dec 2017. The color contouring
indicates the point density, the orange dashed line shows the 1:1 relationship, and the blue solid
line shows the linear best fit. Blue shaded areas show the wind speed distributions

the distance of residual points from the regression line. The smaller the value of the EMD, the
closer the agreement between the two populations.

Validation results suggest that the CWF simulations may overestimate wake impacts, as
assessed at 116 m at the ARM SGP Central Facility site. Over the full year from 01 January 2017
to 31 December 2017, the meancoefficient of determination, cRMSE, EMD, and bias are 0.5, 3.55
m s−1, 0.96 m s−1, and -0.15 m s−1, respectively. In general, CWF struggles to resolve wind speed
ramps and sudden drops observed by the lidar which causes a low correlation coefficient. Bias
is negative, suggesting an underestimation of wind speeds by CWF and overestimation of wake
impacts. While no overestimation or underestimation would be preferable, the overestimation of
wake impacts seen here suggests that wake impacts could also be overestimated in the MID and
HIGH scenarios, thereby providing an upper bound of wake impacts for these future scenarios.

4. Results of future scenarios
Atmospheric stratification impacts the wake wind speed deficit. During unstable stratification
where buoyant turbulence assists momentum entrainment into the wake, the mean wind speed
reduction is smaller. Here, the maximum deficit in space reaches -0.75 m s−1 (Figure 6a). During
stable stratification where vertical motion is suppressed, the maximum mean wake wind speed
deficit increases to -1.31 m s−1 (Figure 6c). Over the full year-long period which accounts for
both unstable and stable conditions, the maximum wake deficit in space reaches -1.05 m s−1

(Figure 6b).
Here we present only information on internal waking effect for the ONE simulation. Individual

wind turbines generate internal wakes within the ONE wind plant that adversely impact
electricity generation. To quantify internal wake effects at ONE, we first collect NWF wind
speeds at the 120-m hub height in each grid cell containing ONE turbines. Wind speeds are
convolved with the power curve and scaled by the number of turbines per cell, which returns
the un-waked power production. Then, ONE power totals are divided by the NWF power
estimations from the power curve. Again, each time stamp is categorized by hour of day and
month of year, and percentages are binned for averaging. Finally, we calculate the total possible
power production for use in capacity factor estimations by multiplying the total number of
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Figure 6. Average wake wind speeds for ONE during (a) unstable stratification, (b) the full
year-long period, and (c) stable stratification. The wind speed deficit is shown by the color
contouring and wind turbines as the black dots.

turbines by the nameplate rating of 5.44 MW. Over the year-long period, internal wakes from
turbines within ONE cause a mean power loss of 11.45%.

5. Conclusions
The modeling study herein is designed to assess the wake impacts to surface meteorology and
power production across the Southern Great Plains based on validated year-long simulations
from 01 January 2017 to 31 December 2017 using the Weather Research and Forecasting (WRF)
model. We execute a simulation without wind plants (NWF) and multiple simulations which
incorporate the effects of wind turbines on the atmosphere (WFP). We explore the variability of
results by including two future wind energy growth scenarios which feature medium (MID) and
high (HI) amounts of capacity expansion. We discern between the internal and external effects
of wakes on power generation by simulating one wind plant alone (ONE) and validate the model
setup against lidar observations with a simulation of the atmosphere with wind turbines that
exist as they did in 2017 (CWF).

Overall, we find fair agreement between CWF and lidar-measured wind speeds at 116 m
with correlation coefficient, cRMSE, EMD, and bias values of 0.5, 3.55 m s−1, 0.96 m s−1, and
-0.15 m s−1, respectively. The CWF generally shows a negative bias, perhaps overestimating
the reduction of wind speeds in wakes. The poor correlation coefficient suggests that the CWF
simulations are unable to capture variability at this fine temporal resolution.

Atmospheric stratification in theNWF centered in the domain exhibits a strong diurnal cycle
with a weaker seasonal pattern. Unstable conditions occur frequently during the daytime while
stable conditions occur more often during the nocturnal and early morning hours. For the
year-long period from 01 January 2017 to 31 December 2017, unstable, stable, and neutral
stratification occur 40.9%, 51.3%, and 7.8% of the time, respectively.

The next stage in this research is to assess how the reduction of wind speeds in wakes limits
the energy capture from wind turbine rotors. We will quantify the total wake-induced losses
by comparing power production from the MID and HI scenarios to the power production based
on convolving the NWF wind speeds with the wind turbine power curve. Further, using the
ONE simulation as compared to the MID and HI simulations will distinguish the role of external
wakes from internal wakes as in [32]. Internal wake losses likely will exceed external losses given
the relatively close spacing between turbines, which limits the distance over which turbulence
can replenish the wind speed. The results will inform grid operators, wind farm planners,
and stakeholders by providing a predictable assessment of wake losses for plant- and grid-level
management. The results will also inform national wind energy capacity expansion scenarios,
illuminating potential costs or tradeoffs associated with regional wind plant clustering.
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